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Composite solid electrolytes in the system (1-x)Mg(NO3)2 – xAl2O3 with x = 0.0 – 0.5 were 

synthesized by a sol-gel method. The synthesis was carried out at a low temperature with magnesium 

nitrate hexahydrate, as the starting material. The obtained magnesium composite dispersed with 

alumina were characterized by X-ray diffraction, differential scanning calorimetry, scanning electron 

microscopy, Fourier transform infrared spectroscopy and alternating current impedance spectroscopy. 

Structural analysis of the composite samples showed a transformation of the magnesium nitrate 

hexahydrate crystalline to amorphous magnesium nitrate and magnesium oxide. The composite sample 

with x = 0.1 and 0.2 exhibited high ionic conductivity of 10
-4 

S cm
-1

 and 10
-6 

S cm
-1

, respectively, at 

room temperature due to the presence of MgO. This finding offers attractive future composite 

electrolytes for magnesium-based rechargeable batteries.  
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1. INTRODUCTION 

Lithium ion conduction in composite solids has been an area under discussion for the past three 

decades since the discovery of high Li
+
 ion conductivity at room temperature in LiI – Al2O3 system by 

Liang [1]. The rapid progress in portable consumer devices (such as iPads, iPhones and laptops), light 

vehicles, and hybrid electric vehicles has increased the need for novel and better energy sources. The 

lithium-based rechargeable batteries are the most worldwide consumed in terms of high energy density 

and low self discharge. Nevertheless, these battery systems have their limitations such as safety 

problems and high cost.  

http://www.electrochemsci.org/
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Recently, the development of magnesium rechargeable battery has drawn great attention of 

researches. This type of rechargeable battery is chosen since the magnesium is an active metal and can 

be used as anode material. Magnesium is cheaper and much safer to use than lithium. It is easier to 

handle magnesium than lithium because it is more stable in the air. There is an urgent need for research 

to develop this new rechargeable battery system.  Moreover, its performance capabilities are expected 

to be very similar to those of lithium batteries [2,3].
 
 

Similar to the lithium rechargeable batteries, the electrolytes should have low vapor pressure, 

non-volatile and non-flammable properties. Lithium composite solid electrolytes were found to 

enhance not only the conductivity of the Li
+
 ion conductor, but also its mechanical strength. 

Alternatively, suitable electrolyte system that is very safe and consistent is solid electrolyte conducting 

Mg
2+

 at ambient temperature. Solid electrolytes of magnesium salt – alumina composites offer 

attractive future composite electrolytes for magnesium-based rechargeable batteries.  

In our previous work, we have successfully prepared composite solid electrolyte powder in the 

system (1-x)LiNO3 – xAl2O3 using a sol-gel technique [4]. They were found to have high ionic 

conductivity values and could achieve 1.92  10
-3

 S cm
-1

 (for x = 0.1) at room temperature. In this 

work, composite solid electrolytes in the system (1-x)Mg(NO3)2 – xAl2O3, with x = 0.0 – 0.5 were 

prepared. The alumina powder was well dispersed into the magnesium nitrate salt via a sol-gel method.  

The structure of the composite samples obtained were characterized using various methods 

such as X-ray diffraction (XRD), differential scanning calorimetry (DSC), scanning electron 

microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR). The conductivity study was 

determined by alternating current (AC) impedance measurements.  

The total ionic transport number (tion) of highest conducting sample was evaluated by 

Wagners’s polarization method [5]. It is hoped that the magnesium composite solid electrolytes exhibit 

high ionic conductivity values and can be employed in the future magnesium rechargeable batteries.  

 

 

 

2. EXPERIMENTAL 

The magnesium nitrate hexahydrate Mg(NO3)2.6H2O, alumina (Al2O3; particle size ~10 μm), 

citric acid and ethanol of high purity grade were obtained from Aldrich. The composite solid 

electrolyte samples are described by the general formula of (1-x)Mg(NO3)2 – xAl2O3 with x = 0.1 – 0.5 

(mole). The samples were prepared via the sol-gel method. Both magnesium nitrate hexahydrate and 

alumina were weighed according to the mentioned general formula. For synthesizing the (1-

x)Mg(NO3)2 – xAl2O3 composites, the starting host material of Mg(NO3)2.6H2O was first dissolved in 

deionized water that was mixed with ethanol, until a clear solution was obtained. The salt solution was 

then dispersed with the alumina powder by stirring it magnetically at 40 
°
C on a hot plate for about 30 

min, to get a homogeneous mixture. Subsequently, the mixture was added to a weighed citric acid and 

continuously stirred at a temperature range between 40 and 80 
°
C until a white gel was formed. The 

amount of the citric acid is equivalent to the mass of alumina. Finally, the gel was heated in an oven at 

110 
°
C to slowly evaporate the solvents until dry. The composite sample obtained was then crushed in 

an agate mortar to a fine powder.  
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X-ray diffraction patterns of the composites were recorded using a D8 Advanced-Bruker X-ray 

diffractometer with Cu Kα radiation in the Bragg angle (2) range from 10 to 80°. The thermal 

stability of the composite sample was obtained on a METTLER TOLEDO DSC 822 with a continuous 

heating rate of 10 
o
C min

-1
. The morphology of the samples was analyzed by scanning electron 

microscope (SEM) using an INCA Energy 200 instrument (Oxford Ins.). The FTIR spectra were 

recorded with a Perkin Elmer RX1 spectrometer. 

The ionic conductivity measurements of the composite samples were carried out by impedance 

spectroscopy using a SOLATRON 1260 impedance analyzer over the frequency range of 10
-1

 – 10
7
 

Hz. The conductivity measurements were conducted by sandwiching the composite pellet between two 

stainless steel electrodes for the temperature range from room temperature to 180 
o
C. The composite 

pellet was prepared by pressing composite powder under a pressure of 6 - 8 tones/cm
2
 at room 

temperature. The total ionic transport number (tion) was evaluated using Wagner’s polarization method 

[5]. In this technique, the cell SS/ composite sample electrolyte /SS was polarized by applying a step 

potential of 500 mV. The resulting potentiostatic current was then monitored as a function of time. The 

value of tion was obtained using the following equation: 

 

  T

eT
ion

i

ii
t


  (1)  

 

where iT and ie are total and residual current, repectively.  

 

 

 

3. RESULTS AND DISCUSSION 

Figure 1 shows the X-ray diffraction spectra of the prepared composite samples and pure 

Mg(NO3)2.6H2O. The XRD pattern of the pure Mg(NO3)2.6H2O shows crystalline characteristic with 

predominant peaks at 2 of 15
o
, 27

o
, 28

o
, 30.3

o
 and 43.8

o
. The rest of the peaks at 50.7

o
, 56

o
 and 60.6

o
 

show that there are traces amount of magnesium nitrate hydrate of Mg(NO3)2.2(H2O). These minor 

peaks are not found in all composite samples with x = 0.1 – 0.5. However, additional peaks observed in 

between 15
o
 to 27

o
 at x = 0.1 and 0.2 may be attributed to the Mg(NO3)2.2(H2O) peaks due to 

incomplete dehydration of Mg(NO3)2.6H2O. The diffractogram of the composite samples shows the 

characteristic peaks of Al2O3 at 2 of 25.6
o
, 35.2

o
, 37.7

o
, 43.6

o
, 52.5

o
, 57.5

o
, 61.6

o
, 66.5

o
, 68.2

o
 and 

76.8
o
 along with some Mg(NO3)2.6H2O peaks. This confirms the composite nature of the samples with 

x = 0.1 – 0.5. The disappearance of the Mg(NO3)2.6H2O peaks indicates transformation of 

Mg(NO3)2.6H2O to Mg(NO3)2 and MgO in all composite samples. 

The Mg(NO3)2.6H2O peaks with low intensity appeared at 15
o
, 27

o
, 28

o
, 30.3

o
 for composite 

sample with x  = 0.1 – 0.3. These peaks are attributed to the solid-state phase transition which is 

discussed in the following section. The XRD pattern also indicates that the Mg(NO3)2 exists as an 

amorphous phase in the composite sample with x = 0.4, as only crystalline Al2O3 peaks can be 

identified. The X-ray diffraction study for the prepared composites in the system (1-x)Mg(NO3)2 – 

xAl2O3 show formation of magnesium oxide (MgO) compound at x = 0.1 and 0.2, with a very poor 
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crystallinity as can be seen in Figure 1. The broad diffraction peaks of MgO can be detected at 2 of 

38.2
o
 and 43.4

o
 [3,6,7]. Bokhimi et al [7] reported that at this low temperature, the phase of MgO is 

amorphous.  

 

 
 

Figure 1. XRD patterns of (1-x) Mg(NO3)2 – xAl2O3 composites. 

 

The DSC curves of pure Mg (NO3)2.6H2O and the prepared composite samples are shown in 

Figure 2(a). Two endothermic peaks are identified in the curve for the pure Mg(NO3)2.6H2O 

compound. The two endothermic peaks at 74 °C and 90 °C, correspond to solid state phase transition 

and melting (Tm) of the compound, respectively [8,9]. There is no endothermic peak indicating the 

melting of Mg(NO3)2.6H2O in the curve of the composite with x = 0.1 – 0.5. The absence of the peak 

means that the crystalline Mg(NO3)2.6H2O has undergone a transition phase during the preparation 

process. The possible transformation of the crystalline could be as follow [7]: 

 

 

 

      Mg(NO3)2.6H2O(s)                            Mg(NO3)2 (s) + 6H2O(g) 

 

       (2) 

      2Mg(NO3)2 (s)                   2MgO(s) + 4NO2(g) + O2(g) 

 

       (3) 

Incongruent melting of the solid state phase transition is observed between 50 °C and 80 °C 

for the curves of the composite samples with x = 0.1 – 0.5 (except at x = 0.4). The polymorphic 

changes occurred due to the interaction with the alumina particles in the composites. The formation of 

MgO in composite samples with x = 0.1 and x = 0.2 are obvious and this could be due to the limited 

amount of alumina particles present in the composites so that no blocking effect occurred for the 

transformation of phases of the crystalline. However the solid-state of Mg(NO3)2 exists as an 

amorphous phase in the composite sample with x = 0.4, as no incongruent temperature of melting is 

dissolution 
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detected. The presence of the phase is confirmed by the XRD analysis discussed earlier. Figure 2(b) 

shows a small endothermic peak around 390 °C for the MgO formed at x = 0.1 and 0.2 [10].  

 

 
 

Figure 2. DSC curves for (a) pure Mg(NO3)2.6H2O and (1-x)Mg(NO3)2 – xAl2O3 composites. (b) 

Formation of MgO at x = 0.1 – 0.2. 

 

The FTIR spectra of Mg(NO3)2.6H2O and the composite samples with x = 0.1 – 0.5 in the 

wavenumber range 1600-600 cm
-1

 are presented in Figure 3. The spectrum of the Mg(NO3)2.6H2O 

shows a strong absorption band at 1347 cm
-1

 and two medium bands at 818 and 730 cm
-1

. Those bands 

are ascribed to the asymmetric stretching (3), out-of-plane deformation (2) and in-plane deformation 

(4) modes of NO3
-
 ion, respectively [11,12,13]. These characteristic bands of the nitrate group are also 

observed in all of the composite samples (x = 0.1 – 0.5) in Figure 3. Therefore, we can conclude that 

the Mg(NO3)2 phase is present in the composite samples with x = 0.1 – 0.5. The symmetry stretch 

mode (1) of NO3
-
 for pure Mg(NO3)2.6H2O is observed as a very weak band at 1058 cm

-1
. Addition of 

alumina, Al2O3 caused 1  mode to shift toward higher wavenumber of 1068 cm
-1

 accompanied by an 

increase in the half-band width which can be ascribed to the presence of  an amorphous phase [14]. 

The 1  mode shift can clearly be observed in the composite sample with x = 0.1 – 0.3. However, the 

addition of alumina leads to the splitting of the 1 band at x = 0.4 and 0.5. These phenomena show the 

mixture characteristic of the composite samples with x = 0.1 – 0.5. 

The composite samples with x = 0.2 – 0.5 show two peaks with maxima at 1429 and 1318 

cm
-1

, resulting from the splitting of the 3 mode of surface nitrate. There is no 3 mode splitting occurs 

at x = 0.1. The appearance of the two peaks is indicative of monodentate orientation of nitrate ions 

[15]. From the literature, the bands observed at 751, 816 and 1068 cm
-1

 suggest the bidentate type 

of NO3
-
 ion upon contacting with Mg

2+
 [15]. As observed at x = 0.1 – 0.5, the frequency of 4 shifts 

from 730 to 752 cm
-1 

and the 2 shifts from 819 to 816 cm
-1

. The monodentate and bidentate types 

of nitrate ion revealed the formation of Mg
2+

 and NO3
-
 ion pairs in the composite samples with x = 0.1 

– 0.5. It appears that the nitrate ion contacting Mg
2+

 in monodentate type converts to bidentate type as 

the alumina content increases. The contact ion pairs do affect the conductivity behavior of the 

composites. The explanation is discussed in the following section. 
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Figure 3. FTIR of Mg(NO3)2.6H2O and (1-x)Mg(NO3)2 – xAl2O3 composites. 

 

Figure 4 shows the cross-sectional morphology of the composite sample with x = 0.4. Figure 

4(a) indicates the appearance of crystalline (region A) and amorphous (region B) features in the 

composite sample. The crystalline and amorphous regions are attributed to the Al2O3 and Mg(NO3)2, 

respectively as discussed earlier in the XRD and DSC sections. Figure 4(b) depicts that the composite 

sample is dominated by the crystalline phase of Mg(NO3)2 and this feature could impede the 

conductivity behavior. 

 

  

 

Figure 4. Cross-section morphology of composite sample with x = 0.4 magnified at (a) 6000X and (b) 

4000X. 

 

The temperature dependency of conductivities for (1-x)Mg(NO3)2 – xAl2O3 composites 

prepared is shown in Figure 5. In general, at x = 0.1 – 0.5, the conductivity increases with increase in 

temperature. Two conductivity changes occur in the system at temperature around 70 °C and 120 °C. 
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The low conductivity values below the temperature region of 70 °C at x = 0.3 – 0.5 reflect greater 

association of Mg
2+

 with NO3
-
 in the composites as confirmed by the FTIR analysis discussed earlier. 

The strong electrostatic forces caused immobility of the Mg
2+ 

ion in the composites.  

However, the presence of MgO amorphous phase in the composite samples with x = 0.1 and 0.2 

results in an increase in conductivity to the order of 4.0 × 10
-4 

S cm
-1

 and 4.0 × 10
-6 

S cm
-1

, 

respectively, at room temperature. In this case, the high ionic conductivity reflects the dissociation of 

Mg
2+

 and NO3
-
 ion pairs into free ions with the appearance of MgO [3].  

The MgO particles are slightly electronegative in nature and hence, incorporate with the Mg
2+

 

ions to form MgO: Mg
2+

 species. The formation of the species occurs at the interface regions between 

MgO and the ionic salt. The reaction of the formation of MgO: Mg
2+

 species is reversible and is as 

follows: 

 

MgO + Mg
2+

  ⇌  MgO: Mg
2+

 (4)  

 

This new region, namely space-charge region induces a local electric field and is responsible 

for the enhanced Mg
2+

 ion mobility in the composite sample with x = 0.1. Similar observation has been 

reported in the literature [16]. The value of the ionic transport number is 0.85 for composite sample 

with x = 0.1. This suggests that the composite sample is predominantly an ionic conductor. It has been 

observed that the solid composite electrolyte in the system (1-x)Mg(NO3) – xAl2O3 with x = 0.1, 

exhibits ionic conductivity at room temperature that is quite similar to electrolyte of (1-x)LiNO3 – 

xAl2O3 [4]. The conductivity of the magnesium composite electrolyte is even higher than the 

composites based on lithium salts reported in the literature [1,17,18]. In this case, it is possible to 

switch Li
+
 ions with Mg

2+ 
ions as the charge carrier for new rechargeable battery system. 

As observed, the conductivity at x = 0.2 is lower than x = 0.1. The decrease is related to the 

bidentate type of NO3
-
 ion in the composite sample with x = 0.2 which leads to less number of free 

Mg
2+

 ion. The conductivity phenomenon around 70 °C shows a change of phase is in progress in all 

the composite samples with x = 0.1 – 0.5. This is attributed to the incongruent melting of the solid-state 

phase transition as mentioned earlier in the DSC analysis.  

Starting from the temperature of 120 °C, the conductivity continues to increase to the order of 

10
-4

 to 10
-3

 S cm
-1

. The increase in temperature results to the ion dissociation in the Mg(NO3)2 phase. 

Thus, the Mg
2+

 ion mobility increases especially after complete melting of magnesium nitrate beyond 

this temperature [19].  

The experiment results confirm that the formation of MgO and at the same time the presence of 

free Mg
2+

 ion contribute greatly to the enhancement of conductivity in the MgNO3 – Al2O3 composite 

system. Such behavior has also been observed for a magnesium ion-conducting gel polymer electrolyte 

[3]. In order to get better conductivities and to be better magnesium rechargeable batteries, an 

additional of MgO particles could be dispersed into the MgNO3 – Al2O3 composite system. 
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Figure 5. Temperature dependency of conductivities for    (1-x)Mg(NO3)2-xAl2O3 composites. 

 

 

 

4. CONCLUSION 

Magnesium composites in the system (1-x)Mg(NO3)2 – xAl2O3 had been successfully 

synthesized via a sol-gel method at low temperature. We had studied the structural and conductivity 

behavior of the obtained magnesium composites with compositions from x = 0.1 to 0.5. The peaks 

from the XRD spectrum indicate possible transformation of Mg(NO3)2.6H2O to Mg(NO3)2 and MgO. 

The appearance of MgO can be seen in the composite samples with x = 0.1 - 0.2 and further confirmed 

by the DSC and conductivity results. The thermal analysis showed an incongruent melting of the solid 

state phase transition that occurred between 50 °C and 80 °C in the composite samples with x = 0.1 

– 0.5 (except at x = 0.4). This polymorphic change occurred due to the interaction with the alumina 

powder in the composites. The prepared composites have low conductivity below the temperature 

region of 70 °C due to the strong association between Mg
2+

 and NO3
-
 ion pairs. The FTIR results 

revealed the monodentate and bidentate types of nitrate ion in the composite samples thus, the 

formation of Mg
2+

 and NO3
-
 ion pairs contact. However, the composite samples with x = 0.1 and x = 

0.2 exhibited high ionic conductivity at room temperature in the order of 4.0 × 10
-4 

S cm
-1

 and 4.0 × 

10
-6 

S cm
-1

, respectively due to the presence of MgO amorphous phase. Thus, the magnesium 

composite solid electrolyte in the system (1-x)Mg(NO3)2 – xAl2O3 can be considered as a new class of 

magnesium based composite electrolyte and could be employed in the magnesium rechargeable 

batteries. 
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