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Abstract  MgAl2O4 spinel nanoparticles were suc-
cessfully synthesized using the polyol-mediated 
process. The study focused on the use of aluminum 
nitrate and magnesium acetate as precursor salts, with 
diethylene glycol as the solvent. The synthesis was 
conducted at three different temperatures: 150, 180, 
and 230  °C, followed by a subsequent calcination 
step. The dried samples consisted of a combination of 
magnesium oxalate and an unidentified amorphous or 
nanostructured phase. Upon calcination, all samples 
exhibited the desired MgAl2O4 spinel structure, along 
with a small amount of MgO. The FTIR spectra of 
the calcined samples confirmed the crystal structure 
of the MgAl2O4 phase as an inverse spinel. Scanning 
electron microscopy images revealed the quasi-spher-
ical morphology of the nanoparticles, with particle 
sizes ranging from 70 to 120  nm for dried samples 
and 50 to 60 nm for calcined samples.
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Introduction

Magnesium aluminate spinel (MAS) is a ceramic 
material with a wide range of applications due to its 
excellent properties, such as high melting temperature 
(2135 °C), low density (3.58 g × cm−1), high hardness 
(16 GPa), high mechanical strength (135–216  MPa 
at room temperature and 120–205 MPa at 1300 °C), 
low coefficient of thermal expansion (9 × 10−6  °C−1 
between 30 and 1400  °C), as well as high mechani-
cal resistance, high chemical attack resistance, high 
thermal shock resistance, and a wide energy band gap 
[1]. Therefore, MAS can be applied as a refractory 
material [2–4], transparent ceramics [5–7], catalyst 
support [8–10], or active phase of photocatalysts [11, 
12], an active component of sensors [13, 14] among 
other applications.

The crystal structure of this oxide is face-centered 
cubic, and it belongs to the Fd-3 m space group. The 
divalent cations Mg2+ are positioned similarly to car-
bon in a diamond crystal and form tetrahedral sites 
concerning oxygen atoms, while the trivalent cations 
Al3+ form octahedral sites concerning oxygen atoms 
[1]. There is also the possibility that the trivalent cati-
ons partially or completely occupy tetrahedral sites, 
leading to the divalent cations occupying the remain-
ing octahedral sites. In this context, this oxide is 
referred to as an inverse spinel [15].

MAS is rarely found in nature. Therefore, it needs 
to be synthesized. Synthesis methods for spinel can 
be mainly divided into two categories: solid-state 
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reactions and wet-chemical reactions. Despite ena-
bling the production of a large volume of MAS, 
which is required, for instance, when the oxide is 
applied as a refractory material, synthesis from solid-
state reactions requires high temperatures (up to 
1600  °C), which significantly increases the cost of 
the final product. Another significant drawback of this 
synthesis method is the inability to control the tex-
tural properties or the shape of crystals [1].

Among the wet-chemical reaction methods, some 
are well-documented in the literature. The sol–gel 
process typically uses alkoxides as precursors for 
Mg2+ and Al3+ cations. Reactions are performed at 
low temperatures (< 100  °C), and thermal treatment 
in the range of 700 to 1000 °C to achieve the forma-
tion of spinel with a well-defined crystalline structure, 
uniform particle size distribution, and usually in the 
nanoscale [16–20]. The synthesis of MAS through 
the co-precipitation process also maintains low reac-
tion temperatures, depending on a thermal treatment 
similar to those required in the sol–gel process, and 
it employs reagents that are slightly less expensive 
than those used in the sol–gel process [21–25]. Flame 
spray pyrolysis is another viable option for synthesis 
when precise control of the final properties of spinel 
is crucial [26, 27]. Another widely described option 
in the literature is the combustion synthesis method 
[28, 29].

Despite being crucial for the development of mate-
rials with increasingly well-defined characteristics, 
wet-chemical reaction methods still have some limi-
tations. The sol–gel synthesis of MAS, for instance, 
involves the use of relatively costly reagents. In the 
context of the co-precipitation process, there is a sig-
nificant tendency for particle agglomeration coupled 
with reduced sinterability, similar to oxides prepared 
through flame spray pyrolysis. In the case of combus-
tion synthesis, the final material may contain a high 
degree of impurities, which can considerably influ-
ence its properties and restrict the potential applica-
tions of the spine [30].

An analysis of the synthesis methods outlined in 
the literature exposes gaps in the advancement of this 
pivotal material, whether in the pursuit of enhanced 
physicochemical properties, scale-up of production, 
or the implementation of more cost-effective and effi-
cient synthesis methodologies.

In this context, this study presents a novel alternative 
synthesis method for magnesium–aluminum spinel. 

The synthesis of this oxide via the polyol-mediated 
process, which has not been extensively investigated in 
the pertinent literature, will be exhaustively elucidated 
herein to broaden the spectrum of available methods for 
synthesizing this material.

Polyol‑mediated process for nanoparticle synthesis

The polyol-mediated process entails the synthesis of 
particles, typically at a nanoscale, from organic or inor-
ganic salts dissolved in a polyol. Polyols refer to poly-
hydric alcohols, such as ethylene glycol and propylene 
glycol, or ether glycols like diethylene glycol, triethyl-
ene glycol, or tetraethylene glycol [31]. This method 
was initially developed by Fiévet et al. [32] for the syn-
thesis of metallic nanoparticles and was subsequently 
extended to the synthesis of oxides by Jézéquel et  al. 
[33]. The polyol-mediated synthesis is closely linked 
to a parameter known as the hydrolysis ratio (h), which 
represents the ratio of water molecules in the system to 
the metal ions in solution. It is noteworthy that at very 
high hydrolysis ratio values, a preference for the forma-
tion of hydroxides over oxides is observed.

Some properties of polyols are integral to their 
suitability for use in this synthesis method. Firstly, 
most water-soluble salts are also soluble in polyols. 
Secondly, the boiling points of polyols generally fall 
within the range of 200 to 300 °C, obviating the neces-
sity for pressurized systems to achieve the high crys-
tallinity of particles typically required in solvothermal 
treatments. Furthermore, in addition to the aforemen-
tioned properties, polyols also demonstrate chelating 
agent characteristics, which facilitate the synthesis 
of finely sized particles within a well-defined range, 
thereby preventing their agglomeration [34].

This study has the objective of proposing a viable 
route to synthesize MgAl2O4 spinel using the polyol-
mediated process, with aluminum nitrate and magne-
sium acetate as precursor salts and diethylene glycol 
as the polyol solvent.

Materials and methods

Synthesis

The preparation of nanoscale magne-
sium–aluminum spinel (MAS) particles involved the 
mixing of Mg(CH3COO)2·4H2O and Al(NO3)3·9H2O 
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to maintain an Al/Mg molar ratio of 2, resulting in the 
production of 5 g of MAS. Notably, the precursor salts 
already contained some water molecules within their 
structures, eliminating the need for additional water 
to achieve a hydrolysis ratio greater than zero. Subse-
quently, the precursor salts were combined with 200 g 
of diethylene glycol (DEG). The resulting mixture was 
heated in an open system until reaching the desired 
temperature. A condenser was then connected to the 

system to prevent the evaporation of the liquid phase 
and maintain the temperature for 2  h. Three distinct 
temperatures were utilized: 150, 180, and 230 °C. The 
synthesized materials underwent subsequent washing 
with ethanol, followed by drying at 80 °C for 2 h and 
categorization into MAS-150, MAS-180, and MAS-
230 based on the synthesis temperature. After char-
acterizing the dried materials, they were subjected to 
calcination at 800 °C for 2 h and designated as MAS-
150-C, MAS-180-C, and MAS-230-C, respectively, 
based on the synthesis temperature.

Characterization

The dried samples underwent characterization through 
thermogravimetry (TG), X-ray diffractometry (XRD), 
Fourier-transform infrared spectrometry (FTIR), and 
scanning electron microscopy with a field-emission gun 

Fig. 1   a Thermogravim-
etry profile for MAS-150, 
MAS-180, and MAS-230 
and b DTG modulus for 
MAS-150, MAS-180, and 
MAS-230

Table 1   Mass loss of uncalcined samples obtained by TGA up 
to 1000° C

Sample Mass loss (%)

MAS-150 56.32
MAS-180 47.45
MAS-230 44.58
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(FE-SEM). Subsequently, the calcined samples were 
characterized using XRD, FTIR, and FE-SEM.

Thermogravimetric (TG) analysis was conducted 
using a NETZSCH STA 449 F3 thermobalance with a 
heating rate of 5 °C/min up to 1000 °C. X-ray diffrac-
tometry (XRD) analysis was performed on a PANa-
lytical Empyrean diffractometer employing Cu-kα 
radiation within the range of 10° < 2θ < 90°. Fourier-
transform infrared spectrometry (FTIR) analysis was 
carried out using a Shimazu IRPrestige-21 spectrom-
eter, covering the wavenumber range from 4000 to 
450 cm-1. Field-emission scanning electron microscopy 
(FE-SEM) analysis was conducted utilizing a Tescan 
Mira-4 microscope.

Results and discussion

Thermogravimetry

The thermogravimetric curves (Fig.  1a) exhibit dis-
tinct thermal decomposition profiles for three materi-
als. Notably, the total mass variation after the analysis 
directly correlates with the synthesis temperature, a 
relationship detailed in Table 1. Further insights into 
these differences are provided by the derivative ther-
mogravimetric (DTG) curves (Fig. 1b), which reveal 
comparable thermal events denoted by the numbers 1, 
2, 3, and 4. These events correspond to the evapora-
tion of adsorbed water from the sample surface (event 

Fig. 2   a XRD of dried 
samples and b FTIR of 
dried samples compared to 
DEG

Fig. 3   Formation of 
oxalate anion from DEG 
decomposition
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1), the thermal decomposition of the predominant 
material phase (events 2 and 3), and the alteration in 
the crystalline structure leading to the formation of 
the spinel phase (event 4).

In addition to the previously mentioned thermal 
events, it is noteworthy that additional chemical reac-
tions take place within the temperature range of 100 to 
300 °C, resulting in distinct DTG profiles for the three 

samples within this temperature range. Specifically, 
the MAS-150 sample exhibits the highest number of 
thermal reactions in this range, leading to a greater 
mass variation compared to the MAS-180 and MAS-
230 samples, as depicted in Fig. 1a. This behavior can 
be attributed to the insufficient temperature to fully 
decompose the precursor salts during synthesis. Con-
sequently, various organic complexes derived from the 
aluminum and magnesium cations in the solution may 
form, along with the potential presence of an excess of 
precursor salts. These factors likely contribute to the 
greater mass variation observed in the MAS-150 sam-
ple compared to the other two samples.

XRD and FTIR of dried samples

The X-ray diffractograms of the dried samples 
(Fig.  2a) reveal the presence of magnesium oxalate 

Table 2   Assignment of FTIR spectra for MAS-150, MAS-
180, MAS-230, and DEG. Band positions in wavenumber 
(cm−1)

MAS-150 MAS-180 MAS-230 DEG Assignment

3416 3416 3416 3416 OH stretch
2940 2956 2956 2956 CH2 antisym. stretch
2874 2857 2857 2857 CH2 sym. stretch
1642 1642 1642 - Carboxyl salt − CO2

1642 OH bending
1462 1462 1462 1462 CH2 bending
1396 1396 1396 - Carboxyl salt − CO2

1330 1330 1330 1330 CH2 wagging
1248 1248 1248 1248 COC stretch
1133 1133 1133 1133 C–O stretch
1068 1051 1051 1051 C–O stretch
920 920 920 920 COH stretch

Fig. 4   a XRD of calcined 
samples and b FTIR of 
calcined samples

Table 3   Molar fraction of identified crystal phases in calcined 
samples

Sample MgAl2O4 (%) MgO (%)

MAS-150-C 93.6 6.4
MAS-180-C 97.7 2.3
MAS-230-C 97.8 2.2
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dihydrate in MAS-150 and MAS-230, while mag-
nesium oxalate anhydrous is observed in MAS-180. 
The formation of the oxalate anion can be attributed 
to a two-step decomposition sequence in the polyol 
(depicted in Fig. 3) as follows:

1.	 The hydrolysis of the ether function of diethylene 
glycol

2.	 The complete oxidation of ethylene glycol 
formed through the initial reaction

The low intensity of the peaks corresponding to both 
types of salts suggests that only a small fraction of mag-
nesium exists in the form of an oxalate salt. Further-
more, broad peaks present in each sample indicate the 
presence of a proportion of the material with an amor-
phous or nanostructured morphology. This phase likely 
encompasses Al3+ and the remaining Mg2+ cations.

The FTIR spectra of all three samples (Fig.  2b) 
display similar bands, suggesting a high degree of 
similarity among the materials. The observed bands 
at 3416, 2940, 2874, 1642, 1462, 1330, 1248, 1133, 
1051, and 920  cm-1 are also apparent in the diethyl-
ene glycol (DEG) spectrum [35], indicating that some 
DEG remains adsorbed on the material’s surface. The 
presence of a carboxyl salt is confirmed by the bands 
at 1642  cm-1 and 1396  cm-1, indicative of the pres-
ence of magnesium acetate in all samples. This infor-
mation is summarized in Table 2.

XRD and FTIR of calcined samples

The X-ray diffractograms of the calcined samples 
(Fig. 4a) reveal the presence of MgAl2O4 spinel and a 
small quantity of MgO in all the materials. Table 3 pre-
sents the estimated molar fraction of MgO, calculated 
using the Rietveld refinement method. These findings 
suggest that the MgAl2O4 structure may form due to 
the thermal decomposition of the amorphous phase 
detected in the dried materials. Alternatively, the MgO 
structure could arise from the thermal decomposition of 
magnesium oxalate present in the dried materials.

Fig. 5   Peak displacement 
in plane (1 1 3) of calcined 
samples

Table 4   Cell parameters of MgAl2O4 observed in calcined 
samples calculated by Rietveld refinement

Sample MAS cell param-
eters a, b, and 
c (Å)

MAS-150-C 7.994
MAS-180-C 8.068
MAS-230-C 8.093

Table 5   Crystallite size calcined samples calculated by Scher-
rer equation

Sample MAS crystallite size 
(nm)

Standard 
deviation 
(nm)

MAS-150-C 11.1 1.5
MAS-180-C 10.2 0.1
MAS-230-C 6.7 0.3
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An additional noteworthy observation is the dis-
placement of peaks in MAS-150-C compared to 
MAS-180-C and MAS-230-C. Figure  5 illustrates 
this displacement for the crystallographic plane (1 
1 3), resulting in a slight difference between the cell 
parameters of MAS-150-C and the other two calcined 
samples. Table 4 presents the calculated cell param-
eters for all three materials using the Rietveld refine-
ment method. Figure  5 also depicts a variance in 
peak width, indicating differences in crystallite size. 
Table 4 provides the estimated crystallite sizes for all 
samples, calculated using the Scherrer equation.

A plausible explanation for the observed peak shift in 
MAS-150-C could be the higher concentration of MgO 
in this sample, as indicated in Table 3. The presence of 
a greater amount of this segregated oxide implies an 
excess of Al3+ cations in the spinel structure, resulting 
in a non-stoichiometric oxide. Since the ionic radius of 
Al3+ (67.5 pm) is smaller than that of Mg2+ (86 pm), an 
increased quantity of Al3+ ions replacing the tetrahedral 
sites originally occupied by Mg2+ ions would lead to 
a reduction in the unit cell volume of the spinel. Con-
sequently, this reduction would cause a decrease in the 
lattice parameters A, B, and C, and thus a shift of the 
observed peaks in XRD toward higher 2θ angles. This 
hypothesis finds support in the work of Shou-Yong [36], 
who experimentally and theoretically demonstrated that 
non-stoichiometric spinels with higher Al3+ cation con-
tent indeed possess a smaller unit cell volume.

The data presented in Tables  3, 4  and 5 suggest 
that the molar fraction of MgAl2O4 and MgO, the cell 
parameters of MgAl2O4, and the crystallite size may be 
influenced by the synthesis temperature. Specifically, 
higher temperatures appear to result in an increased 
molar fraction of MgAl2O4, slightly larger cell param-
eter values, and smaller crystallites.

Fig. 6   FE-SEM micrographs of samples a MAS-150, b MAS-180, c MAS-230, d MAS-150-C, e MAS-180-C, and f MAS-230-C. 
Scale bar, 500 nm

Table 6   MAS particle size according to FE-SEM measure-
ments

Dried sample Particle diameter 
(nm)

Calcined sample Particle 
diameter 
(nm)

MAS-150 118 (± 40) MAS-150 C 52 (± 13)
MAS-180 70 (± 17) MAS-180 C 56 (± 14)
MAS-230 72 (± 19) MAS-230 C 57 (± 13)
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The FTIR spectra of the calcined samples (Fig. 4a) pro-
vide further insights into the structure of MgAl2O4 spinel. 
All samples exhibit characteristic bands: γ6 at 900 cm-1, γ5 
at 815 cm-1, γ1 at 700 cm-1, and γ2 at 520 cm-1. Accord-
ing to Erukhimovitch et al. [37], γ1 and γ2 correspond to 
the vibration of trivalent cations (Al3+) in octahedral sites, 
while the presence of γ5 and γ6 indicates that a portion of 
Al3+ also occupies tetrahedral voids. The presence of all 
these bands indicates that MgAl2O4 is a partially inverted 
spinel in all of the samples.

FE‑SEM

The FE-SEM micrographs (Fig. 6a, b, and c) reveal that 
the morphology of the dried samples exhibits no signifi-
cant differences. All samples consist of nearly spherical 
particles with a uniform distribution of diameters. The 
measurement of the particle diameters (Table 6) reveals 
that low synthesis temperature influences the size of the 
particles in merely dried samples since MAS-150 pre-
sents larger particles than MAS-180 and MAS-230. In 
calcined samples (Fig. 6d, e and f), analyzing Table 6, 
it is possible to note that the nanoparticles present the 
same size in all the samples. These results corroborate 
what was observed in the thermogravimetric analyses, 
as it is expected for samples that present a higher mass 
loss, that also present a greater variation in calcination.

Conclusions

MAS nanoparticles were successfully synthesized by 
the polyol-mediated process. Characterization of the 
samples before the calcination step (mainly TG and 
FTIR analyses) shows that immediately after synthesis, 
the material appears to be composed of a set of non-
identified complexes formed with Mg2+ and Al3+ ions, 
and the nature of these complexes strongly depends on 
the temperature adopted during the synthesis step.

After calcination, XRD and FTIR analyses con-
firm the conversion of these complexes into magne-
sium–aluminum spinel with small amounts of excess 
magnesium oxide. A more detailed analysis of the 
FTIR results reveals that the spinel structure has char-
acteristics of a non-stoichiometric material. FE-SEM 
results show that there are no major differences in the 
morphology of the final materials according to the 
adopted synthesis temperatures. After calcination all 
samples have similar size, approximately 50 nm.
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