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A B S T R A C T   

This manuscript presents the preparation of well-oriented @MgAl-layered double hydroxides (LDHs). It extends 
the reported preparation of SiO2@MgAl-LDH core-shell material (Si/(Si + Mg + Al) molar ratio = 0.54, Mg/Al =
2). There is introduced a new method for the gradual and controlled removal of the SiO2 core from SiO2@MgAl- 
LDH on treatment with a NaOH solution (1 M) for 1, 2, 4, and 6 h Si/(Si + Mg + Al) molar ratio from 0.06 to 
0.52, Mg/Al = 2). Subsequent SiO2 leaching led to empty spheres with properties of the crystalline MgAl-LDH 
phase preserved. It is proved that @MgAl-LDH spheres formed do not collapse and hence, preserve their orig
inal spherical shape and structural properties. The potential of @MgAl-mixed oxides (MOs) obtained by thermal 
treatment of @MgAl-LDHs in catalysis is also demonstrated. When this material was used for the aldol 
condensation reaction of furfural with acetone, the best furfural conversion was obtained for @MgAl-MO with a 
Si/(Si + Mg + Al) molar ratio of 0.11.   

1. Introduction 

Layered double hydroxides (LDHs) and mixed oxides (MOs) are of 
considerable interest to researchers and have ever-increasing demand 
due to their valuable qualities. These materials possess features such as 
acid-base properties, memory effect, anion and cation-exchange ability, 
and adsorption capacity (Nishimura et al., 2013; Qu et al., 2016). LDHs 
and MOs under different combinations of metal ions, M(II) and M(III) [M 
(II): Mg, Zn, Ni, Cu, Co, and M(III): Al, Fe, Ga, Cr, and Mn], are attractive 
candidates in many organic reactions requiring basic catalysts. For 
example, reactions such as aldol condensation (Bing et al., 2018; Hora 
et al., 2014), Knoevenagel condensation (Shirotori et al., 2014), Can
nizzaro reaction (Kikhtyanin et al., 2016), epoxidation (Hoyos-Castaño 
et al., 2019) and transesterification (Zeng et al., 2014). 

Recently, processes such as delamination and exfoliation of LDH 
nanosheets (Wang and O’Hare, 2012; Yu et al., 2017), aqueous miscible 

organic solvent treatment (AMOST) method (Chen et al., 2020; Chen 
et al., 2014) and immobilisation of LDHs on supports (Chen et al., 
2013b; Shao et al., 2012a) have been proposed to upgrade the textural 
properties as well as irregular shape and size of LDHs. These processes 
also improve the diffusion limitations and accessibility of the active 
sites. Several efforts have been devoted to the synthesis of core-shell 
composites with well-defined morphologies and tuneable functions 
(Boccalon et al., 2020; Gu et al., 2015). Over the last decade, various 
core-shell LDH-based systems have been reported, with the core of SiO2 
(Chen et al., 2015; Suo et al., 2019; Suo et al., 2018), FexOy (Li et al., 
2019; Mi et al., 2011; Pan et al., 2011), TiO2 (Dou et al., 2015), Cu2O 
(Wang et al., 2017), SiC (Lee and Lee, 2020), ZnO (Clark et al., 2020), 
zeolite (Li et al., 2018; Lyu et al., 2020; Wang et al., 2021), MOF (Lyu 
et al., 2020), carbon (Ni et al., 2017) and Al metal particles (Kim and 
Lee, 2016). 

Such materials are commonly synthesised by coprecipitation, sol-gel 
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method, and direct deposition (Gu et al., 2015). The selection of an 
appropriate strategy for LDH immobilisation is crucial for the orienta
tion of platelets onto the support (Wang et al., 2020). Wang et al. (Wang 
et al., 2020) synthesised vertically and horizontally oriented SiO2@M
gAl-LDHs by sol-gel and self-assembly processes, whereas SiO2@MgAl- 
LDH with mixed platelet morphology was obtained via a coprecipitation 
technique. Chen et al. (Chen et al., 2012; Zhang et al., 2013) reported 
Fe3O4@LDH structures with a different morphologies resulting from 
solvents containing different ratios of methanol to water. Generally, 
LDH sheets and inorganic cores interact via electrostatic forces and M1- 
O-M2 (M1 and M2 are metal ions) covalent bonds (Gu et al., 2015). Thus, 
the formation of different shell-morphologies can be explained by the 
nucleation speed and crystal growth mode in various synthesis path
ways. For example, the formation of the vertically oriented LDH in 
Fe3O4@CuNiAl-LDH was attributed to the violent nucleation of LDH 
compactly packed on the support. Because of the limited growth space 
on the core surface, the LDH crystal growth on the (110) plane was faster 
than that on the (003) plane (Gu et al., 2015; Chen et al., 2012). 

The well-oriented SiO2@LDH hybrids are very common and widely 
studied in the literature, mainly due to: (i) relatively uncomplicated and 
fast synthesis of spherical SiO2 core via the Stöber process (Stöber, 
1968), (ii) easy and tuneable control of the SiO2 particle size, and (iii) 
high stability of SiO2@LDH involving Si-O-M covalent bonds (Chen 
et al., 2012). The vertically oriented platelets created an open 
honeycomb-like LDH shell that could be prepared by a simple 
ultrasound-assisted method (Chen et al., 2013a). Chen et al. (Chen et al., 
2013a) fabricated a well-dispersed SiO2@MgAl-LDH nanocomposite 
consisting of SiO2 spheres with diameters of 500 nm and MgAl-LDH 
coatings with the thicknesses of approximately 70–100 nm. The au
thors stressed that two major factors were responsible for the successful 
formation of a well-oriented core-shell system: (i) removal of free elec
trolytes after precipitation and (ii) ultrasound treatment during the 
growth and ageing of LDH nanosheets. Kwok et al. (Kwok et al., 2018) 
reported that greater coverage and thicker LDH shells that were domi
nantly perpendicular to the SiO2 surface could be obtained at a slow 
metal addition rate and a moderate stirring speed (500 rpm). Suo et al. 
(Suo et al., 2018) studied the effect of the AMOST method using acetone 
on the properties of a series of dendritic SiO2@MgAl-LDH composites 
with molar ratios of 2, 3, and 4 with respect to Mg/Al in the shell. The 
thickness of the LDH coating in the parent materials increased from 110 
to 269 nm with an increasing Mg/Al molar ratio. However, after 
applying the AMOST method, the thickness decreased and it ranged 
from 92 to 162 nm. Nevertheless, specific surface area and total pore 
volume increased after dispersion in organic solvents (20h) 52 m2⋅g− 1 

and 0.35 cm3⋅g− 1 to 144 m2⋅g− 1 and 0.60 cm3⋅g− 1, respectively. 
In the above-mentioned classical core-shell system, different spher

ical morphologies can be obtained, owing to the possibility of partial 
dissolution of the SiO2 template in alkaline (e.g. NaOH) or acidic (e.g. 
HF) media (Arnal et al., 2006). The pH and temperature used during the 
synthesis of SiO2@MgAl-LDH affected its morphology (Chen et al., 
2015). Under the standard approach (pH = 10, room temperature), 
classical core-shell particles were produced. However, as the tempera
ture increased to 40 ◦C, a yolk-shell structure was created, and at pH =
11 (at 40 ◦C), a deeper dissolution of the SiO2 core occurred leading to a 
hollow shell. Under these conditions, the resulting systems possessed 
surface areas of 107, 118, and 177 m2⋅g− 1, respectively. Shao (Shao 
et al., 2012b) and Zhang et al. (Zhang et al., 2016) also reported a 
similar observations. The authors obtained a tuneable architecture, from 
core-shell to hollow spheres, utilising an in situ growth technique 
employing spherical SiO2 grains as a sacrificial template. 

Different types of SiO2@MgAl hybrids served as promising adsor
bents for water purification (Chen et al., 2013a), electrocatalysts for the 
water oxidation reaction (Zhang et al., 2016), a catalyst for the hy
droxylation of phenol (Zhang et al., 2013), synthesis of propylene glycol 
methyl ester (Wang et al., 2020), and catalytic supports to ensure a high 
degree of dispersion of the catalytically active phase (Mi et al., 2011). 

However, to date, only two reports have described the utilisation of 
these materials in base catalysis, more specifically in condensation re
actions (Shirotori et al., 2017, 2018). Shirotori et al. (Shirotori et al., 
2017) studied the catalytic effect of various types of SiO2@LDH in the 
Knoevenagel condensation reaction of benzaldehyde with ethyl cya
noacetate. The study included SiO2@LDH system assembled with two 
different dimensions of SiO2 spheres (40 and 250 nm) and shell 
composition (M(II): Mg, Ni, and M(III): Al, Ga, and M(II)/M(III): 1 or 3). 
The coexistence of two different dimensions and compositions of 
spherical SiO2 did not affect the structure of the LDH unit; however, the 
SiO2 core plays a key role as a promoter in increasing the number of 
hydroxide layers acting as surface base sites, which contributes to 
strengthening the catalytic efficiency. Moreover, the authors suggested 
that the higher catalytic activity of SiO2@LDHs compared to reference 
materials (commercial LDH and LDH obtained by the classical copreci
pitation technique with and without urea) is affected not only by 3D 
hierarchical nanoarchitectures, but also by the fine LDH crystallite size. 
Among the SiO2@MgAl nanocomposites with different atomic ratios of 
Si/(Mg + Al), the highest reaction rate of 171 mmol⋅g− 1⋅h− 1 was 
observed in the Knoevenagel condensation for Si/(Mg + Al) = 0.17. It is 
worth emphasising that this value is 2.2 times higher than the classical 
LDH prepared without the SiO2 core (Shirotori et al., 2018). 

This manuscript present a method to improve the morphology, 
textural properties, and accessibility of the active sites of LDHs and MOs. 
SiO2@MgAl-LDH core-shell was employed as the starting material to 
establish the method. There is introduced a process, based on the 
gradual and controlled removal of the SiO2 core from SiO2@MgAl-LDH, 
leading to well-oriented @MgAl-LDH materials. The schematic of the 
post-synthesis treatment is shown in Fig. 1. The effects of the gradual 
removal of the SiO2 core on the structural, textural, and basic properties 
of the core-shell material are described here. The potential of such 
materials in catalysis (aldol condensation of furfural with acetone) has 
also been demonstrated. 

2. Experimental 

2.1. Synthesis 

Monodisperse SiO2 microspheres were synthesised by the modified 
Stöber process (Stöber, 1968). Briefly, an amount of 128 g of ethanol 
(Lach-Ner, 96%) together with 54 mL of an aqueous solution of NH3 
(Lach-Ner, 25%) was introduced into a round bottom flask (500 mL). 
After heating to 30 ◦C, 8.4 mL of TEOS (Sigma-Aldrich, 98%) was 
quickly added and the mixture was left under stirring for 1 h. The 
fabricated spherical SiO2 particles were centrifuged (4900 rpm, 10 min) 
and washed five times in water (100 mL). Each time, the particles were 
dispersed in an ultrasonic bath (for 10 min) and again isolated by 
centrifugation. Finally, the solid sample was dried at 60 ◦C overnight. 

The spherical core-shell SiO2@MgAl-LDH composite was prepared 
by coprecipitation of Mg and Al precursor in the presence of hard tem
plate - non-porous spherical SiO2 particles with uniform in size with the 
diameters ca. 500 nm, according to the protocol (Kwok et al., 2018; 
Shirotori et al., 2017) with some modifications. In details, 100 mg of 
spherical SiO2 particles were dispersed in 20.0 mL of deionized water 
using ultrasound treatment (1 h). Subsequently, 0.96 mmol of Na2CO3 
(Lach-Ner, 100.1%) was added to the milky solution and dispersed for 
another 10 min. To so prepared suspension added dropwise 19.2 mL 
water solution containing 0.96 mmol Mg(NO3)2⋅6H2O (Lach-Ner, 
100.8%) and 0.48 mmol Al(NO3)3⋅9H2O (Lach-Ner, 98.6%) (addition 
rate 1 mL/min, stirring speeds of 400 rpm). The pH was maintained at 
10.00 ± 0.03 using an aqueous NaOH solution (1 M) during titration. 
After 2 h of stirring, the obtained core-shell composite was filtered, 
washed with 2 L of water and dried at 60 ◦C overnight. Sample after 
dried denoted as SiO2@MgAl-LDH. 

In the next step, the SiO2 core was etched under static conditions by 
treatment with a NaOH solution (1 M) at 30 ◦C for 1, 2, 4, and 6 h. To 
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remove remaining Na+, the obtained particles were thoroughly washed 
with distilled water and then dried at 60 ◦C. The obtained materials 
denoted as @MgAl-LDH_xh, where x expresses the etching time. 

SiO2@MgAl-LDH_ChM (material with chaotic morphology) was 
synthesised as follows. 100 mg of silica spheres were dispersed in 20 mL 
of deionized water by ultrasound treatment for 1 h, followed by adding 
0.8 mL of aqueous ammonia solution. Then 19.2 mL of an aqueous so
lution containing 0.96 mmol Mg(NO3)2⋅6H2O and 0.48 mmol Al 
(NO3)3⋅9H2O was dropped (1 mL/min) under vigorous stirring, without 
pH control. After 1 h of stirring, the solid particles were obtained by 
centrifugation. 

MgAl-based mixed oxides were obtained by thermal treatment of 
LDH-like precursor in air at 450 ◦C for 4 h (heating rate of 5 ◦C/min) in a 
muffle oven. Calcined samples are denoted as SiO2@MgAl-MO, 
SiO2@MgAl-MO_ChM and @MgAl-MO_xh, respectively. 

2.2. Characterization 

The quantitative EDX measurements were performed on electron 
microscope (LYRA3, Tescan) equipped with EDX analyzer AZtec X-Max 
20 (Oxford Instruments) at an acceleration voltage of 20 kV (an accel
erating voltage possessing a signal from a depth of micrometres, which is 
sufficient for the studied core-shell particles with dimensions of 
approximately 750 nm). The samples were covered with 20 nm of car
bon by Leica EM ACE200 coater, measured on 5 different spots with a 
size of 200 μm × 200 μm, which is higher than the size of the studied 
particles and obtained compositions were averaged. A scanning electron 
microscope (LYRA3, Tescan) was used for surface morphology study 
using 10 kV acceleration voltage. Transmission electron microscopy 
(TEM) measurements were carried out on a FEI Tecnai TF20 X-TWIN 
(FEG) microscope equipped with an energy-dispersive X-ray spectrom
eter (EDAX), working at an accelerating voltage of 200 kV. Samples for 
the TEM observations were prepared by drop-casting on carbon-coated 
copper grids. The crystallographic structure of samples was determined 
by Bruker AXS D8-Advance diffractometer using Cu Kα radiation (λ =
0.154nm) with a secondary graphite monochromator. The XRD patterns 
were recorded in range of 2θ = 5–80◦ with a step of 0.02◦. Nitrogen 
adsorption-desorption isotherms were measured by using a Micro
meritics TriStar II instrument. Samples were degassed for 6 h under 
vacuum at 130 ◦C or 150 ◦C for LDH and MO phase, respectively. Spe
cific surface areas were determined by the BET method (SBET). Total 
pore volumes (Vtotal) were obtained from amounts of nitrogen adsorbed 
at relative pressure of 0.99, whereas micropore (Vmicro) and mesopore 
(Vmeso) volumes were calculated using the t-plot and Barrett-Joyner- 
Halenda (BJH) models, respectively. Temperature-programmed 
desorption of carbon dioxide (TPD-CO2) was performed using a Micro
meritics AutoChem II 2920 equipped with a TCD detector and OmniStar 
quadrupole mass spectrometer. 100 mg of a sample was outgassed in a 
flow of helium (20 mL/min) at 450 ◦C for 1 h, and then cooled down to 
25 ◦C. The CO2 uptake from a stream of 10 vol% of CO2 in He (a flow rate 
of 20 mL/min) for 30 min. Weakly adsorbed CO2 was removed by 
flushing with He at 25 ◦C for 1 h. The desorption of CO2 was analyzed 

(the molecular ion, m/z = 44) in the temperature range of 25–450 ◦C at 
the heating rate of 10 ◦C/min. 

2.3. Catalytic tests 

Aldol condensation of the stabilized furfural with acetone (99.98%, 
Penta, Czech Republic) was carried out in a 100 mL stirred batch reactor 
(a glass flask reactor) at the temperature of 50 ◦C at ambient pressure. 
Acetone (37.90 g) to furfural (6.27 g) molar ratio was 10:1. Furfural 
(99%, Sigma-Aldrich) was distilled using a vacuum rotary-evaporator 
and then stabilized with 2,6-di-tert-butyl-4-methylphenol (DBMP, 
99%, Sigma-Aldrich) using weight ratio DBMP/Furfural = 0.04). Acid 
impurities in furfural were neutralized. Prior to the catalytic tests, 1.00 g 
of a sample with particle size in the range of 250–500 μm (freshly 
calcined in a muffle oven at 450 ◦C and stored in a desiccator) was 
added, and the reaction was carried out for 240 min at 400 rpm. For 
details and the formula for calculating the conversion and selectivity 
values see (Kikhtyanin et al., 2021). 

3. Results and discussion 

3.1. Features of spherical SiO2@MgAl-LDH and @MgAl-LDHs 

Table 1 lists the Mg/Al and Si/(Si + Mg + Al) molar ratios of 
SiO2@MgAl-LDH and @MgAl-LDHs (SiO2@MgAl-LDH after the leach
ing of the SiO2 core for periods of 1, 2, 4, and 6 h). Based on SEM-EDX, 
the initial SiO2@MgAl-LDH contained a Si/(Si + Mg + Al) molar ratio of 
0.54. The treatment of SiO2@MgAl-LDH in an alkaline medium for a 
period of 1 and 2 h caused a slight decrease in this ratio to 0.52 and 0.47, 
respectively. It was noted that ICP studies and SEM-EDX analysis agree 
with each other. Subsequently, a much higher elimination of the SiO2 
core was observed after 4 and 6 h, when the Si/(Si + Mg + Al) molar 
ratio dropped to 0.11 and 0.06, respectively. It should be stressed that 
the Mg/Al molar ratio was approximately the same for all materials 
studied (Mg/Al = approximately 2) (Table 1). 

To determine the maximum possible amount of SiO2 core that could 
be removed, more severe conditions for leaching were employed. Higher 
leaching times of 24 and 48 h were used (while maintaining the tem
perature and concentration of NaOH solution) and much stronger 
leaching conditions (2 M, 50 ◦C, and 20 h) were studied. In all these 
cases, the Si/(Si + Mg + Al) molar ratio was in the range 0.05–0.06. 
Thus, complete extraction of SiO2 from SiO2@MgAl-LDH was not 
possible. The formation of Si-O-Al and Si-O-Mg covalent bonds between 
Mg Al platelets and the SiO2 core was responsible for the incomplete 
extraction of SiO2 (Chen et al., 2015; Kwok et al., 2018; Shirotori et al., 
2017, 2018; Suo et al., 2018). The residual amount of SiO2 has also been 
reported in core-shell systems containing the SiO2 core and NiAl-LDH 
(Shao et al., 2012b), TiO2 (Güttel et al., 2011), and ZrO2 (Kon
dratowicz et al., 2019) shells. 

Fig. 2 shows XRD patterns of SiO2@MgAl-LDH and @MgAl-LDHs. 
The patterns of all materials contained diffraction lines at 11.5◦, 23.2◦, 
34.8◦, 39.3◦, 46.7◦, 60.8◦, and 62.1◦, which could be assigned to the (0 

Fig. 1. Synthesis pathway used to obtain @MgAl-MO catalysts.  
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0 3), (0 0 6), (012), (0 1 5), (0 1 8), (1 1 0), and (113) planes typical of 
the MgAl double-layered structure in the trigonal R-3 m space group 
(PDF Card No. 01–070-2151). The broad hump at 2θ = 22◦, which is 
attributed to the presence of amorphous SiO2 in the SiO2@MgAl-LDH 
composite, became less intense with increasing SiO2 leaching time and 
finally disappeared after 4 h. First, the positions of the above-mentioned 
diffraction lines did not change after the leaching of the SiO2 core. 
Second, the unit cell parameters a (a = 2d110) and c (c = 3d003), as well 
as LDH basal spacing (interlayer distance along the c-axis, d-value) are 
almost identical for SiO2@MgAl-LDH and @MgAl-LDHs, regardless of 
the time of SiO2 leaching (Table 1). The unit cell in the crystal lattice 
corresponds to the data reported for conventional pure and bulk MgAl- 
LDHs with a similar Mg/Al molar ratios (Creasey et al., 2014; Kikhtyanin 
et al., 2017). Third, the crystallite size of LDH for the stacking direction 
D(0 0 3) and plane direction D(1 1 0) present in SiO2@MgAl-LDH are 
equal to 7.4 and 12.3 nm, respectively. After treatment in an alkaline 
environment, these values remained almost unchanged in @MgAl-LDHs, 
and the values were in the ranges 7.3–7.7 and 13.1–13.5 nm, respec
tively (Table 1). 

Although the partial loss of LDH could not be excluded during the 
process of SiO2 leaching, the results mentioned above clearly show the 
presence of the crystalline MgAl-LDH phase in @MgAl-LDHs with the 
same properties as in the initial SiO2@MgAl-LDH. 

Higher values of crystallite size for the plane direction than stacking 
direction have also been reported by Shirotori et al. (Shirotori et al., 
2017, 2018) for core-shell materials constructed with SiO2 cores and 
NiAl, MgGa, and MgAl-LDH shell. The authors attributed this 

observation to the coexistence of spherical SiO2 particles during the 
gradual addition of the LDH precursor, which resulted in good disper
sion of the starting points of LDH crystal growth on the SiO2 surface. 
Moreover, a rapid nucleation of LDH on the surface of the support, and 
simultaneously a faster growth of the LDH crystal on the (1 1 0) plane 
than on the (0 0 3) plane, assists the formation of core-shell systems 
wherein the LDH plates are oriented perpendicular to the surface of the 
support (Gu et al., 2015; Chen et al., 2012). Based on the above expla
nation, vertical immobilisation of MgAl platelets onto SiO2 spheres is 
suggested for SiO2@MgAl-LDH. 

SEM (Fig. 3A) and TEM images (Fig. 4A) show the spherical shape of 
the prepared SiO2@MgAl-LDH. A well-defined core-shell structure is 
visible, built by a SiO2 core with a diameter of ~500 nm and a shell with 
an average thickness of ~120 nm (TEM). Moreover, the outer layer of 
the composite consisted of perpendicularly oriented MgAl-LDH platelets 
on the SiO2 surface. No considerable changes were observed in the shape 
and size of the spheres formed after partial leaching of the SiO2 core 
from SiO2@MgAl-LDH for 1 h (@MgAl-LDH_1h) and 2 h (@MgAl- 
LDH_2h) (Fig. 3B and C). This is related to the low degree of SiO2 
removal Si/(Si + Mg + Al) molar ratio, which decreased for these ma
terials from 0.54 to 0.52 and 0.47. 

In contrast, a significant change in morphology was observed in 
@MgAl-LDH materials obtained after treatment for periods of 4 and 6 h. 
This change in morphology is also associated with a significant decrease 
in the Si/(Si + Mg + Al) molar ratio (up to 0.11 and 0.06, respectively) 
(Fig. 3D and E). Some of the spheres were partially cracked with a well- 
visible hollow space inside the grains. The size of the void agrees 
perfectly with the diameter of the washed SiO2 matrix. It is important to 
emphasise that the formed empty spheres do not collapse in @MgAl- 
LDHs, preserving their original spherical shape originating from the 
SiO2 core. Moreover, after deep removal of the silica, the contrast be
tween the core and shell disappeared (Fig. 4B), which confirms the 
removal of the template. Generally, the fabricated LDH sphere possesses 
a hollow space inside, which exists despite the lack of a cracked surface 
of the sphere. However, in some cases, a visible hole in the sphere was 
observed owing to the cracked surface. There are two explanations for 
this finding:  

(i) This could reflect the partial removal of LDH from core-shell 
materials. However, the crystalline LDH phase had the same 
properties before and after SiO2 leaching (XRD results). It 
therefore raises a question: if the crystalline LDH phase was 
removed, why had it occurred only in one sphere? Furthermore, 
the lack of additional mass losses determined after the etching 
operation indicated that the MgAl phase was stable during the 
dissolution of SiO2. Thus, the dissolution of the LDH phase was 
not probable during the leaching of SiO2 from SiO2@MgAl-LDH.  

(ii) It should be noted that the spherical SiO2 particles after ultrasonic 
treatment may also have aggregated. Thus, the MgAl-LDH pre
cursor could not be deposited on the contact surface. In such a 
case, a more complex system exists after SiO2 removal, which can 

Table 1 
Chemical composition and crystal properties of the SiO2@MgAl-LDH composites before and after leaching.  

Sample Molar ratios Lattice parameter [nm] LDH basal spacing [nm] Crystallite Size [nm] 

Mg/Al Si/(Si + Mg + Al) a c d D(003) D(110) 

SiO2@MgAl-LDH 
2.00a 

1.91b 
0.54a 

0.57b 0.3047 2.3044 0.768 7.4 12.3 

@MgAl-LDH_1h 2.08a 

2.03b 
0.52a 

0.56b 0.3046 2.3060 0.769 7.6 13.3 

@MgAl-LDH_2h 
2.05a 

2.00b 
0.47a 

0.51b 0.3048 2.3044 0.768 7.6 13.3 

@MgAl-LDH_4h 1.98a 0.11a 0.3051 2.3048 0.768 7.3 13.1 
@MgAl-LDH_6h 2.01a 0.06a 0.3051 2.3069 0.769 7.7 13.5  

a SEM-EDX. 
b ICP 

Fig. 2. XRD patterns of the SiO2@MgAl-LDH composite before and after the 
SiO2 core etching with 1 M NaOH solution at various time periods. 
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rupture, resulting in visibly hollow spheres. This was a more 
probable reason. 

The N2 adsorption isotherms of SiO2@MgAl-LDH and @MgAl-LDHs 
are shown in Fig. 5. The textural parameters are listed in Table 2. The 
starting SiO2@MgAl-LDH had a BET surface area of 65 m2⋅g− 1 and a 

total pore volume of 0.30 cm3⋅g− 1. The N2 adsorption isotherm for this 
material is the closest to the IVa type according to the IUPAC classifi
cation, which is typical of mesoporous materials containing pores wider 
than ~4 nm (Thommes et al., 2015). Moreover, a type H3 loop is pre
sent, which is characteristic of non-rigid aggregates of plate-like parti
cles (Thommes et al., 2015). 

Fig. 3. SEM images of SiO2@MgAl-LDH (A) and @MgAl-LDH etched with 1 M NaOH at 30 ◦C for 1 (B), 2 (C), 4 (D) and 6 (E) hours.  
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The gradual elimination of SiO2 from SiO2@MgAl-LDH resulted in an 
increased total pore volume originating from the increase in the volume 
of meso and macropores (Table 2). The progressive leaching of the SiO2 
core led to a gradual increase of the volume of mesopores and macro
pores up to 0.39 cm3⋅g− 1 and 0.24 cm3⋅g− 1, respectively. The pore 
volume of original SiO2@MgAl-LDH, @MgAl-LDH_1h and @MgAl- 
LDH_2h materials range from 0.13 to 0.17cm3⋅g− 1. Thus, it could be 
suggested that macropores are mainly formed in these materials by 
spaces located between spherical grains (the interparticle porosity). 
However, for both @MgAl-LDH_4h and @MgAl-LDH_6h materials, this 
value increased to 0.24 cm3⋅g− 1. This significant growth could be 
explained by the appearance of empty spaces inside the formed grains, 
which is also visible in the SEM (Fig. 3D and E) and TEM images 
(Fig. 4B). The effect of removing the SiO2 core is also manifested in the 
BET surface area changes, which initially increased to 210 and 293 
m2⋅g− 1 after periods of 1 and 2 h of alkali treatment, respectively. This 
was attributed to the partial destruction of SiO2. It then decreased to 197 
m2⋅g− 1 and 165 m2⋅g− 1 after a treatment period of 4 and 6 h for SiO2 
core removal, respectively, owing to the formation of hollow spheres. 

3.2. Spherical SiO2@MgAl-MO and @MgAl-MO catalysts 

The XRD patterns of SiO2@MgAl-MO and @MgAl-MOs (Fig. 6) show 
a broad signal at 22◦, characteristic of amorphous SiO2. In addition, 
three diffraction lines at ~35.1◦, 43.1◦, and 62.5◦ were observed, which 
can be assigned to the (111), (200), and (220) planes, respectively, of the 

MgO-like phase (periclase) or a magnesia-alumina solid solution (PDF 
Card No. 00–004-0829). Thus, the aluminium species should be well 
dispersed in the MgO phase without the formation of segregated phases 
or an amorphous phase (Čapek et al., 2013; Hora et al., 2015; León et al., 
2010). It should be noted that the intensities of these reflections grew 
slightly with an increase in etching time because of the decrease in the 
Si/(Si + Mg + Al) molar ratio. However, reflections corresponding to the 
MgAl2O4 spinel phase were not detected, which was in line with the 
literature, which states that the formation of this phase occurs at much 
higher temperatures (approximately 800–1000 ◦C) (Čapek et al., 2013; 
Ganesh, 2013). 

The shapes of the N2 adsorption isotherms for both SiO2@MgAl-MO 
and @MgAl-MOs did not change significantly in comparison to the 
original LDH-based materials, whereas the textural properties for most 
of the systems changed significantly (Table 3). 

The volume of meso and macropores and the total porosity of 
@MgAl-MO materials show an increasing trend, which was compatible 
with a gradual decrease in the Si/(Si + Mg + Al) molar ratio. Overall, 
considering that the total pore volume was in the range 0.34–0.86 
cm3⋅g− 1 and micropore volume of 0.01–0.02 cm3⋅g− 1, it can be 
concluded that the content of the latter has a negligible impact on the 
total porosity of the studied materials. Mainly mesopores (Vmeso =

0.18–0.46 cm3⋅g− 1) play a dominant role in the pore systems of 
SiO2@MgAl-MO and @MgAl-MOs, which are complemented by mac
roporous voids (Vmacro = 0.15–0.39 cm3⋅g− 1). 

In the literature, thermal treatment of LDHs into appropriate MOs 

Fig. 3. (continued). 
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mainly causes expansion of the specific surface area and porosity of the 
formed materials (Di Cosimo et al., 1998; Hora et al., 2014). However, in 
our case, the trend was more complex and depended not only on the 
transformation of LDHs to MOs, but also on the content of the SiO2 core. 

Fig. 7 shows the TPD-CO2 profiles of the SiO2@MgAl-MO and 
@MgAl-MOs. For SiO2@MgAl-MO, two fundamental peaks of CO2 
desorption with a maximum at 100 ◦C (low-temperature peak) and 

Fig. 4. TEM images of SiO2@MgAl-LDH (A) and @MgAl-LDH etched with 1 M NaOH at 30 ◦C for 4 h (B).  

Fig. 5. N2 adsorption isotherms of the SiO2@MgAl-LDH composite before and 
after the SiO2 core etching under different conditions. 

Table 2 
Textural properties of the SiO2@MgAl-LDH and @MgAl-LDH composites.  

Sample SBET 

[m2⋅g− 1] 
Vmicro 

[cm3⋅g− 1] 
Vmeso 

[cm3⋅g− 1] 
Vmacro 

[cm3⋅g− 1] 
Vtotal 

[cm3⋅g− 1] 

SiO2@MgAl- 
LDH 

65 0.005 0.156 0.134 0.295 

@MgAl- 
LDH_1h 210 0.029 0.185 0.167 0.381 

@MgAl- 
LDH_2h 

293 0.015 0.363 0.169 0.547 

@MgAl- 
LDH_4h 

197 0.013 0.390 0.236 0.639 

@MgAl- 
LDH_6h 

165 0.009 0.395 0.236 0.640 

SiO2@MgAl- 
LDH_ChM 111 0.010 0.213 0.110 0.333  
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270 ◦C (high-temperature peak) were observed. The desorption peak at 
100 ◦C was the most intense for all the materials studied. The low- 
temperature peak could be attributed to the presence of weak basic 
sites generated by OH− groups (Bolognini et al., 2002; Di Cosimo et al., 

1998; Grabowska et al., 2005; Silva et al., 2010). In the literature, the 
medium basic sites (MgII-O-II and AlIII-O-II pairs) are mainly attributed at 
the ranges 140–170 ◦C (Bolognini et al., 2002; Di Cosimo et al., 1998; 
Grabowska et al., 2005) and 210–220 ◦C (Di Cosimo, 2000; Silva et al., 
2010) and the strong basic sites (isolated O2− ions associated with 
cationic vacancies) are mostly attributed to the range 270–320 ◦C (Di 
Cosimo et al., 1998; Grabowska et al., 2005; Veloso et al., 2008). Owing 
to a broad desorption peak, it was difficult to determine the presence of 
medium and strong basic sites. For all @MgAl-MOs, the clearly visible 
high-temperature peak vanishes and appears as a flex point on the 
shoulders at ~250 ◦C. 

The total amount of basic sites was calculated as the total CO2 des
orbed from 25 to 450 ◦C (Table 4). The total number of basic sites in 
SiO2@MgAl-MO was 108 μmol⋅gcat

− 1. The basicity of @MgAl-MO ma
terials is in the range 65–193 μmol⋅gcat

− 1, but the dependence of the 
total concentration of basic sites on the Si/(Si + Mg + Al) molar ratio 
was not observed. This shows that the total concentration of basic sites 
[μmol⋅gcat

− 1] was not dependent only on the relative populations of the 
SiO2 and MgAl-MO phases, but it was a more complex case. It also de
pends on the contribution of the base site accessibility, the changing 
overall surface area of the materials, and the potential blocking of basic 
sites by species appearing during the SiO2 removal process. 

The number of basic sites was also calculated per 1 g of pure MgAl 
mixed oxide present in the material (Table 4). The highest number of 
basic sites calculated per 1 g of pure MgAl mixed oxide was found in 
SiO2@MgAl-MO, followed by @MgAl-MO_1h with a low proportion of 
SiO2 removal. Although @MgAl-MO_4h and @MgAl-MO_6h possessed 
the highest representation of MgAl mixed oxide, the significant removal 
of SiO2 led to an increase in the basicity expressed per 1 g of catalyst 
[μmol⋅gcat

− 1], but it led to lower basicity corresponding to the mixed 
oxide content. This indicates that the SiO2 leaching process partially 
affects the basicity of the MgAl-MOs. 

3.3. Influence of morphology in the core-shell system 

To explain the role of the well-oriented morphology, SiO2@MgAl- 
LDH_ChM material using different synthesis procedure was prepared. 
Both SiO2@MgAl-LDH and SiO2@MgAl-LDH_ChM have similar Si/(Si +
Mg + Al) molar ratio (0.54 and 0.51, respectively). Nevertheless, 
SiO2@MgAl-LDH_ChM possesses low-quality orderliness of MgAl plate
lets on SiO2 spheres (Fig. 8). Both uncovered and partially covered SiO2 
matrix and areas of irregular aggregates of considerable size were 
visible. Hence, the term of “chaotic” morphology is considered. 

Both SiO2@MgAl-LDH_ChM and SiO2@MgAl-LDH showed the 
similar shapes of N2 adsorption isotherms. However, the BET surface 
area and total pore volume were higher for the former (111 m2⋅g− 1 and 
0.33 cm3⋅g− 1, respectively). This could be explained by the coexistence 
of the core-shell system as well as pure SiO2 and MgAl-LDH phases in the 
SiO2@MgAl-LDH_ChM material. Additionally, considering the sample 
composition and negligible surface area of SiO2 (10 m2⋅g− 1), it can be 
stated that the pure MgAl-LDH phase possesses a higher surface area 
than that of the core-shell material. Subsequently, SiO2@MgAl-MO_ChM 
also possessed higher values of SBET and Vmeso than SiO2@MgAl-MO (90 
m2⋅g− 1 vs. 78 m2⋅g− 1 and 0.21 cm3⋅g− 1 vs. 0.18 cm3⋅g− 1). 

Fig. 6. XRD patterns of the SiO2@MgAl-MO and @MgAl-MO systems.  

Table 3 
Textural properties of the SiO2@MgAl-MO and @MgAl-MO composites.  

Sample SBET 

[m2⋅g− 1] 
Vmicro 

[cm3⋅g− 1] 
Vmeso 

[cm3⋅g− 1] 
Vmacro 

[cm3⋅g− 1] 
Vtotal 

[cm3⋅g− 1] 

SiO2@MgAl- 
MO 

78 0.008 0.180 0.149 0.337 

@MgAl- 
MO_1h 

139 0.016 0.175 0.178 0.369 

@MgAl- 
MO_2h 290 0.012 0.376 0.209 0.597 

@MgAl- 
MO_4h 209 0.012 0.457 0.357 0.826 

@MgAl- 
MO_6h 

215 0.010 0.455 0.393 0.858 

SiO2@MgAl- 
MO_ChM 

90 0.006 0.207 0.129 0.342  

Fig. 7. TPD-CO2 profiles of SiO2@MgAl-MO and @MgAl-MO systems 
pre-treated at 450 ◦C. 

Table 4 
Concentration of basic sites in the SiO2@MgAl-MO and @MgAl-MO composites.  

Sample Concentration of basic sites in the sample 

[μmol⋅gcat
− 1] [μmol⋅gMgAl

− 1] 

SiO2@MgAl-MO 108 243 
@MgAl-MO_1h 106 238 
@MgAl-MO_2h 65 129 
@MgAl-MO_4h 193 221 
@MgAl-MO_6h 153 161 

SiO2@MgAl-MO_ChM 62 125  
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Even with the lower specific surface area of the SiO2@MgAl-MO 
system where the MgAl platelets are mainly vertically oriented on the 
SiO2 matrix, the material maintained a higher total concentration of 
basic sites. This was almost twice the number of basic sites per gram of 
material and gram of MgAl phase as well (1.7 and 1.9, respectively) than 
SiO2@MgAl-MO_ChM. 

3.4. Catalytic performance of SiO2@MgAl-MO and @MgAl-MO 

Fig. 9A shows the effect of reaction time on furfural conversion under 
SiO2@MgAl-MO and @MgAl-MOs catalysis. SiO2@MgAl-MO exhibited 
a furfural conversion of 28% (after 4 h of reaction). A lower furfural 
conversion (13%) was observed for the core-shell system, which pos
sesses a lower quality orderliness of the MgAl-MO phase (SiO2@MgAl- 
MO_ChM). 

The leaching of the SiO2 core from SiO2@MgAl-MO first led to a 
slight decrease in furfural conversion, as evidenced by the @MgAl- 
MO_2h catalyst (20% after 4 h of reaction). Subsequent leaching of the 
SiO2 core led to the @MgAl-MO_4h catalyst with the highest furfural 
conversion values (74% after 4 h of reaction). Finally, further leaching of 
the SiO2 core caused a decrease in furfural conversion as observed for 
@MgAl-MO_6h (58% after 4 h of reaction). It was important to stress 
that @MgAl-MO_6h catalysis offered lower furfural conversion than 

Fig. 8. SEM image of the SiO2@MgAl-LDH_ChM.  

Fig. 9. Conversion of furfural vs. reaction time (A) and selectivity to FAc-OH (B), 
FAc (C) and F2Ac (D) versus furfural conversion over the SiO2@MgAl-MO and @MgAl-MO catalysts. 
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@MgAl-MO_4h, even though @MgAl-MO_6h contains a higher relative 
population of MgAl-MO compared to @MgAl-MO_4h. This was direct 
evidence that the furfural conversion was affected by the properties of 
the materials resulting from SiO2 core leaching. It does not simply 
originate from the removal of the inactive SiO2 from SiO2@MgAl-MO. 

During the furfural (F) and acetone (Ac) reactions, in addition to the 
main products, that is, 1,4-pentadien-3-one, 1,5-di-2-furanyl (F2Ac) and 
4-(2-furyl)-3-buten-2-one (FAc), an intermediate product, [4-(2-furyl)- 
4-hydroxy-butan-2-one (FAc-OH, C8 alcohol)], was formed. This was in 
agreement with the commonly accepted reaction pathway for aldol 
condensation reaction of furfural with acetone (Smoláková et al., 2017). 
The selectivity versus conversion ratio of furfural toward FAc-OH, FAc, 
and F2Ac are presented in Fig. 9B, C, and D, respectively. Overall, with 
increasing furfural conversion, the selectivity to FAc and F2Ac increased, 
while that of FAc-OH decreased. This dependence shows that FAc-OH 
was an intermediate product, while FAc and F2Ac are secondary prod
ucts. Moreover, for the identical furfural conversion study, almost all the 
tested materials showed approximately the same selectivity values. In 
the case of the most active catalyst (@MgAl-MO_4h), the selectivity 
toward FAc-OH was slightly lower, indicating a slightly better dehy
dration efficiency of this catalyst compared to the other tested materials. 
It is worth emphasising that the presence of other organic products, such 
as diacetone alcohol formed due to the self-condensation of acetone, 
cannot be excluded. 

Typically, factors such as composition, acid-base properties, and 
textural and structural properties of the MOs influence the catalytic 
performance of the materials in the aldol condensation reaction 
(Dubnová et al., 2021; Hora et al., 2015; Kikhtyanin et al., 2018; Smo
lakova et al., 2018; Smoláková et al., 2017). The correlation of furfural 
conversion to the concentration of basic sites per gram of catalyst for all 
materials tested is given in Fig. 10. The linear increase of furfural con
version to the total number of basic sites concurs with the already re
ported critical role of number of basic sites in catalyst material on the 
aldol condensation reaction of furfural (Smoláková et al., 2017). A linear 
dependence was obtained despite the ambiguous correlation between 
the total number of basic sites and the Si/(Si + Mg + Al) molar ratio and 
for the material with chaotic morphology (SiO2@MgAl-MO_ChM). On 
the other hand, there was no correlation between furfural conversion 
and the amounts of basic sites per square metre [μmol⋅m− 2] or the 
amounts of basic sites per 1 g of MgAl phase [μmol⋅gMgAl

− 1]. This in
dicates that neither a high value of specific surface area nor a high 
content of MgAl-MO phase alone does not ensure a high furfural con
version. Therefore, the efficiency of the core-shell catalysts in aldol 
condensation relies on the balance between the total number of basic 
sites and the morphology of the catalyst. 

4. Conclusions 

There is described a straightforward pathway for improving the 
morphology, textural properties, and accessibility of active sites of 
frequently used LDH and MO materials. Well-organised, hollow @MgAl- 
LDH and @MgAl-MO spheres, which were derived from SiO2@MgAl- 
LDH core-shell hybrids, is prepared. A gradual and controlled removal of 
the SiO2 core from SiO2@MgAl-LDH (Mg/Al = 2) on NaOH solution 
treatment for a period of 1, 2, 4, and 6 h was established as an efficient 
approach. 

The starting SiO2@MgAl-LDH was successfully synthesised by 
coprecipitation with the coexistence of nonporous spherical SiO2 parti
cles uniform size and diameters of ~500 nm, as obtained previously in 
the modified Stöber process. The fabricated SiO2@MgAl-LDH particles 
possess a desirable spherical shape with mainly vertically immobilized 
MgAl-LDH on SiO2. It was shown that an increased treatment time in an 
alkali medium while maintaining the concentration of NaOH solution 
and the operating temperature, efficiently eliminated the scarified 
template. It is proved that @MgAl-LDH spheres formed do not collapse 
and hence, preserve their original spherical shape. The alkaline 

environment does not change the structure of the MgAl-LDH phase 
present in the outer layer of the core-shell systems. The gradual elimi
nation of SiO2 from SiO2@MgAl-LDH resulted in materials with highly 
developed porosities and specific surface areas. The calcination of LDH- 
based materials led to the formation of appropriate MO-based catalysts. 
The developed catalysts exhibited the satisfactory performance in the 
aldol condensation of furfural and acetone. In the presence of the most 
effective @MgAl-MO_4h catalyst, the conversion of furfural reached 
74% after 4 h of reaction. Although the furfural conversion results from 
a more complex contribution of structural, textural, and acid-base 
properties, the important role of the total amount of basic sites has 
been shown. 

The present research provides further insight into a new generation 
of spherical core-shell hybrids derived from LDH-based materials with 
exciting features and enhanced catalytic efficiency in various processes 
requiring basic sites. 
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