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Abstract - The cathodic reduction and the anodic oxidation of aluminium from liquid electrodes (Al and Al-10Cu) in (NaCl-

KCl)-5 wt.%AlF3 melts is investigated with the cyclic voltammetry technique. The study of such systems is important due to 
the prospects of their use for novel aluminium (and other metals) reduction and refinery processes. The effects of the liquid 
electrode composition and the temperature (750 – 850 °C) on the kinetics of the electrode processes, the electroactive 
particles diffusion coefficients at aluminium reduction and oxidation are studied. The electrode composition was observed to 
slightly affect the electrochemical performance (peak currents and potentials on voltammograms). The estimated diffusion 
coefficients were in the range of (2.38 – 2.71)∙10-5 cm2∙s−1 for aluminium oxidation and in the range of (0.48 – 6.36)∙10-5 
cm2∙s−1 for aluminium reduction. The diffusion coefficients for anodic oxidation were lower if copper appeared in the 
electrode composition due to the concentration gradient of reduced species. 
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I. INTRODUCTION 

 

Low-temperature electrolytes have attracted much 

interest in recent decades due to the possibility of 

aluminium reduction with low energy requirements 

[[1], [2]] and carbon-free anodes. The KF-AlF3 melts 

are generally considered as the promising candidates 

for such electrolytes for the cell operated at 750 – 850 

°C. However, potassium penetrates into a carbon 

cathode at high temperatures, which hinders the 

industrial application because it greatly shortens the 

industrial cells life [[3], [4]]. 
Chloride-based melts have also been considered as 

low-temperature electrolytes for both aluminium 

reduction and refining processes [[5]]. Whereas 

alumina is almost not dissolved in chloride melts the 

introduction of some amount of AlF3 into the melt 

naturally has an appreciable effect on its solubility 

and dissolution rate. If aluminium is electrolytically 

refined in the chloride melt then aluminium fluoride 

can prevent anode passivation by aluminium oxide. 

Both aluminium reduction and oxidation in the 

chloride-based melt at low temperature are of major 

interest due to the prospect of the novel industrial 
processes that can be designed to produce or refine 

aluminium or other metals with relatively negative 

electrode potential. The role of liquid electrode 

composition in its electrochemical performance is not 

completely understood. The effect of electrode 

composition and temperature on the kinetic 

parameters of aluminium reduction and oxidation in 

chloride-based melt is the subject of the presented 

research. 

This work deals with the electrochemical study 

(cyclic voltammetry) of liquid electrodes (Al and Al-

10 wt.%Cu) in low-temperature chloride (NaCl-KCl)-
5wt.%AlF3 melt. The results of this study supplement 

scarce data on the kinetics of aluminium reduction 

and oxidation in the low-temperature melt at 750–850 

°С. 

Performance of the Al(III)/Al electrode is previously 

studied in chloride [[6], [7]] and fluoride [[8]–[10], 
[11]] melts and reported in recent works with more 

attention to the cathodic process of Al(III) or Al(I) 

reduction. In AlCl3-NaCl melts the cathodic process 

is believed [[7]] to consist of two consecutive steps: 

4Al2Cl7
− + 3e− ⇒ Al + 7AlCl4

−
 (1) 

AlCl4
− + 3e− ⇒ Al + 4Cl−  (2) 

An introduction of AlF3 into the chloride melts leads 
to the appearance of fluoride ions and makes the 

electrode process to involve both three-electron and 

two electrons reactions [[11]]: 
AlF4

− + 3e− ⇒ Al + 4F−  (3) 

AlF4
− + 2e− ⇒ AlF2

− + 2F−  (4) 

Other researchers [[2], [12]] reported different 

cathodic mechanisms involving  AlF5
2-, AlF6

3- and, if 

oxygen ions are introduced to the melt, Al2OF6
2- and 

Al2O2F4
2-. The diffusion coefficients of these 

electroactive particles in studied fluoride melt were 

reported to be in the wide range of 10-7 [[11]] – 10-4 

cm2∙s-1 [[13]]. 
Aluminium reduction in 1.3KF–AlF3 melt was found 

to be a linear diffusion-controlled process, while the 

reverse reaction was proven to involve kinetic 

limitations [[3], [14]]. The presented research 

contributes more experimental data for the 

understanding of electrode processes kinetics and 

estimates the diffusion coefficients of electroactive 

particles. 

 

II. EXPERIMENTAL 

 

Dried (4 hours at 400 °C) individual chemically pure 
(p.a.) NaCl, KCl and AlF3 salts, were used to prepare 

the electrolyte at 900 °C. The melts were 

electrolytically purified during 2 hours with a 
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graphite cathode under the potential of 0.2 V relative 

to the aluminium electrode potential. 
The electrochemical measurements were carried out 

in a three-electrode graphite cell (Fig. 1) heated in the 

electric furnace 1 under air atmosphere in the 

temperature range of 750–850 °C. The cell was put in 

the steel container 2 and the places between the walls 

were filled with graphite powder 3. The graphite 

crucible 4 loaded with 200 g of molten salt (NaCl-

KCl)-5 wt.%AlF3 5 served as an auxiliary (counter) 

electrode. The temperature of the electrolyte was 

measured by the k-thermocouple 6 and maintained 

constant (±2°С). Liquid aluminium or Al-10Cu 

(wt.%) alloy 7 with the tungsten rod 8 encapsulated 
into a BN tube and immersed in the molten metal was 

used as a working electrode. The liquid electrode 

surface exposed to the electrolyte was 0.28 cm2. The 

working electrode potential relative to the potential of 

the aluminium reference electrode 9 encapsulated into 

a BN case was measured. Steel current lead 10 was 

connected to the graphite crucible through the 

threading. The current and the potential were supplied 

or measured using AutoLab PGSTAT 302n 11 and 

NOVA 2.1 Software (The MetrOhm, Netherlands). 

 

 
Fig. 1. Schematic representation of the experimental set-up: 1 – 

furnace, 2 – steel container, 3 – graphite powder, 4 – graphite 

crucible, 5 – electrolyte, 6 – thermocouple, 7 – liquid working 

electrode, 8 –tungsten rod, 9 – reference electrode, 10 – current 

leads, 11 – potentiostat. 

 

Cyclic voltammograms (CVs) were obtained at 
different potential sweep rates in the range 0.01 – 5 

V∙s-1. The ohmic voltage drop of the circuit was 

determined by the current interrupt technique and 

compensated during the sweep. 

 

III. RESULTS AND DISCUSSION 

 

The potential of the electrode under the current can 

be expressed by the equation: 

E = Erev − ηc    (5) 

where Erev  is the reversible potential (relative to the 

reference electrode), ηc  is the cathodic overvoltage 
(overpotential). The relation between the overvoltage 

and the current density for certain kinds of electrode 

processes (if the diffusion of reduced form can be 

neglected) is governed by the equation: 

ηc = −
RT

zF
∙ ln(1 −

i

il
)  (6) 

where F is the Faraday constant, F=96487 C∙mole-1, z 

is the number of electrons, R is the gas constant, 

R=8.314 J∙mole-1∙K-1, T is the temperature, i is the 

current density, il is the limiting current density given 

as a function of mass transfer coefficient Ks = D δ  

(where δ is the diffusion layer thickness) and the bulk 

concentration C of electroactive particles: 

il = z ∙ F ∙ Ks ∙ C   (7) 

The current was recorded during the linear potential 

sweep with different rates from 10 to 5000 mV∙s-1. 

The typical CVs recorded on liquid aluminium 

electrode with different potential sweep rates at 850 

°C are shown in Fig. 2. 

 

 
Fig. 2. CVs recorded on liquid aluminium electrode at 850 °C 

with different sweep rates 

 

The sweep started (a) at 0.1 V relative to the 

aluminium potential. The aluminium reduction onset 

(b) is observed between -0.08 and -0.15 V at different 

sweep rates. The cathodic peak current occurred 

between 0.15 and 0.20 V before the sweep changed 

the direction (c). Aluminium oxidation peaks (d) are 

discernible at different potentials from  (-0.04) to 

(+0.07). This may evidence the irreversibility (or 

quasi-reversibility) of the oxidation process. The 
sweep direction changed again (e) at +0.28 V where 

another unidentified oxidation wave was observed at 

high sweep rate (5 V/s). At high sweep rates (from 

0.1 V/s) the cathodic peaks were not discernible. In 

such cases the drastic change in the ∂i ∂E  was 

considered as apparent peaks for further calculations. 

It is known from the Randles-Sevcik equation (5) that 

for the diffusion-controlled reversible process the 

peak current density ip  linearly increases with the 

square root of the sweep rate υ. The diffusion 

coefficients then can be estimated from: 

ip = −0.4463 zF 
3

2C(
υD

RT
)1/2  (8) 

For the correction of a baseline for the anodic peak 

current density ipa  the ratio was calculated from the 

uncorrected anodic peak current, (ipa )0, with respect 

to the zero current baseline and the current (isp )0 at 
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the potential of sweep direction change by Nicholson 

equation: 
ipa

ipc
=

(ipa )0

ipc
+

0.485(isp )0

ipc
+ 0.086  (9) 

The dependence between the apparent peak current 

density and the square root of the potential sweep rate 
for anodic oxidation of aluminium from different 

liquid electrodes is shown in Fig. 3. 

 

 
Fig. 3. Dependence between anodic peak current density and the square root of potential sweep rate for aluminium oxidation from 

pure Al and Al-10Cu alloy 

 

The dependence between the current peaks (true or apparent) and the square roots of sweep rates are generally 

linear which confirms that both oxidation and reduction processes in chloride-based melts are diffusion-

controlled. The diffusion limitations naturally decrease with temperature. The dependence of the apparent peak 

current density vs. the square root of potential sweep rate for cathodic reduction of aluminium on different 

liquid electrodes at 750 – 850 °C is shown in Fig. 4. 

 

 
Fig. 4. Dependence between cathodic peak current density and the square root of potential sweep rate for aluminium reduction on 

pure Al and Al-10Cu alloy 

 

Both anodic and cathodic processes at liquid Al-Cu 

alloy appear to have kinetic limitations at lower 

temperatures evidenced by the appreciable deviation 

from the linearity at low sweep rates. 

The calculated diffusion coefficients are presented in 

Table 1. The density was calculated according to the 

expressions given in [[15]] and [[13]]. It was 

assumed that each electroactive complex ion that can 

be discharged at the electrode contains single Al(III) 

ion that can introduce some error to the concentration 

due to the presence of Al2Cl7 ions. Al(I) cations were 

not taken into account for the calculation. 

After the introduction of Cu into the liquid Al 

electrode, the diffusion coefficient of electroactive 

particles appeared to be slightly decreased. This may 

be caused by the appearance of additional diffusion 

limitations associated with the Al(0) concentration 

gradient in the electrode. The kinetic parameters of 

both studied electrodes show that reduction process is 

more sensitive towards the temperature change as it 

has much higher ∂D ∂T  value. 

 

IV. CONCLUSION 

 
The reduction and oxidation of aluminium are 

confirmed to be the diffusion-controlled processes; 

however, the signs of kinetic limitations appear at 

lower temperatures (750 – 800 °C). The shift of 

anodic and cathodic peak potentials with the change 

in the sweep rate evidences the quasi-reversibility.  
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Table 1. Diffusion coefficients (D∙10

5
/cm

2
∙s

−1
) of electroactive ions Al(III) in (NaCl-KCl)+5wt.%AlF3 at 800 – 850 °C 

Electrode T, K 
CAl(III)∙103, 

mole∙cm-3 
ρ∙10-4, kg∙m-3 

D∙105 cm2∙s−1 

Oxidation Reduction 

Al 
1073 0.870 1.522 2.38±1.26 0.48±0.66 

1123 0.854 1.494 2.71±1.95 6.36±2.64 

 

Al-10 wt.%Cu 

 

1073 
0.870 1.522 n/a 0.56±0.44 

1123 0.854 1.494 2.60±0.75 4.70±4.64 

 

The estimated diffusion coefficients were in the range 

of (2.38 – 2.71)∙10-5 cm2∙s−1 for anodic oxidation of 
aluminium and (0.48 – 6.36)∙10-5 cm2∙s−1 for 

aluminium reduction. The ∂D ∂T  value was lowered 

after addition of Cu into the liquid aluminium 

electrode. The aluminium oxidation was observed to 

have fewer diffusion coefficients if the electrode 

contained Cu. The reason for that could be the 

appearance of additional diffusion limitations due to 

the Al(0) concentration gradient in the electrode. It 

appears that (NaCl-KCl)-5 wt.%AlF3 melts can be 

implemented for the refinery process after the 

accurate adjustment of the temperature and 
composition to minimize both anodic and cathodic 

overvoltages. However, further study is required to 

determine the role of electrolyte and electrode 

compositions on the electrochemical performance. 

 

ACKNOWLEDGMENTS  
 

The presented study was performed with the financial 

support of the Russian Science Foundation (Grant 

No. 19-79-00004). 

 

REFERENCE 
 
[1] Polyakov, P.V., Klyuchantsev, A.B., Yasinskiy, A.S., Popov, 

Y.N. (2016) Conception of ―Dream Cell‖ in aluminium 

electrolysis. TMS Light Metals, pp. 283–288 

[2] Padamata, S.K.; Yasinskiy, A.S., Polyakov, P.V. (2019) 

Electrolytes and its additives used in aluminium reduction 

cell: a review Metallurgical research & technology., 116, (4), 

410. 

[3] Liu, D., Yang, Zh., Li, W.J.( 2010) Electrochemical 

Behaviour of Graphite in KF–AlF3-Based Melt with Low 

Cryolite Ratio. Journal of The Electrochemical Society., 

157(7), pp. D417–D421. 

[4] Xue, J., Liu, Q., Ou, W. (2007) Sodium Expansion in 

Carbon/TiB2 Cathodes during Aluminium Electrolysis, Light 

Metals: 1061–1066. 

[5] Thonstad, J., Fellner, P., Haarberg, G.M., Híveš, J., Kvande 

H., Sterten Â., (2001) Aluminium Electrolysis: Fundamentals 

of the Hall-Hérout Process, 3rd ed., Aluminium-Verlag, 

Dusseldorf, Germany: 359. 

[6] Xu, Y., Jiao, H., Wang, M., Jiao, S. (2019) Direct preparation 

of V-Al alloy by molten salt electrolysis of soluble NaVO3 on 

a liquid Al cathode. Journal of Alloys and Compounds, 779: 

22–29. 

[7] Kan H., Wang Z., Wang X., Zhang N. Electrochemical 

deposition of aluminium on W electrode from AlCl3-NaCl 

melts. Transactions of Nonferrous Metals Society of China. 

2010, 20: 158–164. 

[8] Nikolaev, A.Yu., Suzdaltsev, A.V., Zaikov, Yu.P. (2019) 

Electrowinning of Aluminium and Scandium from KF-AlF3-

Sc2O3 Melts for the Synthesis of Al-Sc Master Alloys. 

Journal of The Electrochemical Society, 166 (8): D252–

D257. 

[9] Yasinskiy, A.S., Padamata, S.K., Polyakov, P.V., Varyukhin, 

D.Yu., Electrochemical characterization of the liquid 

aluminium bipolar electrode for extraction of noble metals 

from spent catalysts. Non-ferrous metals, 2: 00–00 (in press). 

[10] Filatov, A.A., Pershin, P.S., Suzdaltsev, A.V., Nikolaev, 

A.Yu., Zaikov, Yu.P. (2018) Synthesis of Al-Zr Master 

Alloys via the Electrolysis of KF-NaF-AlF3-ZrO2 Melts. 

Journal of The Electrochemical Society, 162 (2): E28–E34. 

[11] Wei, Z., Peng, J., Wang, Y., Liu, K., Di, Y., Sun, T. (2019) 

Cathodic process of aluminium deposition in NaF-AlF3-Al2O3 

melts with low cryolite ratio. Ionics, 25(4): 1735-1745. 

[12] Khramov, A.P., Shurov, N.I. (2014) Modern Views on the 

Composition of Anionic Oxy-Fluoride Complexes of 

Aluminium and Their Rearrangement during the Electrolysis 

of Cryolite-Alumina Melts. Russian Metallurgy (Metally), 

No. 8: 581–592. 

[13] Nikolaev, A.Yu., Suzdaltsev, A.V., Polyakov, P.V., Zaikov, 

Yu.P. (2017) Cathode Process at the Electrolysis of KF-AlF3-

Al2O3 Melts and Suspensions. Journal of The 

Electrochemical Society, 164 (8): H5315–H5321. 

[14] Liu, D., Yang, Zh., Li, W., Wang, S., Wang, Sh. (2011) 

Cathodic behaviour of graphite in KF-AlF3-based melts with 

various cryolite ratios. Journal of Solid State 

Electrochemistry, 15: 615–621. 

[15] Janz, G.J., Tomkins, R.P.T., Allen, C.B., Downey, Jr. J.R., 

Garner, G.L., Krebs U., Singer S.K. (1975) Molten salts: 

Volume 4, part 2, chlorides and mixtures—electrical 

conductance, density, viscosity, and surface tension data. 

Journal of Physical and Chemical Reference Data, 4: 871–

1178. 

 

 

 

 

  

 

 


