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REDUCTION OF MAGNESIUM ON A BISMUTH SUBSTRATE 
IN DIMETHYLFORMAMIDE SOLUTION 

 
Abstract. A modified anode material was obtained by reducing magnesium on the surface of a bismuth 

electrode in an anhydrous Mg(ClO4)2/dimethylformamide (DMF) system. The structure and composition of the 
obtained anode material were determined using a scanning electron microscope and X-ray spectral microanalysis.  

Analysis of the polarization curves revealed the electrochemical properties and the process of reversibility of the 
previously unexplored intermetallic compound consisting of Mg- Bi in Mg(ClO4)2/DMF system. Cyclic 
voltammograms showed that the processes in the system are quasi-reversible. It is proved that the process of 
electronic exchange is carried out by diffusion. 

Keywords: magnesium-ion battery, bismuth, electrode, anode, dimethylformamide, reduction. 
 
Introduction 
One of the modern scientific and technical research topical issues is the development of affordable, 

environmentally friendly, cheap types of energy [1]. In recent years, the use of lithium-ion batteries in the 
electrochemical industry has expanded and developed rapidly. However, the high cost of lithium, rare 
abundant in the earth's crust and the danger of dendrite formation make the use of lithium-ion batteries 
ineffective [2-4]. Therefore, magnesium-ion batteries with high energy density are proposed as an 
alternative to lithium-ion energy sources and studied their electrochemical properties [5-8]. However, the 
redox potential of the Mg2+/Mg pair is greater than the potential of Li+/Li pair, by about 1 V. In addition, 
the volume capacity of magnesium is lower than lithium, 2061 mAh*h/cm3 [9, 10]. Consequently, 
magnesium-based batteries lag slightly behind lithium batteries. However, if cathodes with high 
productivity are used for such current sources, the specific energies can be up to 100 W*h/kg [7]. It is 
much more than low-tech secondary batteries. In addition, magnesium as an anode material has many 
properties: low electrochemical potential, high volumetric specific capacity, large energy/power densities, 
most abundant in the Earth’s crust, cheaper and environmentally friendly.  

 However, magnesium is corrosively unstable in simple electrolytes. Therefore, the replacement of 
metallic magnesium with other alternative materials is relevant. It also allows you to work with simple 
electrolytes. Recently, it was found that some p-elements in a low potential form an electrochemical 
reverse intermetallic with magnesium [11-13]. Magnesium ions have been found to penetrate and diffuse 
well into bismuth since it has a rhombohedral crystal structure [14]. Magnesium intercalated into bismuth 
forming magnesium bismuthide with a theoretical capacity of 385 mAh/g (3Mg2++2Bi + 6е → Mg3Bi2) 
[15, 16]. W.Jin and other scientists [14] described the diffusion resistance of magnesium in bismuth. 
According to them, for one Mg atom in the bismuth, the most stable position is located between two layers 
of the Bi, where Mg has eight neighboring Bi atoms with Mg-Bi bond lengths of 3.00 and 3.07 Å. The 
calculated adsorption energy was -1.31 eV for one Mg atom adsorbed in Bi. According to the definition of 
adsorption energy, negative adsorption energy means a favorable exothermic reaction. The larger the 
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different potentials. In the cathodic polarization of the electrode, there is a thick layer of non-
homogeneous surface formation on the bismuth electrode surface at the microelements shot at the 
potentials of -1.5V and -2.6V in 5 minutes. In figures 1 (b, c) showed the formations in the form of films.  

 

 
 

                                        а)                                                        b)                                                        c)  
 
Figure 1 - Micrographs of the surface of the pure bismuth electrode (a) and after the reduction of magnesium from 0.1 mol/l 

Mg(ClO4)2/DMF solution at a potential of -1.5 V (b) and -2.6 V (c), τ = 5 minutes 
 
In addition, the results of X-ray spectroscopy show that on the surface of metallic bismuth is 

contained some amount of magnesium (12.45%) after its deposition (Table 1).  
 

Table 1 - Results of X-ray spectral microanalysis of the bismuth electrode surface after the deposition  
of magnesium ions from 0.1 mol/l Mg(ClO4)2/DMF 

 

 
Element 

Wt,% 
-1,5 V -2,6 V 

1 minute 5 minute 1 minute 5 minute 

Bi 77,05 49,84 81,05 65,50 

Mg 2,64 12,45 1,63 6,47 
O 17,81 34,05 13,98 24,83 

 
According to X-ray microanalysis, the bismuth electrode has the following elements: Mg, O, Bi. 

According to the results of the analysis, a large amount of film consists of a metallic coating (40-80%). 
This can be explained by the fact that during the scan caught the substrate under the film. However, the 
pictures clearly show the presence of the film. In our opinion, the metal substrate can be included in the 
film. The presence of oxygen in the composition of the film on the surface can be explained by the 
oxidation of Mg to MgO, as a result of the decomposition of the solvent. The presence of a large amount 
of magnesium in the composition indicates that it is well penetrated by the bismuth crystal lattice. This has 
a significant effect on the electrode potential of bismuth. To confirm this, it was taken curves dependence 
time from the potential of the bismuth electrode before and after the reduction of magnesium (Fig. 2).  

The standard electrode potential of bismuth in aqueous media is 0.23 V versus a standard hydrogen 
electrode. However, given that the study is carried out in an anhydrous dimethylformamide system, the 
theoretically calculated potential for the silver chloride electrode used should change to 0.018 V. The 
changing of bismuth electrode potential from a time before magnesium deposition corresponds to the 
theoretically calculated potential (Fig. 2).  

After deposited magnesium ions on the bismuth electrode surface electrode potential moves to the 
negative value. In the chronopotentiogram, which was taken after the reduction of magnesium ions on the 
surface of bismuth, began at -2.0 V. That is, the proximity of the standard potential of standard metallic 
magnesium can be explained by the relatively complete coverage of the surface of the bismuth electrode. 
As time increases (up to 400 seconds), the potential immediately shifts to a positive value. Magnesium on 
the surface of bismuth is redissolved and the potential value approaches the potential of pure bismuth. 
After 400 seconds, the potential value gradually stabilizes and reaches a plateau.  
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Figure 2 - Dependence of the stationary potential of the bismuth electrode 

on the time before and after the reduction of magnesium 
  
 
Analysis of cyclic voltammetry curves 
In fig. 5a shows cyclic voltammograms of the bismuth electrode in a 0.1 mol/l Mg(ClO4)2/DMF 

solution at different scan rates (10-100 mV/s). As can be seen from the curves, magnesium is deposited on 
the surface of the electrode starting at a potential of -1.2 V. As the scan rate increases, the current value 
decreases, and the magnesium reduction potential shifts to the negative region. In addition, polarization in 
the opposite direction shows the oxidation peak of magnesium at a potential of -0.4 V. 

According to the classical law of electrochemistry, if the sum of the potential peaks of the forward 
and reverse directions is E0, and the potential difference of these peaks is 2.2 RT/F (56.5 mV), then for this 
region is used the Nernst equation, that is, the reaction in the system is reversible. However, in our case, 
the potential difference is 450 mV at 25 ° C. This means the irreversibility of the processes occurring in 
the system. In addition, cyclic voltammetry curves were taken at different potential scan rates. From 
voltammograms, it is seen that the potential difference in the direct and inverse peaks increases.  

An analysis of the effect of time and potential scan rate on the direction of a cyclic voltammogram 
showed that the potential values for cathodic and anodic processes shift to a more negative direction as the 
potential scan rate and time increase. This is due to the irreversibility of the process in the system. 
However, due to the presence of the anode peak, the process is quasi-reversible.  

Analyzing cyclic voltammograms and relying on other studies [15, 16], we can assume that the 
following electrochemical process will occur in the system: 

 
 Anode: Mg3Bi2→3Mg2++ 2Bi + 6e  (3) 
 
 Cathode: 3Mg2+ + 2Bi + 6e→ Mg3Bi2  (4) 
 
Effect of various factors on magnesium reduction 
For reversible reactions, the reduction peak potential does not depend on the scan rate. For 

irreversible electrode reactions, the relationship between the potential of the oxidation peak and the scan 
rate is expressed by the following equation: 

 

 E ൌ Eభ
మ
െ ቀ ୖ

୬
ቁ ቈ0,780  ln ቆ

ୈ
భ
మ

୩౩
ቇ  ln ቀ

୬୴

ୖ
ቁ
భ
మ = 

 

 Eభ
మ
െ

ୖ

୬
ቈ0,780  ln ቆ

ୈ
భ
మ

୩౩
ቇ  ln ቀ

୬୴

ୖ
ቁ
భ
మ െ

ୖ

୬
lnv

భ
మ  (5) 

 
Here, E1/2 - half-wave potential, na - the number of electrons, D1/2 - diffusion coefficient, α - exchange 

coefficient, F - Faraday constant (C/mol), T - absolute temperature (K), R - gas constant (mol-1*K-1), υ - 
scanning rate (V/s). 
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Figure 6 - a) Reverse polarization curves depending on the rate  

of different potential transfer of electrode of the Bi electrode 0.1М Mg(ClO4)2/DMFA;  
b) The dependence of the rate of potential transfer on the potential potential 

 
 As the potential scan rate increases, the potential value changes from the negative direction to 50 mV 

/ s, and then its change is not noticeable. As the scanning speed increases, the anode process takes a short 
time. Therefore, the oxidation reaction of magnesium does not come to an end. 

 
Conclusion 
 The bismuth rhombohedral structure allows magnesium ions to penetrate into its crystal lattice 

since their diffusion rate is high, Bi was chosen as the anode material for Mg-ion batteries. 
 As a result of the deposition of magnesium, the formations of bismuth electrode surfaces was 

detected by the scanner electron microscope (Quanta 200i 3D), and the composition was determined by 
energy density X-ray spectroscopy. 

 Analysis of cyclic voltammograms showed that the processes in the system are quasi-reversible. 
 It is proved that the process of electronic exchange is carried out by diffusion. 
 As the potential scan rate increases, the cathode processes proceed quickly and magnesium is not 

fully reduced. 
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Аннотация. Сусыз Mg(ClO4)2/диметилформамид (ДМФА) жүйесінде магнийді висмут электроды бетіне 

тотықсыздандыру арқылы модифицирленген анодтық материал алынды. Алынған анодтық материалдың құрылысы мен 
құрамы сканерлеуші электронды микроскоп жəне рентген-спектрлі микроталдау көмегімен анықталды.  

Поляризациялық қисықтарды талдау нəтижесінде, бұрын зерттелмеген Mg(ClO4)2/ДМФА жүйесіндегі Mg-Bi 
интерметалидінің электрохимиялық қасиеттері, ондағы үдерістердің қайтымдылығы зерттелді. Циклдік 
вольтамперограммаларды талдау арқылы жүйеде өтетін үрдістердің квази-қайтымсыз екендігі анықталды. Электрон 
алмасу үдерісі диффузия арқылы жүзеге асатындығы дəлелденді. 
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ВОССТАНОВЛЕНИЕ МАГНИЯ НА ВИСМУТОВОМ ПОДЛОЖКЕ В ДИМЕТИЛФОРМАМИДНОЙ СРЕДЕ 

 
Аннотация. Было получено модифицированный анодный материал методом восстановления магния на висмутовый 

электрод Mg(ClO4)2/диметилформамид (ДМФА) системе. Структура и состав полученного анодного материала 
определялись с помощью сканирующего электронного микроскопа и рентгено-спектрального микроанализа. Анализ 
поляризационных кривых выявил электрохимические свойства интерметаллида Mg-Bi в ранее неизученной системе 
Mg(ClO4)2/ДМФА и процесс обратимости. Циклические вольтамперограммы показали, что процессы в системе 
квазиобратимы. Доказано, что процесс электронного обмена осуществляется путем диффузии. 
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