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Abstract—The magnesium aluminum spinel nanofibers are prepared by non-hydrolytic sol-gel and electro-
spinning methods using MgCl2 and AlCl3 as raw materials and PVP as spinning aid. The formation process
of magnesium aluminum spinel nanofibers and the effect of calcination temperatures on the nanofibers are
explored. The results show that magnesium chloride alkoxide and aluminum chloride alkoxide are formed
after the addition of AlCl3 and MgCl2 into EtOH, respectively. The Mg–O–Al gel network is formed by the
non-hydrolytic condensation reaction between the metal chloride alkoxides. The precursor fibers are synthe-
tized using the electrospinning process. After calcination at 600°C, the nanofibers with magnesium alumi-
num spinel phase can be obtained and their average diameter is about 240 nm. When the precursor fibers are
calcined at 1000 and 1300°C, the fibers are still continuous, smooth, and their diameter distribution is uni-
form. When the precursor fibers are subjected to the calcination temperature of 1600°C, the samples still
maintain fibrous structure although the surface of fibers is rough. It indicates that the magnesium aluminum
spinel nanofibers have excellent high temperature resistance.
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INTRODUCTION

Magnesium aluminum spinel (MgAl2O4) is the
only crystalline compound in the MgO–Al2O3 binary
system. It has the advantages of high melting point
(2135°C), hardness (16 GPa) and mechanical strength
(135–216 MPa), low thermal expansion coefficient
(9 × 10–6/°C, 30–1400°C) and thermal conductivity
(5.4 W m–1 K–1, 1200°C), good thermal shock resis-
tance and corrosion resistance, excellent infrared
transmission and insulation, and chemical stability
[1–4]. In addition, magnesium aluminum spinel
fibers also have the outstanding characteristics of low
density, high operating temperature (up to 1700–
2000°C), high elastic modulus, high temperature oxi-
dation resistance and creep resistance. For these rea-
sons, as a novel type of refractory material, magne-
sium aluminum spinel fibers can be used as insulation
material for aerospace aircraft and heat insulation of
kilns [5–7]. On the other hand, it also has a wide range
of applications in microelectronics, precision optical
devices, catalyst carriers and fiber-reinforced materi-
als applications.

Magnesium aluminum spinel fibers are usually
prepared by the pulling and extrusion process, aerody-
namic spraying and melt spinning method [8–14]. For
example, magnesium aluminum spinel fibers were
prepared by pulling and extrusion process using alu-
minum chlorohydrex, anhydrous magnesium chlo-
ride, aluminum tri(sec-butoxide) and magnesium
acetate hydrate as raw materials, respectively [8, 9].
Magnesium aluminate spinel fibers were also obtained
from a fiber-forming precursor based on aluminum
and magnesium polycarboxylates by means of aerody-
namic spraying method [10]. The MgAl2O4 fibers pre-
pared through the above methods are mostly micron
in diameter, which are inflexible and damage easily.

Recently, electrospinning method, as a versatile
and viable technique for generating ceramic nanofi-
bers, has received more and more attention. It is found
that the fibers prepared by electrospinning process
often have nano-scale fiber diameter, large aspect
ratio and outstanding f lexibility [15–19]. With regards
to this, the MgAl2O4 nanofibers with porous and hol-
low structure were successfully synthesized by electro-
spinning method, which could be used in optical and
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Fig. 1. Schematic illustration of electrospinning apparatus.
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environmental purification applications [5, 20, 21].
Up now, the high temperature resistance of magne-
sium aluminum spinel nanofibers is still not investi-
gated although MgAl2O4 fibers have potential in
refractory field.

Besides that, precursor solution synthesis is a key
step in preparing ceramic nanofibers by electrospin-
ning process [22]. When inorganic metal salt sol is
directly used for electrospinning, it is difficult to accu-
rately control the rheological properties of inorganic
sol. The spinning solution can also be obtained by
introducing metal alkoxides. However, the rapid gela-
tion of alkoxides during electrospinning process will
lead to uneven fiber diameter and even blockage of
nozzle. The adverse effect is often reduced by adding
catalyst to adjust the hydrolysis polymerization rate of
metal alkoxides. Moreover, the non-hydrolytic sol-gel
method is based on the non-hydrolytic condensation
reaction between metal halides and oxygen donors,
rather than the hydrolysis and polymerization process
of conventional metal alkoxides. It is not only simple
and easy to achieve atom-scale uniform, but also the
residual organic groups on surface of non-hydrolytic
gel can help the gel dissolve in organic solvents [23,
24]. Therefore, non-hydrolytic sol-gel process have
been used in electrospinning method for the prepara-
tion of ceramic nanofibers, such as mullite and for-
sterite nanofibers [25, 26].

Herein, magnesium aluminum spinel gel precursor
fibers were prepared by non-hydrolytic sol-gel method
combined with electrospinning technology. The sol-
gel formation process of magnesium aluminum spinel
gel and their transformation into spinel fibers were
studied by FT-IR, DTA-TG-MS, XRD and TEM.
And the high temperature resistance of magnesium
aluminum spinel fibers was also investigated.

EXPERIMENTAL
Firstly, 0.5 mL ethanol (EtOH, CH3CH2OH) was

dropped into 15 mL dichloromethane (CH2Cl2), then
0.14 g anhydrous magnesium chloride (MgCl2) and
0.40 g anhydrous aluminum chloride (AlCl3) were
added while stirring to obtain the mixture. The mix-
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ture was heated in the oven from room temperature to
110°C until the magnesium aluminum spinel gel was
formed. 0.5 g polyvinyl pyrrolidone (PVP, Mw =
1 300000) was dissolved in 8 mL ethanol, stirred
evenly and poured into the spinel gel. Then 1 mL
N,N-dimethylformamide (DMF) and 2 mL ethanol
were added to obtain the precursor solution. The sche-
matic illustration of the electrospinning apparatus is
shown in Fig. 1. Electrospinning parameters: voltage
15 kV, feed rate 0.8 mL/h, receiving distance 13 cm.
The precursor fibers prepared by electrospinning were
dried at 110°C for 16 h, and then calcined at different
temperatures for 1 h, with heating rate of 3°C/min.

SAMPLES CHARACTERIZATION
The chemical structures of sol, gel and fiber were

tested by Fourier transform infrared spectrometer
(FTIR Spectrometer, VERTEX70, Germany). The
differential thermal analysis-thermogravimetry-mass
spectrometry (DTA-TG-MS, NETZSCH STA 449F5,
Germany) of magnesium aluminum spinel gel and the
gel/PVP precursor fiber were carried out. The phase
composition of the product was analyzed by the X-ray
diffractometer (XRD, D/MAX2500PC, Rigaku,
Japan), The microstructure of the synthetic fibers was
observed by the scanning electron microscope (SEM,
S-4800, Japan) and transmission electron microscope
(TEM, JEM-2010, Japan).

RESULTS AND DISCUSSION
In order to study the formation process of magne-

sium aluminum gel prepared by non-hydrolytic sol-gel
method, Fig. 2 shows the infrared spectra of EtOH
solution, MgCl2 + EtOH solution, AlCl3 + MgCl2 +
EtOH solution and gel, respectively. It can be seen that
the strong and wide absorption band in the range of
3500–3200 cm–1, and the band of 700–600 cm–1 cor-
responds to the bending vibration of the O–H bond of
ethanol molecule. Due to the stretching vibration of
C–O bond in ethanol, the absorption bands appear at
1068, 1030 and 870 cm–1. The band in the range of
1500–1200 and 2880 cm–1 corresponds to the vibra-
tion of organic groups CH2 and CH3 [27]. When
MgCl2 was added into ethanol, the vibration peak of
O–H bond (3500–3200 cm–1) became weak, and the
corresponding vibration peak of O–H bond in the
range of 700–600 cm–1 shifted to low wavenumber and
weakened, and the C–O bond vibration peaks of 1068,
1030 and 880 cm–1 also occurred some change in peak
shape. In addition, the absorption bands at 1630 and
1420 cm–1 were more obvious. At the same time, a new
characteristic absorption band belonging to Mg–O
bond appeared at 621 cm–1. This indicates that a weak
C–(O–Mg) band was formed by substitution reaction
of MgCl2 and EtOH [28, 29]. After the addition of
AlCl3, the vibration peak of O–H bond and C–O
F PHYSICAL CHEMISTRY B  Vol. 16  No. 4  2022
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Fig. 2. FT-IR spectra of: (1) EtOH, (2) MgCl2 + EtOH, (3) AlCl3 + MgCl2 + EtOH and (4) Gel.
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Fig. 3. Schematic diagram of gel formation process.
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bond in the FT-IR spectra of the product became fur-
ther weakened. The vibration peaks of C–(O–Al) and
Al–Cl bond were observed at 605 and 844 cm–1. It can
be seen that magnesium chloride and aluminum chlo-
ride reacted with anhydrous ethanol to form magne-
sium chloride alkoxide and aluminum chloride alkox-
ide, respectively. In the FT-IR spectra of the gel, there
are obvious vibration bands at 2360 and 2256 cm–1,
which are C–H vibration peaks in the gel, and Mg–
O–Al stretching vibration absorption peaks appear at
617 and 478 cm–1. This indicates that magnesium alu-
minum spinel gel network had been formed in the gel,
and the gel process through the non-hydrolytic
polymerization was shown in Fig. 3. The magnesium
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
chloride alkoxide (R–O)x–MgCl2–x and aluminum
chloride alkoxide (O–R)y–AlCl3–y were formed after
adding MgCl2 and AlCl3 into ethanol, respectively.
After the mixture was heat treatment at 110°C, Mg–
O–Al gel was further formed though the non-hydro-
lytic substitution polymerization reaction [30–32].

The mass spectrometer coupled to the thermobal-
ance was used to study the phase transformation of
magnesium aluminum spinel gel/PVP precursor fibers
and the gases formed during the heat treatment. The
TG, DTG and DTA curves are presented in Fig. 4a of
the curves 1–3, respectively, while the evolved gas
analysis by MS curves is shown in Fig. 4b. On the TG
curve, three mass loss events are observed. From room
l. 16  No. 4  2022
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temperature to 250°C, the weight loss of the sample is
28% corresponds to the escape of CH4 (m/z = 16),
H2O (m/z = 18), N2 (m/z = 28), which may be due to
the pyrolysis of residual organic matter, loss of
adsorbed water and nitrogen on the surface of the pre-
cursor fibers [33–35]. The next two events occurred
between 350–500°C with weight loss of 51.9%. These
events can be attributed to the gradual pyrolysis of
PVP and thermal degradation of the residual groups in
the gel, which can be proved by the appearance of H2O
(m/z = 18), CO (m/z = 28), C2H4 (m/z = 28), NO
(m/z = 30), HCl (m/z = 36), C3H7 (m/z = 43), CO2
(m/z = 44), etc. [36–39]. In addition, the exothermic
peak between 500 and 600°C is also related to the forma-
tion of spinel and the combustion of organic matter.

Figure 5 is the FT-IR spectra of PVP, precursor
fiber and the fibers obtained at different calcination tem-
peratures. It can be seen from the infrared spectra that the
wide absorption band between 3000 and 3500 cm–1 is the
H–O vibration peak of PVP. The peaks at 1430 and
1290 cm–1 are C–C and C–N vibrations on the ring skel-
eton, respectively. The absorption peak at 1660 cm–1 is
C=O vibration absorption peak in PVP. The stretching
vibration peak of C=O in PVP is located at 1650 cm–1

in the infrared spectrum of precursor fiber, indicating
that the chemical bond between spinel gel and PVP is
formed. With the increase of calcination tempera-
ture, the above absorption bands gradually weak-
ened. With the calcination temperature of 500°C, the
absorption bands in this spectrum gradually appear
at 500–1000 cm–1 would correspond to the Mg–O–Al
bond. When the calcination temperature is 600°C, two
vibration peaks appear near 513 and 700 cm–1 which
are the stretching vibration peaks of Al–O in octahe-
dron [AlO6] in magnesium aluminate spinel crystal
structure, indicating that magnesium aluminum spi-
nel phase has been formed after calcination at 600°C
for 1 h [31]. When the calcination temperature
increases to 700 and 900°C, the symmetry of these
absorption bands is better, become more sharp and
larger, suggesting the formation of spinel phase is more
complete.

In order to study the effect of calcined temperature
on magnesium aluminate spinel fibers, the precursor
fibers were calcined at 500, 600, 700 and 900°C for
1 h, and the XRD pattern of the samples are shown in
Fig. 6. It can be seen that when the fibers are calcined
at 500°C, the XRD curve is basically a wide amor-
phous peak, and the product is still amorphous. The
characteristic diffraction peak of magnesium alumi-
nate spinel phase appeared in the XRD pattern of the
samples obtained at 600, 700 and 900°C, correspond-
ing to the JCPDS card (PDF#21-1152). The crystal-
linity index (CI) of the sample can be calculated
according to Eq. (1) [40]

(1)=
+

,c

c a

ACI
A A
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where Ac is the area under crystalline peaks and Aa is
the area of amorphous hollows. When the calcination
temperature is 600°C, the crystallinity index of the
fiber is 86.91%. With the increase of calcination tem-
perature, the polycrystalline structure gradually
becomes perfect. The reflection of fibers calcined at
700 and 900°C is stronger than that of the fibers cal-
cined at 600°C. These effects also indicate smaller
coherent scattering regions and a less perfect crystal-
line structure when calcined at 600°C [12]. Compared
with the traditional methods such as solid phase
method and precipitation method, the complete
MgAl2O4 phase need to be obtained above 1000°C.
However, the MgAl2O4 phase will be formed when the
fibers are calcined at 600°C, which significantly
reduce the energy consumption of the technology.

SEM images of the fibers obtained at different cal-
cination temperatures are shown in Fig. 7. It can be
observed that the fibers have high continuity, large
aspect ratio and smooth with no visible defects. The
diameter of fibers changed with calcination tempera-
tures improved. The diameter of precursor fibers is
mainly distributed in 350–500 nm. After heat treat-
ment at 500°C, the organic matter in the precursor
fiber is volatilized after calcination, and the fibers’
diameter becomes smaller. After heat treatment at 600
and 700°C, the fibers diameter is concentrated at
about 240 and 200 nm, respectively. After heat treatment
at 900°C, the average diameter of fibers is 187 nm, mean-
while the fibers diameter further decreased and the
fibers’ diameter is distributed in 100–250 nm.

In order to observe the internal structure of magne-
sium aluminate spinel nanofibers, TEM is used to
analyze the nanofibers calcined at 900°C and the
results are shown in Fig. 8. It can be seen that the
fibers are composed of nanoparticles and their diame-
ter is about 170 nm in Fig. 8a. Figure 8b shows that the
SAED diffraction spots are periodically arranged con-
centric rings, indicating that the fiber is polycrystalline
structure. The diffraction rings correspond to (111),
(220), (311), (400), (511) and (440) crystal planes of
MgAl2O4, respectively.

In order to further explore the high temperature
resistance of magnesium aluminum spinel nanofibers,
the sample is calcined at higher temperatures. Figure 9
shows the XRD patterns of magnesium aluminum spi-
nel fibers calcined at 1000, 1300 and 1600°C. The
results show that the main crystalline phases of the
calcined samples are cubic magnesium aluminum spi-
nel phase (PDF#21-1152), and their diffraction peaks
correspond to (111), (220), (311), (400), (422), (511),
(440) and (533) crystal planes, respectively, indicating
that high temperature treatment has no effect on the
fiber phase. When the calcination temperature
increased to 1600°C, the diffraction peak intensity is
further enhanced, and the magnesium aluminum spi-
nel crystal is better developed. This is due to the for-
mation of the second stage of spinel.
F PHYSICAL CHEMISTRY B  Vol. 16  No. 4  2022
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Fig. 4. (a) Thermogravimetric and differential thermal analysis ((1) TG, (2) DTG, (3) DTA); (b) continuous mass spectrometry
of the gases (m/z = (1) 16, (2) 18, (3) 28, (4) 30, (5) 36, (6) 43, (7) 44) evolved during the heat treatment in air of magnesium
aluminate spinel gels/PVP precursor fibers.
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Figure 10 shows the SEM images and diameter dis-
tribution of the samples after higher temperature cal-
cination. And the average diameter and diameter dis-
tribution of the fibers are shown in Table 1. The fibers
randomly distributed and entangled with each other. It
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
is found that when the calcination temperature is
1000°C, the fibers perform high continuity, smooth
and non-crosslinking. When the calcination tempera-
ture is 1300°C, the average diameter of the fibers
increases to 185 nm, and the fiber surface is uneven.
l. 16  No. 4  2022
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Fig. 5. FT-IR spectra of: (1) PVP, (2) precursor fiber, and fiber calcined at different temperature, (3) 500, (4) 600, (5) 700,
(6) 900°C.
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Fig. 6. XRD patterns of fibers calcined at different temperature for 1 h: (1) 500, (2) 600, (3) 700, (4) 500°C.
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When the calcination temperature is increased to
1600°C, the fibers’ surface becomes rough, and the
grains on the spinel fiber developed well. Some fibers
show uneven thickness, which may be due to the vol-
umetric diffusion and the fact that small grains are
RUSSIAN JOURNAL O
gradually engulfed by larger grains, forming a chain
structure.

In order to observe the microstructure of the nano-
fibers, Fig. 11 shows TEM images of the nanofiber
calcined at 1600°C. The magnesium aluminate spinel
F PHYSICAL CHEMISTRY B  Vol. 16  No. 4  2022
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Fig. 7. SEM images of (a, b) precursor fiber without calcination and magnesium aluminate spinel fiber obtained at different tem-
peratures: (c, d) 500; (e, f) 600; (g, h) 700; (i, j) 900°C.
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crystal in the fiber is well developed, the particles size
becomes larger and the grain boundary become obvi-
ous. The fibers’ surface becomes rough, but the sam-
ple still maintained the fibrous morphology, which is
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
similar with the SEM images. The SAED pattern con-
firms that the fiber is polycrystalline structure and the
crystal is well developed. The diffraction rings corre-
spond to (311), (400), (422), (511), (440) and (444)
l. 16  No. 4  2022
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Fig. 8. TEM images and SAED images of magnesium aluminate spinel fiber calcined at 900°C.
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Table 1. Characterization of the fiber at different calcina-
tion temperatures

Calcination 
temperatures, °C

Diameter 
distribution, nm

Average diameter,
nm

1000 50–250 130

1300 150–250 185

1600 160–200 150

Fig. 9. XRD patterns of magnesium aluminate spinel fiber at different calcination temperatures: (1) 1000, (2) 1300, (3) 1600°C.
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crystal planes of magnesium aluminate spinel, respec-
tively. This indicates that the magnesium aluminate
spinel fibers prepared by electrospinning have high
temperature resistance.

CONCLUSIONS

In this paper, magnesium aluminate spinel fibers
were prepared by non-hydrolytic sol-gel process com-
bined with electrospinning method, and the formation
process of fibers and their high temperature resistance
were investigated. Magnesium aluminate spinel fibers
can be obtained after calcination at 600°C. The nano-
F PHYSICAL CHEMISTRY B  Vol. 16  No. 4  2022
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Fig. 10. SEM images of magnesium aluminate spinel fiber: (a, b) 1000; (c, d) 1300; (e, f) 1600°C.
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Fig. 11. TEM images (a) and SAED images (b) of magnesium aluminate spinel fiber calcined at 1600°C.
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fibous morphology still maintained after calcination at
1600°C, indicating the nanofibers own outstanding
high temperature resistance.
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