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Abstract: In this study, the reconstruction peculiarities of sol–gel derived Mg2−xMx/Al1 (M = Ca, Sr,
Ba) layered double hydroxides were investigated. The mixed metal oxides (MMO) were synthesized
by two different routes. Firstly, the MMO were obtained directly by heating Mg(M)–Al–O precursor
gels at 650 ◦C, 800 ◦C, and 950 ◦C. These MMO were reconstructed to the Mg2−xMx/Al1 (M = Ca, Sr, Ba)
layered double hydroxides (LDHs) in water at 50 ◦C for 6 h (pH 10). Secondly, in this study, the MMO
were also obtained by heating reconstructed LDHs at the same temperatures. The synthesized
materials were characterized using X-ray powder diffraction (XRD) analysis and scanning electron
microscopy (SEM). Nitrogen adsorption by the Brunauer, Emmett, and Teller (BET) and Barrett,
Joyner, and Halenda (BJH) methods were used to determine the surface area and pore diameter of
differently synthesized alkaline earth metal substituted MMO compounds. It was demonstrated for
the first time that the microstructure of reconstructed MMO from sol–gel derived LDHs showed a
“memory effect”.

Keywords: layered double hydroxides; sol–gel processing; alkaline earth metals; mixed metal oxides;
reconstruction effect; surface properties

1. Introduction

Layered double hydroxides ([M2+
1−xM3+

x(OH)2]x+(Ay−)x/y·zH2O, where M2+ and M3+ are
divalent and trivalent metal cations, respectively, and Ay− is a intercalated anion, LDHs) are widely
used in catalysis, in ion-exchange processes, as catalyst support precursors, adsorbents, anticorrosion
inhibitors, anion exchangers, flame retardants, polymer stabilizers, and in pharmaceutical applications,
optics, in separation science and photochemistry [1–7]. The most common preparation technique of
LDHs is the co-precipitation method starting from the soluble salts of the metals [8–10]. The second
synthetic technique also widely used for the preparation of LDHs is anion exchange [11–13]. Recently,
for the preparation of Mg3Al1 LDHs, we developed the indirect sol–gel synthesis route [14–17]. In this
synthetic approach, the synthesized Mg–Al–O precursor gels were converted to the mixed metal oxides
(MMO) by heating the gels at 650 ◦C. The LDHs were fabricated by the reconstruction of MMO in
deionized water at 80 ◦C. The proposed sol–gel synthesis route for LDHs showed some benefits over
the co-precipitation and anion-exchange methods such as simplicity, high homogeneity, and good
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crystallinity of the end synthesis products, effectiveness, cost efficiency, and suitability for the synthesis
of different LDH compositions.

Recently, this newly developed sol–gel synthesis method has been successfully applied for the
synthesis of the transition metal substituted layered double Mg3-xMx/Al1 (M = Mn, Co, Ni, Cu,
Zn) [18]. Calcined at temperatures higher than 600–650 ◦C, the M/Mg/Al LDHs form MxMg1−xAl2O4

solid solutions having the spinel structure and various cations distributions [19–23]. It was reported
that these spinel structure compounds obtained at high temperatures cannot be reconstructed to the
LDHs [24–29].

The investigation of mixed oxides derived from calcined LDHs prepared by direct and indirect
methods is an interesting topic, since the reformation conditions could have an effect not only on
the composition of a solid but also on the morphology of oxides and consequently on the properties.
Usually, the calcined LDHs materials or mixed metal oxides have high surface areas. During the
calcination, the dehydroxylation of LDHs with different chemical composition gave rise to the crystal
deformation and interstratified structure of metal oxides, resulting in the development of mesopores
and enhancement of specific surface area and enhanced sorption capacity [30–34]. Interestingly,
the obtained MMO sometimes can preserve the morphology of the LDH precursor and show also the
efficient recycling of the spent adsorbent [35,36]. It has been found that the nature of the partially
introduced cation into the M2+ position influences the conditions of thermal decomposition of LDHs and
also the structural and morphological features of the formed mixed metal oxides [37]. The obtained data
can be used to synthesize the oxide supports with desired adsorption and other physical properties.
In this study, the alkaline earth metal substituted Mg2−xMx/Al1 (M = Ca, Sr, Ba) layered double
hydroxides were synthesized by an indirect sol–gel method. The aim of this study was to decompose
the sol–gel-derived LDHs at different temperatures and investigate the possible reconstruction of
obtain mixed metal oxides to LDHs. The surface area and porosity as important characteristics of these
alkaline earth metal substituted MMO materials were investigated in this study as well.

2. Experimental

Aluminium nitrate nonahydrate (Al(NO3)3·9H2O, 98.5%, Chempur, Plymouth, MI, USA),
magnesium nitrate hexahydrate (Mg(NO3)2·6H2O), 99,0% Chempur, Plymouth, MI, USA), calcium
nitrate tetrahydrate (Ca(NO3)2·4H2O, 99%, Chempur, Plymouth, MI, USA), strontium nitrate (Sr(NO3)2,
99.0%, Chempur, Plymouth, MI, USA) and barium nitrate (Ba(NO3)2, 99.0%, Chempur, Plymouth,
MI, USA) were used as metal sources in the preparation of Mg2−xMx/Al1 (M = Ca, Sr, Ba) layered
double hydroxides. In the sol–gel processing, citric acid monohydrate (C6H8O7·H2O, 99.5%, Chempur,
Plymouth, MI, USA) and 1,2-ethanediol (C2H6O2, 99.8%, Chempur, Plymouth, MI, USA) were used as
complexing agents. Ammonia solution (NH3, 25%, Chempur, Plymouth, MI, USA) was used to change
pH of the solution.

For the synthesis of Mg2−xMx/Al1 (M = Ca, Sr, Ba; x is a molar part of substituent metal) LDHs,
the stoichiometric amounts of starting materials were dissolved in distilled water under continuous
stirring. Citric acid was added to the above solution, and the obtained mixture was stirred for an
additional 1 h at 80 ◦C. Then, 2 mL of 1,2-ethanediol was added to the resulting solution. The transparent
gels were obtained by the complete evaporation of the solvent under continuous stirring at 150 ◦C.
The synthesized precursor gels were dried at 105 ◦C for 24 h. The mixed metal oxides (MMO) were
obtained by heating the gels at 650 ◦C, 800 ◦C, and 950 ◦C for 4 h. The Mg2−xMx/Al1 (M = Ca, Sr, Ba)
LDHs were obtained by reconstruction of the MMO in water at 50 ◦C for 6 h under stirring and by
changing the pH of the solution to 10 with ammonia.

X-ray diffraction (XRD) analysis was performed using a MiniFlex II diffractometer (Rigaku,
The Woodlands, TX, USA) (Cu Kα radiation) in the 2θ range from 10◦ to 70◦ (step of 0.02◦) with
the exposition time of 2 min per step. The morphological features of MMO samples were estimated
using a scanning electron microscope (SEM) Hitachi SU-70, Tokyo, Japan. Nitrogen adsorption by
the Brunauer, Emmett, and Teller (BET) and Barret method was used to determine the surface area
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and pore diameter of the materials (Tristar II, Norcross, GA, USA). The pore-size distribution was
evaluated by the Barrett–Joyner–Halenda (BJH) procedure. Prior to analysis, the calcined samples
were outgassed at 523 K for 5 h.

3. Results and Discussion

To study the reconstruction peculiarities of sol–gel derived Mg2−xMx/Al1 (M = Ca, Sr, Ba) layered
double hydroxides (LDHs), the precursor gels were firstly annealed at 650 ◦C, 800 ◦C, and 950 ◦C for
4 h. The XRD patterns of mixed metal oxides (MMO) obtained by heating the Mg2/Al1 LDHs precursor
gels at different temperatures are presented in Figure 1. The XRD pattern of the sample heated at
650 ◦C had two XRD peaks, which show the formation of a mixed metal oxide (MMO) phase with an
MgO-like structure (JCPDS No. 96-100-0054) [14]. Thermal treatment of the precursor gels at 800 ◦C
resulted in the formation of two phases, namely MMO and a low-crystallinity spinel phase with the
composition of MgAl2O4 (JCPDS No. 96-154-0776). After heating at 950 ◦C, evidently, the highly
crystalline MgAl2O4 phase has formed along with the MgO phase.

Figure 1. XRD patterns of mixed metal oxides (MMO) obtained by heating the Mg2/Al1 precursor gels
at 650 ◦C, 800 ◦C, and 950 ◦C.

The XRD patterns of the Mg/Al LDH synthesized by the indirect sol–gel method (reconstruction of
sol–gel derived MMO) show the formation of layered double hydroxides independent of the annealing
temperature of the precursor gels (see Figure 2).

Three basal reflections typical of an LDH structure were observed: at 2θ of about 10◦ (003),
23◦ (006), and 35◦ (009) [14,15]. Besides, the spinel phase obtained at 800 ◦C and 950 ◦C remain
almost unchanged during the reconstruction process. These results are in good agreement with those
previously published elsewhere [38].

The XRD patterns of synthesis products with the same substitutional level of Ca, Sr, and Ba
obtained at 800 ◦C and 950 ◦C are almost identical and revealed in all cases with the formation
of crystalline magnesium oxide, magnesium spinel phase MgAl2O4 and an appropriate spinel of
alkaline earth metal (CaAl2O4, SrAl2O4 and BaAl2O4). Again, during the partial reconstruction
process, the phase purity of sol–gel derived Mg2−xMx/Al1 LDHs evidently is dependent on the nature
of introduced metal. As was expected, the spinel phases obtained at 800 ◦C and 950 ◦C remained
almost unchanged during the partial reconstruction process. Moreover, during the reconstruction
process, a negligible amount of metal carbonates (CaCO3, SrCO3, and BaCO3) have formed as well.
The XRD patterns of mixed metal oxides (MMO) obtained by heating the Mg2−xMx/Al1 (M = Ca, Sr,
Ba) precursor gels at different temperatures and reconstructed LDHs are presented in Figures 3–5,
respectively. The XRD analysis results confirmed that the phase purity of alkaline earth substituted
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LDHs obtained by an indirect sol–gel synthesis approach is highly dependent on both the annealing
temperature of the precursor gels and that of the alkaline earth metal.

Figure 2. XRD patterns of sol–gel derived Mg2/Al1 layered double hydroxides (LDHs, reconstructed
from MMO). The annealing temperature of the precursor gels was 650 ◦C, 800 ◦C, and 950 ◦C.

Figure 3. XRD patterns of mixed metal oxides (MMO) obtained by heating the Mg1.95Ca0.05/Al1
precursor gels at 800 ◦C and 950 ◦C (top) and reconstructed Mg1.95Ca0.05/Al1 LDHs (bottom).
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Figure 4. XRD patterns of mixed metal oxides (MMO) obtained by heating the Mg1.95Sr0.05/Al1
precursor gels at 800 ◦C and 950 ◦C (top) and reconstructed Mg1.95Sr0.05/Al1 LDHs (bottom).

The obtained mixed metal LDH samples were repeatedly heated at different temperatures to
obtain MMO and compare the phase composition, morphology, and surface properties with obtained
ones after initial annealing. The XRD patterns of non-substituted and Ca, Sr, and Ba containing MMO
obtained after the heating of LDHs are shown in Figures 6 and 7, respectively. Evidently, the XRD
patterns of mixed metal oxides (MMO) obtained by heating the Mg2/Al1 precursor gels (see Figure 1)
and obtained by heating the Mg2/Al1 LDHs (Figure 6) are very similar, confirming the same phase
composition. However, the reflections of just obtained MMO are more intense in comparison with ones
presented in the repeatedly obtained MMO from LDHs. Obviously, the second time obtained Ca and
Sr substituted MMO samples contain much more side phases (see Figures 3, 4 and 7). However, this is
not the case for the Ba-substituted MMO samples. Both synthesis products obtained from precursor
gels and by heating LDHs were composed of several crystalline phases.
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Figure 5. XRD patterns of mixed metal oxides (MMO) obtained by heating the Mg1.95Ba0.05/Al1
precursor gels at 800 ◦C and 950 ◦C (top) and reconstructed Mg1.95Ba0.05/Al1 LDHs (bottom).

Figure 6. XRD patterns of mixed metal oxides (MMO) obtained by heating the Mg2/Al1 LDHs at
different temperatures.
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Figure 7. XRD patterns of mixed metal oxides (MMO) obtained by heating the Mg1.95Ca0.05/Al1 LDHs
(bottom), Mg1.95Sr0.05/Al1 LDHs (middle), and Mg1.95Ba0.05/Al1 LDHs (top) at different temperatures.

The interplanar spacings and lattice parameters of sol–gel derived Mg2−xMx/Al1 (M = Ca, Sr and
Ba) LDHs with standard deviations in parentheses are presented in Table 1.
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Table 1. The interplanar spacings and lattice parameters of sol–gel derived Mg1.95M0.05/Al1 (M = Ca,
Sr and Ba) LDHs.

Compound d(003), Å d(006), Å d(110), Å c, Å a, Å

Mg2Al1 7.601(5) 3.810(3) 1.511(3) 22.818(3) 3.040(2)

Mg1.95Ca0.05/Al1 7.690(4) 3.813(4) 1.512(2) 23.027(4) 3.041(3)

Mg1.95Sr0.05/Al1 7.697(3) 3.826(3) 1.517(3) 23.034(5) 3.039(4)

Mg1.95Ba0.05/Al1 7.695(6) 3.828(4) 1.521(1) 23.176(5) 3.041(4)

Surprisingly, the calculated values of parameter a are not increasing monotonically with the
increasing ionic radius of metal in Mg1.95M0.05/Al1. On the other hand, the amount of substituent is
rather small, and the obtained LDHs were not fully monophasic.

Figures 8–11 show the morphological features of non-substituted and alkaline earth
metal-substituted LDHs and MMO obtained by heating the precursor gels or Mg2/Al1 LDHs. The SEM
micrographs of Mg–Al MMO obtained by heating Mg–Al–O precursor gel (Figure 8) confirm that the
surface of synthesized compounds is composed of large monolithic particles at about 15–20 µm in
size independent of the annealing temperature (800 ◦C and 950 ◦C). The surface of these monoliths is
randomly covered with smaller needle-like particles, and some pores also could be detected. The SEM
micrographs of reconstructed from MMO Mg2/Al1 LDH samples showed different morphological
features. The formation of round particles (3–15 µm) could be observed, and these particles are
composed of nanosized plate-like crystallites. The most interesting observation is that the surface
morphology of MMO samples obtained by heating Mg2/Al1 LDH specimens show “memory effect”.
In this case, the surface morphology of MMO is almost identical to the morphology of primary Mg2/Al1
LDHs. On the other hand, the morphological features of differently obtained MMO (MMO obtained
by heating Mg–Al–O precursor gel and MMO obtained by heating Mg2/Al1 LDHs) differ considerably
(see Figure 8).

The SEM micrographs of MMO obtained by heating the Mg1.95Ca0.05/Al1 precursor gels, sol–gel
derived Mg1.95Ca0.05/Al1 LDHs, and MMO obtained by heating the Mg1.95Ca0.05/Al1 LDHs are presented
in Figure 9. The surface of Ca containing MMO obtained by heating the Mg1.95Ca0.05/Al1 precursor
gels is composed of large monolithic particles (≥20 µm). Apparently, the different morphological
features could be determined for the reconstructed Mg2−xCax/Al1 LDH samples. The plate-like
crystals with sizes of 5–15 µm composed of nanosized plate-like crystallites have formed. An almost
identical microstructure was observed for the MMO specimens obtained after heating Mg2−xCax/Al1
LDH samples. SEM micrographs of strontium containing MMO and related Mg2−xSrx/Al1 LDHs are
presented in Figure 10. The surface microstructure of Sr-containing MMO obtained by heating the
Mg1.95Sr0.05/Al1 precursor gels is very similar to the Ca-containing ones. However, on the surface
of plate-like crystals of reconstructed Mg2−xSrx/Al1 LDH samples, additionally spherical particles
(approximately 1 µm) were determined. These spherical particles as a “memory effect” remain on the
surface of already heat-treated Sr containing LDHs. Again, the microstructure of investigated samples
was not dependent on the annealing temperature. Interestingly, the barium containing Mg2−xBax/Al1
LDH samples showed the formation of smaller LDH particles (2–5 µm) (Figure 11). The formation
of plate-like crystals of MMO with the size of 7.5–12.5 µm was observed by heating these LDHs at
elevated temperatures.
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Figure 8. SEM micrographs of MMO obtained by heating the Mg2/Al1 precursor gels (top), sol–gel
derived Mg2/Al1 LDHs (middle) and MMO obtained by heating the Mg2Al1 LDHs (bottom). Annealing
temperatures: 800 ◦C (A) and 950 ◦C (B).
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Figure 9. SEM micrographs of MMO obtained by heating the Mg1.95Ca0.05/Al1 precursor gels (top),
sol–gel derived Mg1.95Ca0.05/Al1 LDHs (middle) and MMO obtained by heating the Mg1.95Ca0.05/Al1
LDHs (bottom). Annealing temperatures: 800 ◦C (A) and 950 ◦C (B).
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Figure 10. SEM micrographs of MMO obtained by heating the Mg1.95Sr0.05/Al1 precursor gels (top),
sol–gel derived Mg1.95Sr0.05/Al1 LDHs (middle), and MMO obtained by heating the Mg1.95Sr0.05/Al1
LDHs (bottom). Annealing temperatures: 800 ◦C (A) and 950 ◦C (B).

The results received by the BET method on Mg–Al MMO obtained by heating Mg–Al–O precursor
gel and Mg2/Al1 LDHs are presented in Figure 12. Interestingly, these results of MMO obtained from
Mg2/Al1 LDHs are comparable with those determined for the Mg3/Al1 LDH samples [18]. These
samples exhibit type IV isotherms independent of the annealing temperature. At higher pressure
values, the H1 hystereses are seen. This type of hysteresis is characteristic for the mesoporous (pore size
in the range of 2–50 nm) materials. However, in the case of the MMO obtained by heating Mg–Al–O
precursor gel, the steep increase at relatively low pressures let us predict the type of H4 isotherms,
especially for the MMO samples obtained at lower temperature (800 ◦C). The surface area of these
MMO samples evidently depends on the synthesis temperature.
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Figure 11. SEM micrographs of MMO obtained by heating the Mg1.95Ba0.05/Al1 precursor gels (top),
sol–gel derived Mg1.95Ba0.05/Al1 LDHs (middle) and MMO obtained by heating the Mg1.95Ba0.05/Al1
LDHs (bottom). Annealing temperatures: 800 ◦C (A) and 950 ◦C (B).

Thus, the isotherms and hystereses are dependent on both synthesis pathway and annealing
temperature. The nitrogen adsorption–desorption results obtained for the mixed metal oxides
containing Ca, Sr, and Ba (Figure 13) demonstrated that the N2 adsorption–desorption isotherms show
very similar trends.
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Figure 12. Nitrogen adsorption–desorption isotherms of mixed metal oxides (MMO) obtained by
heating the Mg2/Al1 precursor gels (top) and obtained by heating the Mg2Al1 LDHs (bottom) at 800 ◦C
and 950 ◦C.

However, in the case of barium-substituted MMO samples synthesized at 800 ◦C, the determined
N2 adsorption–desorption isotherms exhibited same type of isotherms independent of the
synthesis method.

The results of the BET analysis of MMO samples are summarized in Table 2.
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Figure 13. Nitrogen adsorption–desorption isotherms of mixed metal oxides (MMO) obtained by
heating the Mg1.95Ca0.05/Al1 precursor gels (top, left), by heating the Mg1.95Ca0.05/Al1 LDHs (top,
right), by heating the Mg1.95Sr0.05/Al1 precursor gels (middle, left), by heating the Mg1.95Sr0.05/Al1
LDHs (middle, right), by heating the Mg1.95Ba0.05/Al1 precursor gels (bottom, left), and by heating
the Mg1.95Ba0.05/Al1 LDHs (bottom, right) at 800 ◦C and 950 ◦C.

Figure 14 shows the pore size distributions obtained by the BJH method for the MMO specimens
obtained by heating Mg–Al–O precursor gels and Mg2/Al1 LDHs. Both samples demonstrate narrow
pore size distributions (PSD) almost at the mesoporous level, but very close to micropores domain.
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Table 2. Brunauer, Emmett and Teller (BET) surface area of sol–gel derived Mg1.95M0.05/Al1 (M = Ca,
Sr and Ba) MMO.

Precursor Compound Temperature BET Surface Area m2/g

Mg2Al1 precursor gels 800 ◦C 87.470

Mg2Al1 800 ◦C 65.450

Mg2Al1 precursor gels 950 ◦C 27.749

Mg2Al1 950 ◦C 40.528

Mg1.95Ca0.05/Al1 precursor gels 800 ◦C 46.461

Mg1.95Ca0.05/Al1 800 ◦C 129.16

Mg1.95Ca0.05/Al1 precursor gels 950 ◦C 34.791

Mg1.95Ca0.05/Al1 950 ◦C 46.078

Mg1.95Sr0.05/Al1 precursor gels 800 ◦C 53.847

Mg1.95Sr0.05/Al1 800 ◦C 104.543

Mg1.95Sr0.05/Al1 precursor gels 950 ◦C 36.292

Mg1.95Sr0.05/Al1 950 ◦C 51.961

Mg1.95Ba0.05/Al1 precursor gels 800 ◦C 63.217

Mg1.95Ba0.05/Al1 800 ◦C 122.486

Mg1.95Ba0.05/Al1 precursor gels 950 ◦C 32.498

Mg1.95Ba0.05/Al1 950 ◦C 40.576

Figure 14. The pore size distribution of mixed metal oxides (MMO) obtained by heating the Mg2/Al1
precursor gels (top) and obtained by heating the Mg2/Al1 LDHs (bottom) at 800 ◦C and 950 ◦C.
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Surprisingly, the PSD width does not depend neither on the synthetic procedure nor on the
annealing temperature. The determined average pore diameter in the mesopore region is approximately
3.0–5.5 nm. The PSD results obtained for the mixed metal oxides containing Ca, Sr, and Ba are shown
in Figure 15.

Figure 15. The pore size distribution of mixed metal oxides (MMO) obtained by heating the
Mg1.95Ca0.05/Al1 precursor gels (top, left), by heating the Mg1.95Ca0.05/Al1 LDHs (top, right), by
heating the Mg1.95Sr0.05/Al1 precursor gels (middle, left), by heating the Mg1.95Sr0.05/Al1 LDHs
(middle, right), by heating the Mg1.95Ba0.05/Al1 precursor gels (bottom, left), and by heating the
Mg1.95Ba0.05/Al1 LDHs (bottom, right) at 800 ◦C and 950 ◦C.

As seen, various surface properties could be detected for the MMO samples synthesized by two
different methods. The pore size distribution of directly obtained MMO by heating Mg–Al–O precursor
gels depends on the heating temperature and less on the nature of alkaline earth metal. The determined
average pore diameter in the mesopore region is approximately 2.5–8 nm, 2.5–7 nm, and 2.5–9 nm
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for the Ca-MMO, Sr-MMO, and Ba-MMO samples, respectively, synthesized at 800 ◦C. The pore
size distribution is visible wider for the MMO synthesized at 950 ◦C (approximately 3–10.15 nm,
3–12.5 nm, and 3.5–10.1 nm for the Ca-MMO, Sr-MMO, and Ba-MMO samples, respectively). As seen
from Figure 15, the pore size distributions obtained by the BJH method for the MMO specimens
synthesized from the reconstructed Mg2/Al1 LDHs depends on both synthesis temperature and nature
of substituent. The most narrow pore size distribution was determined for Sr-containing MMO
(2.5–3.5 nm for the sample heat-treated at 800 ◦C). On the other hand, the sample with 5% mol of
Ba and prepared at 950 ◦C has very broad pore size distribution. In general, the gain in the volume
of mesopores is clearly visible for the MMO samples synthesized at lower temperature. However,
the pore diameter, wall thickness, and pore size distribution depend on the used synthesis method,
heating temperature, and nature of alkali earth metal in the MMO host matrix, indicating that these
MMO could have the potential for the application as catalysts, catalyst supports, and adsorbents.

4. Conclusions

In this study, the reconstruction peculiarities of sol–gel derived Mg2−xMx/Al1 (M = Ca, Sr, Ba)
layered double hydroxides (LDHs) were investigated. For the synthesis of Mg2−xMx/Al1 (M = Ca, Sr,
Ba) LDHs, the indirect sol–gel synthesis method has been used. Citric acid and 1,2-ethanediol were
used as complexing agents in sol–gel processing [39]. The mixed metal oxides (MMO) were synthesized
by two different routes in this work. Firstly, the MMO were obtained directly by heating Mg(M)–Al–O
precursor gels at 650 ◦C, 800 ◦C, and 950 ◦C. The XRD pattern of the MMO sample obtained by
heating Mg–Al–O precursor gels at 650 ◦C showed the formation of monophasic MMO. However, with
increasing annealing temperature up to 800 ◦C or 950 ◦C and upon the substitution of Mg by Ca, Sr,
and Ba, highly crystalline spinel (MgAl2O4, CaAl2O4, SrAl2O4 and BaAl2O4) phases have also formed.
All MMO samples were successfully reconstructed to the Mg2−xMx/Al1 (M = Ca, Sr, Ba) layered double
hydroxides (LDHs) in water at 50 ◦C for 6 h (pH 10). However, the spinel phases were not reconstructed
and remained as impurity phases. Moreover, during the reconstruction process, a negligible amount of
metal carbonates (CaCO3, SrCO3, and BaCO3) have formed as well. Secondly, the MMO were also
obtained by heating the reconstructed LDHs at the same temperatures and the phase composition,
morphology, and surface properties of MMO were compared with obtained ones after initial annealing.
It was demonstrated that the second time obtained Ca and Sr-substituted MMO samples contained
more side phases. However, this was not the case for the Ba-substituted MMO samples, since both
synthesis products obtained from precursor gels and by heating LDHs were composed of several
crystalline phases. It was demonstrated for the first time that the microstructure of reconstructed MMO
from sol–gel derived LDHs showed a “memory effect”, i.e., the microstructural features of MMO were
almost identical as was determined for LDHs. Besides, the microstructure of investigated samples
was not dependent on the annealing temperature and substitution. The synthesized Mg(M)–Al MMO
samples exhibited type IV isotherms independent of the annealing temperature. At higher pressure
values, the H1 hystereses were detected, which are characteristic for the mesoporous (pore size in
the range of 2–50 nm) materials. It was found that the pore size distributions obtained by the BJH
method for the MMO specimens synthesized from the reconstructed Mg2/Al1 LDHs depended on both
the synthesis temperature and nature of the substituent. The most narrow pore size distribution was
determined for Sr-containing MMO (2.5–3.5 nm for the sample heat-treated at 800 ◦C). On the other
hand, the sample with 5% mol of Ba and prepared at 950 ◦C had very broad pore size distribution.
The pore diameter, wall thickness, and pore size distribution was found to be dependent on used
synthesis method, heating temperature, and nature of alkali earth metal in the MMO host matrix.
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