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Highlights 

 We synthetize Mg-La powders by means of an electrodeposition process. 

 We characterize Mg-La powders using EDS, SEM, XRD and FTIR techniques. 

 EDS analyses indicate the presence of three elements (Mg, La and O). 

 The two phases, Mg(OH)2 and La(OH)3 are identified in specimens. 

 Concentration and voltage effects are investigated using a design of experiments. 
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Abstract 

In this paper, magnesium-lanthanum powders were synthesized by an electrodeposition 

technique using an aqueous solution, based on magnesium chloride hexahydrate and 

lanthanum nitrate for different values of voltage and La weight percentage. A copper cathode 

plate and a tungsten thread anode were used for the preparation of the Mg-La layers. The as-

deposited powders were characterized by energy dispersive spectroscopy (EDS) to determine 

the chemical composition, scanning electron microscope (SEM) to describe the morphology, 

X-ray diffraction (XRD) and Fourier transform infrared (FTIR) spectra in order to define the 

chemical structure. EDS analyses indicate the presence of three elements (Mg, La and O) in 

the different deposited layers and the major one is O (51 to 74.2 at.%). The two other 

elements, Mg and La, are respectively ranked 2 and 3 in the different powders. Morphological 

description reveals the formation of heterogeneous chemical structures on the surfaces of 

specimens. They are characterized by aggregates with different sizes. The dark aggregates are 

associated to magnesium and the bright ones are attributed to lanthanum. X-ray results 

showed the existence of two distinct phases in the obtained deposits which are magnesium 

hydroxide (Mg(OH)2) and lanthanum hydroxide (La(OH)3). FTIR analyses confirm the 

presence of the two phases identified in XRD diffractograms and they can be exhibited by 

clear peaks. In the studied ranges of voltage and La weight percentage, their peak 

transmittances have non-monotonic behaviors. A design of experiments was used to 

determine the influence of these two processing parameters and their interaction on the 

products formation. The parameters effects were ranked as follow: the first was the voltage 

then the interaction between the two parameters and finally the La content. 

Keywords: Chemical synthesis, Electrodeposition, Mg-La powders, Voltage effect, 

Concentration effect, Design of experiments.  
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1. Introduction 

Since the last decades, magnesium (Mg) is attracting renewed interest. It is a potential 

candidate for hydrogen storage, as evidenced by numerous studies and publications on this 

topic [1-5]. Indeed, it is characterized by several advantages. Being a light element allows Mg 

to have the highest weight capacity 7.6% [6]. In addition, it is characterized by various 

properties for instance a low density, a low cost [7], a very good malleability and ductility, a 

high strength/weight ratio and an environmentally friendly nature [8]. The use of magnesium 

is found also limited due to its high chemical reactivity and electronegative potential of -2.34 

V [9]. Given its poor mechanical properties and low corrosion resistance, magnesium cannot 

be used in pure form as structural material [10]. Hence the need to combine it with other 

elements in order to optimize these two fundamental characteristics. In fact, adding rare earth 

(RE) elements as lanthanum, element retained in this work, improve the corrosion resistance, 

the creep and shear strengths as well as the hydrogen storage capacity [11-13]. Magnesium 

alloys have been therefore widely used for structural compounds for several decades, 

particularly in aircraft and automobile industries [14, 15]. 

At present, different technologies are utilized to prepare Mg based alloy, including thermal 

spraying [16], diffusion [17], laser cladding [18], CVD (Chemical Vapor Deposition) [19], 

etc. Besides these methods, metal alloys electrodeposition in aqueous ionic liquids are 

receiving increased interest [20-23]. The thickness and quality of the deposited layer can be 

controlled or optimized by processing parameters, such as electroplating time, voltage of 

electrodeposition or electrolyte composition, etc. At the same time, it is the most economical 

method for preparing Mg-RE alloys and could be easily implemented on a large scale as well 

as it could be employed over a large temperature range. 

The aim of the work presented in this paper is to study the characteristics of the 

magnesium-lanthanum layers dedicated to the hydrogen storage applications. These layers are 
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elaborated using electrodeposition technique by varying the voltage and the amount of 

lanthanum in the initial chemical solution. The effects of these two processing parameters on 

the products formation are investigated through a design of experiments. This paper is 

organized as follows: section 2 is devoted to the description of samples preparation and 

characterization devices as well as design of experiments; section 3 examines the results 

obtained monitoring with discussions based to the ones found in literature. In the end, 

conclusions are drawn with some indicators to future analyzes. 

2. Materials and methods 

2.1 Chemicals and specimens preparation 

Different masses of MgCl2
.6H2O (magnesium chloride hexahydrate) and La(NO3)3

.6H2O 

(lanthanum nitrate hexahydrate) were dissolved in 34 mL of ultra-pure water, at ambient 

temperature (23 °C). Electrodeposition experiments were carried out in a cylindrical 

electrolysis chamber of an internal volume of 36.64 mL. The inner dimensions of the 

Plexiglas vessel are 1.8 cm radius and 3.6 cm height. A copper cathode plate and a tungsten 

thread anode, with a 2.2 cm gap, connected to a conventional potentiometric power source, 

were used to ensure the deposition of Mg-La powders. Chemicals were purchased from 

Merck Group and purified water was provided by Medica Lab Elga deionizer system. 

 The concentration effect was performed by varying the concentration of La from 20 to 60 

wt.% with a step of 20 wt.%. The different samples were prepared under three different 

voltage values: 6, 8 and 10 V. The deposition experiments were performed at ambient 

temperature. The obtained deposits were scraped from the copper cathode plate, dried for 1 h 

at 110 °C, milled manually in a marble mortar and subjected to further analyses. Figure 1 

shows a photograph and a schematic overview of the described experimental setup. 
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Figure 1 – Picture and schematic overview of electrodeposition experimental setup. 

2.2 Characterization devices 

The morphology and chemical composition of the obtained deposits were investigated by a 

scanning electron microscope (SEM, LEO 1455 VP, acceleration voltage of 20 kV) at a 

working distance of 15 mm equipped with an X-ray energy dispersive spectrometer (EDS, 

Inca X- sight, Oxford Instrument). The phase identification of the alloys were determined by 

means of X-ray diffractometer (XRD, Philips X’ PERT) using Cu Kα radiation source 

(λ=1.54 Å, 40 kV, 30 mA) at room temperature. The scanning rate of 0.02 °/s within the 2θ 

range going from 10 ° to 80 ° was used in order to increase counting statistics and to improve 

the signal/noise ratio. Fourier transform infrared (FTIR) spectroscopy of the powder samples 

was carried out with a Nicolet 380 FT-IR spectrometer using the ATR technique. All spectra 

were collected with the resolution of 4 cm-1 in the range of 4000-500 cm-1. 

2.3 Design of experiments 

Design of experiments, referred to as DOE, is a systematic approach to understanding 

how parameters affect response variables. DOE is considered one of the most important 

methodologies for researchers handling experiments in practical applications [24-26] because 

it provides an organized approach, with which it is possible to address both simple and tricky 

experimental problems. Thus, by means of DOE, one obtains more useful and more precise 

information about the studied system, because the joint influence of factors is assessed, which 
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will allow to decide what the next experimental step ought to be. Table 1 represents a three-

level design of experiments proposed to determine the influence of the two parameters (La 

concentration and electrodepositing voltage) on the products formation. 

 

Level of parameter Concentration of La [wt.%] Voltage [V] 

+1 60 10 

0 40 8 

-1 20 6 

Table 1 – Levels and parameters of the design of experiments. 

3. Results and discussion 

3.1 EDS analyses of the as-deposited layers 

The EDS results presented in Table 2 are calculated as the average of three measurements 

on three different areas, performed using spot mode, in order to obtain the elemental atomic 

compositions of the different powders. These results clearly show the presence of oxygen, 

magnesium and lanthanum originating from the used electrolyte. As we can see from this 

Table, all specimens are characterized by high contents of oxygen (51 to 74.2 at.%). Except 

for La weight percentage of 20% at 6V, the atomic percentages of Mg are always higher than 

those of La. These atomic percentages vary from 12 to 30.6 % for magnesium and from 5.4 to 

24 % for lanthanum. For most of EDS analyses, it can be seen that the atomic percentages of 

O, Mg and La have a non-monotonic behavior with the increase of voltage and La weight 

percentage. This can be explained by the interaction between the voltage (which presents the 

driving force of the reaction) and the electrolyte composition effects in the electrolysis 

process.  
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Element 
Atomic percentage [%] 

La 20 wt.% La 40 wt.% La 60 wt.% 

Voltage of 6 V    

Oxygen 69.2 ± 4.2 74.2 ± 4.6 51.0 ± 5.6 

Magnesium 12.0 ± 1.3 15.3 ± 1.4 25.0 ± 4.4 

Lanthanum 18.8 ± 3.9 10.5 ± 2.1 24.0 ± 3.7 

Voltage of 8 V    

Oxygen 69.5 ± 1.7 62.6 ± 4.2 69.4 ± 3.1 

Magnesium 25.1 ± 4.1 22.9 ± 3.2 25.1 ± 3.4 

Lanthanum 5.4 ± 1.3 14.5 ± 1.6 5.5 ± 1.4 

Voltage of 10 V    

Oxygen 57.7 ± 3.0 62.6 ± 1.4 67.6 ± 2.4 

Magnesium 30.6 ± 5.6 22.9 ± 6.1 22.4 ± 1.6 

Lanthanum 11.7 ± 4.3 14.5 ± 1.6 10.0 ± 1.5 

Table 2 – Chemical composition of the as-deposited powders for different voltages and 

lanthanum concentrations. 

A SEM investigation is carried out in order to study the morphological behavior of the Mg-

La deposited powders. Figure 2 shows the SEM pictures of the samples for different voltages 

as function of the La concentration. Two kind of parts could be clearly distinguished; the dark 

and the bright ones. The dark aggregates are attributed to magnesium phase [27, 28] and the 
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bright ones are assigned to lanthanum [29]. The distribution of the Mg and La elements is not 

uniform due to the heterogeneous chemical structures of the powders.  Figure 2 shows also 

when the voltage increases, the growth of the formed seeds going to increase and their 

number tends to reduce for each La weight percentage. Indeed, the increase of current density 

(i.e. decrease of voltage in this study) leads to a remoteness from the equilibrium voltage 

according to Tafel’s law. This leads an increase in the polarization and therefore an increasing 

in the number of seeds. For each voltage value, the increase of La weight percentage increases 

the concentration of the electroactive ions leading to a decrease in the germination speed. 

Consequently, the growth of the formed seeds tends to increase allowing the aggregation of 

large seeds for higher content of La. 

 

Figure 2 – SEM images of the as-deposited powders for different voltages and lanthanum 

concentrations. 
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3.2 X-ray diffraction analyses of the as-prepared powders 

XRD diffractograms of the as-deposited layers were measured and are given in Figure 3.  

According to the standard data JCPDS, the obtained deposits can be readily indexed to two 

phases, magnesium hydroxide (Mg(OH)2) and lanthanum hydroxide (La(OH)3). As we can 

see from this Figure, peaks at diffraction angle 2θ of 18.6 °, 35.8 °, 37.9 °, 50.8 ° 58.7 ° and 

62.1° are associated to Mg(OH)2 whereas those at 2θ of 15.6 °, 27.9 °, 39.3 °, 46.8 °, 48.5 ° 

and 54.9 ° are attributed to La(OH)3. For La percentages of 20 and 40 wt.%, it can be 

observed that all peak intensities of La(OH)3 phase decrease with increasing voltage to reach 

a minimum at 8 V and then increase when the voltage increases to 10 V. Similar tendency is 

observed for almost all peak intensities of Mg(OH)2 for La percentage of 40 wt.%. We can 

also see that, for La weight percentages of 20 and 60%, almost peak intensities of Mg(OH)2 

phase increase by increasing the electrodeposition voltage. The same behavior is exhibited 

concerning the La(OH)3 phase for a La weight percentage of 60%. 
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Figure 3 – X-ray diffraction patterns of samples for different voltages and lanthanum 

concentrations: ( ) Mg(OH)2; (♠) La(OH)3 

3.3 FTIR spectroscopy analyses of the as-deposited layers 

In addition to the X-ray diffraction analyses, the FTIR spectroscopy study is primary for 

the structural confirmation of the as-prepared powders. Figure 4 shows the FTIR transition 

spectra of the as-deposited Mg-La powders in the range of 4000-500 cm-1 for the different 

samples. One can see from this Figure a sharp and strong peak at 3696 cm−1 which 

corresponds to deformation of OH bonds in Mg(OH)2 as reported by Jianjun et al. [30] and 

Gray-Munro and Strong [31]. The band centred on 3606 cm−1 is assigned for stretching mode 

of OH− in lanthanum hydroxide [32, 33]. The bands at 3455 cm−1 and 1640 cm−1 are 
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attributed to the hydroxyl groups in water [32, 34]. The two others distinct bands at about 

1434 cm−1 and 1048 cm−1 can be associated to asymmetric stretching vibrations of the 

carbonate group, which originate from the reaction of the as-deposited powders with CO2 

from air during the FTIR spectroscopy analysis [30, 32, 34]. Regarding the concentration 

effect at 6 V on the different detected bands, one should note that there is an increase in 

transmittance values with increasing La weight percentage for the bands of Mg(OH)2, 

La(OH)3, H2O and CO2. Similar tendencies have been also remarked for bands of the water 

and the CO3
2- group at 10 V. Non-monotonic behaviors at 8 V, characterized by a decreasing 

phase in the La concentration range of 20-40 wt.% and an increasing one in 40-60 wt.%, have 

been observed for the all detected bands. For the Mg(OH)2 and La(OH)3 phases, it can be seen 

also that the transmittance values increase in the La amount range of 20-40 wt.% and decrease 

in 40-60 wt.% at an electrodepositing voltage of 10 V.  
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Figure 4 – FTIR transition spectra of samples for different voltages and lanthanum 

concentrations. 

 

3.4 Quantification of processing parameters effects 

The data of EDS analyses have been then post-processed to evaluate the Mg(OH)2 content 

according to the design of experiments. The two processing parameters (La weight percentage 

and voltage) are considered with their three levels noted “−1” for low level,  “0” for center 

level and “+1” for high level (with the values given by Table 1). Table 3 summarize the 

number of experiment, the values taken by the La weight percentage (A), the voltage (B), 
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their squares (A2, B2) and their interaction AB as well as the Mg(OH)2 amount. The values 

taken by AB are the scalar products results between those of A and B.  

Computer generated non-linear quadratic models are given as:  

A2
2 2
A B A B

Mg OH at.% 0.4583 0.0012 0.0214

0.0127 0.0244 0.0171
BX X

X X X X
             (1) 

where AX  and BX  are respectively the dimensionless values of the La weight percentage and 

the voltage: 

c
A

A A
A

X   and cB B
BBX           (2) 

with cA 40%  and cB 8 V  are the real values of the independent variables at the center 

point and A 20% and B 2 V are respectively the step changes of variables A and B. 

The goodness-of-fit of the relation (1) is estimated with the coefficient of determination, and 

its value is 2 0.8981R . 

It appears that the voltage is the most influencing parameter with an effect of 0.0214. 

Indeed, the effect of voltage is about 18 times more important than the one of the La weight 

percentage. Moreover, it is only about 1.25 times more significant than the interaction 

parameter AB leading to an effect higher than the one of the La weight percentage. The 

square of factor A has a positive impact, while B2 has a negative impact on the response. Let 

us notice also that the quadratic terms have the same order of magnitude of the parameters B 

and AB. Similar tendency concerning parameter influences ranking has been observed by 

Trindade et al. [35].  
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Test 

number 

Factors 
Squares of  factors Interaction 

Amount of Mg(OH)2 

[atomic %] 
  

XA XB XA·XA XB·XB XA·XB 

1 1 1 1 1 1 45.61% 

2 1 0 1 0 0 47.61% 

3 1 -1 1 1 -1 43.59% 

4 0 1 0 1 0 44.86% 

5 0 0 0 0 0 44.86% 

6 0 -1 0 1 0 42.89% 

7 -1 1 1 1 -1 48.68% 

8 -1 0 1 0 0 47.59% 

9 -1 -1 1 1 1 39.81% 

Table 3 – Design of experiments matrix with Mg(OH)2 content results. 

3. Conclusion 

The present study deals with the synthesis of magnesium-lanthanum powders thanks to an 

electrodeposition process at ambient temperature. The effects of voltage and La amount on 

the elemental composition, the morphological characteristics and the identified phases as well 

as the transmittance bands have been investigated. The deposited powders are composed of 

Mg(OH)2 and La(OH)3 phases. A design of experiments was made in order to study the 

effects of the two processing parameters. In a future stage of this work, other parameters such 

as electrolyte temperature, pH and cathode nature will be treated to determine the most 

influential ones by using a complete design of experiments. The effect of a pressurized 

environment on the preparation of samples as well as a quantitative determination of the 

content of each powder will be also investigated. As a final point, this study is a preliminary 
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work to figure out the usability of the obtained samples as potential materials for hydrogen 

storage. 
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