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Using electrochemical impedance spectroscopy (EIS) and relaxation method with galvanostatic 
per turbat ion (RM) the kinetics and mechanism of  the magnesium electrode reaction in pure molten 
MgCI2 have been determined at several temperatures. A three-step electrode process has been found, 
the high frequency process being pure charge transfer with the low frequency process showing mixed 
charge transfer-diffusion character. The low frequency step has also been treated as a preceding 
chemical reaction followed by charge transfer. On the basis of  the corresponding exchange current 
densities and Warburg  diffusion impedance, a mechanism of  the overall electrode reaction in this 
melt is proposed.  

1. Introduction 

Electrochemical studies of the deposition of magne- 
sium from molten salts have mainly been carried out 
in rather dilute solutions of MgC12 in mixtures of 
alkali chlorides. In these cases the rate of the cathode 
process was found to be controlled by diffusion of the 
dissolved divalent magnesium species. Literature data 
on the charge transfer reaction are scarce. 

Rao [1] found the deposition of Mg from NaC1- 
KC1-CaC12 melts with MgC12 to be a reversible 
two-electron process. Tunold [2] studied the cathode 
reaction in dilute solutions of MgC12 in molten 
NaC1-KC1 on different substrates. The rate of the 
magnesium deposition was essentially found to be 
governed by diffusion, but effects of codeposition of 
sodium and interaction between magnesium and the 
substrate were observed. The use of transient tech- 
niques, for example, voltammetry at high scan rates 
and potential step measurements at short times, 
revealed some irreversibility of the discharge at 
750 °C, corresponding to an exchange current density 
of about 2 A cm -2. 

Very little work has been done in pure molten 
MgCla. Recent results [3] have shown that in this 
system diffusion control can also play a role in the 
cathodic discharge of Mg(II) species. This is probably 
due to diffusion of dissolved magnesium away from 
the electrode. Studies of the solubility of Mg in 
chloride melts have been reported. The solubility is 
low and increases as the activity of MgC12 increases 
[4]. It is proposed that dissolution of Mg leads to 
the formation of the subvalent species Mg 2+ [5]. 
Structural  studies of various halide melts, con- 

taining magnesium halides, by Raman spectroscopy 
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have been reported by several authors [6, 7]. Raman 
spectroscopic studies of crystalline and molten MgC12 
are reported by Capwell [8] and Huang and Brooker 
[9]. Capwell concluded, that the structure in pure 
molten MgC12 retains, to a large degree, the layer 
structure prevalent in the crystal. The existence of 
discreet complex molecular ions in the pure melt was 
not actually detected, but the presence of such species 
could not be excluded. According to Huang and 
Brooker [9], peaks which were assigned to MgC142- 
tetrahedral complexes were found. They also found 
peaks which were probably due to symmetric 
stretching vibrations of polynuclear complexes. They 
suggested the following ion-pair formation: 

Mg 2+ ÷ MgCI~- = Mg2C14 

Due to the relatively high conductivity of pure molten 
MgC12 Huang and Brooker [9] concluded that simple 
ions must also be present in pure molten MgC12. 

2. Theory 

Extremely high concentration of ions and high tem- 
perature are the two main reasons for the high 
exchange current densities of electrode reactions in 
molten salts. For these reasons the determination of 
their rates and mech~inisms is impossible by the use 
of most classical electroanalytical methods. The exis- 
tence of the high exchange current densities at the 
reversible electrodes immersed in their molten salts 
may be accounted for by using an equivalent circuit, 
which in addition to the double layer capacitance, 
also contains a double layer inductance [10, 11]. 
Contrary to the double layer capacitance, which 
describes the static properties of the electric double 
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layer at electrode interfaces, double layer inductance It is seen in Equations 2 and 3 that the coefficients Sl 
describes their dynamic properties, and s2 represent certain angular frequencies. The corn- 

It has been found in the previous studies [12-15] puter fit of the experimentally recorded relaxation 
that simple charge transfer at a reversible electrode curve can be used to evaluate the frequencies sl and 
immersed in a pure molten salt can be described by s2 but these two quantities alone cannot provide all 
the equivalent circuit presented in Fig. l(a). If the three parameters which describe the electric double 
electrode is immersed in a molten salt mixture, a diffu- layer in the equivalent circuit presented in Fig. 1 (a). 
sion process has to be taken into account (Fig. l(b)). Either the double layer capacitance or the double 
A two step electrode process in which the first step layer inductance has to be provided by EIS. If the 
(low frequency) is quasireversible and the second additional information from EIS is the double layer 
(high frequency) is a pure charge transfer should be inductance, the charge transfer resistance is calculated 
represented by the more complex equivalent circuit by the equation: 

presented in Fig. l(c). Rct = Ldl(Sl Jr s2) (4) 
The most useful method which can be used for the 

determination of the parameters of the equivalent If the electrode process is represented by the equiva- 
circuits presented in Fig. 1 is electrochemical lent circuit in Fig. l(b), the overpotential decay is 
impedance spectroscopy (EIS). It has a very well described by the following equation [11]: 

developed theory for many different electrode pro- r/(t) = A exp (c~at)erfc (o~t 1/2) 
cesses [16, 17] together with computer programs for 
fitting of the experimental impedance spectra into a + Bexp (/32t) erfc (fit V2) + Cexp (-'Tt) (5) 
given equivalent circuit [18, 19]. As the charge transfer 
resistance of the electrode reactions at reversible elec- where A, B, C, o~,/3 and ~, are constants obtained from 
trodes in pure molten salts is very small (usually below the experimental relaxation curve by the computer fit- 
0.1 f~), the accuracy of the determination of the small ting procedure. The following important relationships 

charge transfer resistance is poor. Therefore, in the hold: 
presented work here, a combination of the EIS and r/(0) = A + B + C (6) 
a RM with galvanostatic perturbation [10] is used. 

If the reversible electrode represented by an equiva- Rct= Ldl (oz/3 -b 3') (7) 
lent circuit presented in Fig. l(a) is perturbed by a Zw : Ldl(O~ -b /3)"/ (8) 
short galvanostatic pulse, the resulting overpotential 
decay is described by the equation: It is seen in Equations 7 and 8, that the low 

frequency charge transfer resistance and the Warburg 
rl(t ) - rl(0) (s 1 exp (-sat)  - s2 exp (-Slt)) (1) diffusion impedance can be calculated from the con- 

$2 -  Sl stants c~, /3 and % provided that the low frequency 
with double layer inductance is obtained from separate 

D / D \2 1 ] 1/2 impedance measurements. 

where r/(0) is the overpotential at zero time [10]. 

3. Experimental details 

3.1. Materials 

Magnesium chloride-hexahydrate (p.a. Merck) was 
dried under HC1 atmosphere up to 600 °C. 

3.2. Apparatus and procedure 

The experimental silica glass cell used for both 
relaxation and impedance measurements is pre- 
sented in Fig. 2. The ceramic materials used inside 
the cell were heated up to 1200°C in ambient 
atmosphere in a furnace to remove the adsorbed 
water. During the experiments the cell was purged 
with argon (grade 2) to prevent oxygen and moisture 
to enter the cell. 

Pure metallic magnesium was used for all three 
electrodes, with the geometric area of the working 
electrode A = 0.25 ~: 0.01 cm 2. 

The constant current pulse between the indicator 
and auxiliary electrodes was supplied by a PAR model 
173 potentiostat-galvanostat with a PAR model 
175 universal programmer. The relaxation of the Fig. 1. Equivalent circuits. 
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Fig. 2. The measuring cell: (1) brass lid, (2) quartz cell, (3) alumina 
shields, (4) Mo rod, (5) alumina crucible, (6) alumina tubes, (7) 
liquid Mg, (8) molten MgC12 and (9) ceramic rings. 

overpotential of the working electrode (against the 
reference electrode) was recorded by a Nicolet 410 
digitizing oscilloscope. The faradaic impedance spec- 
tra were recorded in the same cell using the computer 

controlled Solartron 1260 phase-gain analyser in two 
electrode configuration. 

4. Results and discussion 

4.1. Equivalent circuit approach 

4.1.1. High frequency results. The impedance spectrum 
of the magnesium indicator electrode immersed in 
single molten magnesium chloride over a broad 
frequency range from 5 Hz to 1 MHz is presented in 
Fig. 3(a), whereas Fig. 3(b) presents the same 
spectrum as a Bode plot. As mentioned earlier, to 
obtain the high frequency charge transfer resistance 
for such an electrode reaction, the relaxation and 
the faradaic impedance method have to be 
combined. The computer fit of the faradaic 
impedance spectrum provides all parameters of the 
equivalent circuit presented in Fig. l(c). In the 
frequency range from 100Hz to 1 MHz there is no 
need to use any fixing procedure during the fit. The 
outer inductance is a constant, independent of 
the temperature, the value being a characteristic 
quantity for the given cell and the electrical furnace. 
For the set of results presented in the Table 1 the 
outer inductance was equal to 3.28 ± 0.04 #Hcm -2. 
The electrolyte resistance decreased with increasing 
temperature, being around 10 fL The high frequency 
double layer inductance (L1 in Fig. l(c)) for the 
calculation of the high frequency charge transfer 
resistance by Equation 4 changes exponentially with 
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Fig. 3. Impedance spectrum of the magnesium electrode in molten MgC12 at 740 °C. (a) Complex impedance plot, (b) Bode plot. Markers: 
experimental values; lines: NLLS fit. 
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Table 1. Relaxation and impedance results for the high frequency step 
of the magnesium electrode reaction in molten MgCl 2 

T (s] +s2) Ld 
/ °C /103 s I /#H 

725 489 0.0336 
740 497 0.0249 
755 533 0.0269 
770 512 0.0262 
785 468 0.0226 
800 470 0.0247 
815 425 0.0223 

the temperature [12-15]. Such behaviour is not 
surprising as, according to Equation 4, it has the 
feature of a kinetic quantity. The high frequency 
capacitance did not show any definite temperature 
dependence and, in the investigated temperature 
range, remained constant within experimental error 
at 30 + 5 #F  cm -2. In the frequency range from 5 Hz 
to 100 Hz the impedance of the auxiliary electrode 
had to be taken into account in the evaluation 
procedure. 

The sum of the two frequencies (s] + s2) needed in 
Equation 4 was obtained by computer fit of  the 
experimentally recorded relaxation curves. Typical 
overpotential decays (anodic and cathodic) are 
presented in Fig. 4. 

Each relaxation curve, composed of  2000 points 
(time, overpotential) was fitted by a specially 
developed computer program, yielding, according to 
Equation 1, the two frequencies (sl and s2). The 
double layer inductance, obtained from the computer 
fit of  the impedance spectra, and the sum of the two 
frequencies (s] and s2) obtained from the computer 
fit of  the relaxation curves, are presented in the Table 

0.04 

1. The results are the mean values obtained at a given 
temperature by the computer fit of  four separately 
recorded impedance spectra and eight relaxation 
curves. 

Table 2 presents the summary of the kinetic data of 
the high frequency step. The charge transfer resist- 
ance, calculated from the data presented in Table 1, 
was used for the calculation of  the exchange current 
density J0 by the equation: 

R T  
Jo - (9) 

FRct 

4.1.2. Low frequency results. The parameters of 
the low frequency loop of the equivalent circuit pre- 
sented in Fig. 1 (b) were obtained from the computer 
fit in the frequency range from 400 to 10000 Hz. 
The high frequency impedance spectrum, according 
to the equivalent circuit presented in Fig. l(a), was 
subtracted from the total spectrum and the possible 
influence of the counter electrode impedance was 
also taken into account. The main parameters 
obtained from this fit are the low frequency charge 
transfer resistance and the low frequency double layer 
inductance. These values at several temperatures 
are presented in Table 3. The Warburg diffusion 
impedance obtained from the fit is not very accurate 
but decreases slightly with increasing temperature. 
To calculate more accurate values of  the low fre- 
quency charge transfer resistance and the Warburg 
diffusion impedance by the use of Equations 7 and 
8, the constants c~,/3 and 7 must be determined from 
the relaxation curves in the millisecond range. 

It is seen in Fig. 4, that the transients in the micro- 
second range do not drop to zero, since the diffusional 
part relaxes in the ms range. Typical recordings of the 
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Fig. 4. Anodic and cathodic microsecond relaxation curves after galvanostatic perturbation of the magnesium working electrode in molten 
MgCI2 at 800 °C. Current density of perturbation: 2.2 A cm 2. Time of perturbation 0.1 ms. 
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Table 2. Kinetic parameters of the high frequency step of the magne- Table 4. Constants a,/3 and ~/ of Equation 5 obtained from the f i t  of  
sium electrode reaction in molten MgCl 2 millisecond relaxation curves at several temperatures 

T Ret Jo T a 3 "7 
/ °C /f~ cm 2 /A cm 2 / o C /s 1/2 / s - l /2  /s-1 

725 0.004 16 20.6 725 239 149 6572 
740 0.00308 28.3 740 259 150 6522 
755 0.003 58 24.7 755 244 151 5585 
770 0.003 36 26.7 770 291 149 5625 
785 0.00266 34.2 785 245 150 5440 
800 0.00291 31.7 800 228 151 5153 
815 0.00237 39.4 815 171 150 4284 

Table 3. Low frequency inductance and charge transfer resistance of  
the magnesium electrode reaction in molten MgCl 2 as obtained from 
the fitting o f  the impedance spectra 

T Ldl Rct 
/ °C / # H c m  2 / ~  cm 2 

Table 5. Low frequency kinetic data and Warburg diffusion impedance 
of the magnesium electrode in molten MgCl 2 at several temperatures 

T Rc~ Jo Z~ 
/ °C /f~ cm 2 /Acm -2 /~  s -1/2 

725 0.0400 Z15 2.41 
725 0.945 0.0520 740 0.0372 2.34 2.17 
740 0.827 0.0450 755 0.0322 2.75 1.55 
755 0.705 0.0417 770 0.0365 2.46 1.83 
770 0.740 0.0400 785 0.0300 3.04 1.53 
785 0.715 0.0357 800 0.0265 3.48 1.30 
800 0.672 0.0390 815 0.0228 4.11 0.83 
815 0.622 0.0332 

millisecond relaxation times after cathodic and anodic 
perturbation of  the magnesium electrode in pure mol- 
ten MgC12 are presented in Fig. 5. 

As seen in Fig. 5 the perturbation is fairly small 
(a few millivolts). In contrast to Fig. 4, the over- 
potential now drops to zero, as with this decay 
the whole electrode process has returned to 
equilibrium. 

Such relaxation curves at several temperatures 
were fitted into Equation 5 to get the values of the 

constants c~, /3 and 7. Although small differences 
between cathodic and anodic relaxation curves were 
seen, the results of fitting at several temperatures, pre- 
sented in Table 4 are the mean values o f  both types of 
relaxation curve. 

Using the constants c~,/3 and 7 from Table 4 and the 
low frequency double layer inductance from Table 3 it 
is possible to calculate more accurate values of the low 
frequency charge transfer resistance and the Warburg 
diffusion impedance by Equations 7 and 8. The results 
of  calculations are presented in Table 5. 
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Fig. 5. Anodic and cathodic millisecond relaxation curves after galvanostatic perturbation of the magnesium working electrode in molten 
MgCI2 at 800 °C. Current density of perturbation: 3.4 A cm -2. Time of  perturbation 0.1 ms. 



M A G N E S I U M  E L E C T R O D E  R E A C T I O N  IN M O L T E N  M A G N E S I U M  C H L O R I D E  945 

Table 6. Parameter values for the Mg electrode when including a preceding chemical step 

T Rct Cro ~R ~ K k 
/ °C /[2 cm 2 /f~ s 1/2 /~,~ s-1/2 / ~  s- l /2  / s  -1 

725 0.0556 1.26 2.91 4.17 0.22 9000 
740 0.0501 0.99 2.21 3.20 0.30 7500 
755 0.0471 1.09 2.40 3.49 0.26 6500 
770 0.0352 0.58 2.19 2.77 0.30 6000 
785 0.0322 0.87 1.80 2.67 0.27 5900 
800 0.0352 0.70 1.56 2.26 0.33 5600 
815 0.0290 0.62 1.40 2.02 0.40 5000 

4.2. Chemical  approach 

If a polynuclear complex like Mg2C14 (or (MgCla)n) 
exists in pure molten MgC12, then a slow dissociation 
of this complex would reflect the kinetics of the elec- 
trode reaction. Such a dissociation process may be 
handled as a preceding chemical reaction, followed 
by two charge transfer steps: 

(MgClz)n ~ Mg 2+ + Mgn_,C122; (10) 
k2 

Mg 2+ + e- ~ Mg~ads ) ( 1 1) 

+ 
Mg(ads ) + e- e=~ Mg (12) 

Step 1 1 represents the low frequency charge transfer 
and Step 12 the high frequency charge transfer, not 
influenced by diffusion. 

With the assumption of the above mechanism, it 
should be possible to fit the low frequency impedance 
spectra, by the following reaction impedance equa- 
tions derived for the CE mechanism by several 
authors [20-22]: 

Z r = Z~ - iZ; '  (13) 

with 

K 60_1/2 Z~ = Rct 4- O'R03 1/2 jr_ ~ O'o 

1 (w2 + k2)1/2 + (14) 
+ ~ ~o a j2 + k a 

K -1/2 
Z~' = ap.c~ -1/2 + ~ CroC~ 

l [(co2 -t- k2)l/2 - k] 1/2 
-t- T ~ K  O'O co 2 -I- k 2 (15) 

In the above expressions 

- _~ 
R T  D Dlo cr = cr o + ~R n2F2Ax/~  C~ 

(16) 

is related to the Warburg impedance, and 

k = kl + k2 (17) 

is related to the rates of the preceding chemical 
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reaction, and 

K = k l / k  2 (18) 

is the equilibrium constant of the preceding chemical 
reaction. 

To work out the low frequency impedance spectra 
in terms of a preceding chemical reaction, that part 
of the impedance spectra corresponding to the high 
frequency step (including outer inductance and the 
electrolyte resistance) was first subtracted by the use 
of the DATA CRUNCHER in the EQUICIRCUIT 
program [18]. The remaining impedance spectrum 
was fitted by a special program based on the above 
equations in the low frequency range. The results, at 
several temperatures are presented in Table 6. 

The values of the charge transfer resistance for the 
low frequency step are listed three times, obtained 
directly from the impedance fit in Table 3, from the 
combination of the impedance and relaxation results 
in Table 5 and with consideration of the preceding 
chemical step in Table 6. The discrepancy is moderate 
with the directly obtained values in Table 3 about 
20% lower than the values from the two other pro- 
cedures. The corresponding low frequency value of 
the exchange current density, which corresponds to 
the first step of the cathodic discharge reaction in 
pure molten MgC12, is in fair agreement with the value 
quoted in the literature [2, 3]. 

The temperature dependence of the exchange 
current densities of the high and low frequency steps 
of the magnesium electrode reaction are presented in 
the form of Arrhenius plots in Fig. 6. 

The straight lines representing the Arrhenius plots 
in Fig. 6 are 

6444 
lnjo, hf = 9.5433 - T (19) 

and 

7296 
In Jo, lf = 8.0441 - T (20) 

giving rise to the activation energies of 53.5 and 
60.6kJmol q for the high frequency and low 
frequency steps, respectively. 

5. Conclusions 

It follows from the results, that the mechanism of the 
magnesium electrode reaction is a three step process. 
The first one, which above has been referred to as 
the low frequency step, is preceded by a dissociation 
reaction and connected with diffusion of the Mg(n) 
ions in the melt. Diffusion is not pronounced as the 

diffusion impedance, of the order of 1.5~s -1/2, is 
actually very small. 

The dissociation reaction (Equation 10) does not 
correspond exactly to the assumed first order 
preceding reaction in the derivation of Equations 14 
and 15. In spite of this, the exchange current densities 
are very much the same as those obtained by the 
equivalent circuit approach above. The mechanism 
of the electrode reaction on a liquid magnesium 
electrode immersed in pure molten MgCI2, and repre- 
sented by Equations 10-12, has thus been confirmed. 
In our opinion the combination of the relaxation and 
faradaic impedance method, presented in the equiva- 
lent circuit approach, gives the most accurate values 
of both the charge transfer resistance and the 
Warburg diffusion impedance. 
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