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INTRODUCTION 

 

Recently layered double hydroxides (LDHs) have attracted substantial 

attention due to a wide range of important application areas, e.g. catalysis, 

photochemistry, electrochemistry, magnetization, biomedical science, 

environmental applications, and optics [1-15]. LDHs have a large surface area, 

high anion exchange capacity comparable to those of anion exchange resins 

and good thermal stability [1, 6-8]. 

A general chemical formula of the LDHs can be expressed as 

[M2+
1−xM

3+
x(OH)2]

x+(Ay−)x/y·zH2O, where M2+ (Mg, Zn, Co, Ni, Cu, Mn, . .  .) 

and M3+ (Al, Ga, Cr, Co, Fe, V, Y, Mn, . . .) are divalent and trivalent metal 

cations, respectively, and Ay− is an intercalated anion which is located in the 

interlayer spaces along with water molecules and compensates the positive 

charge created by the partial substitution of M2+ by M3+ in a positively charged 

metal hydroxide layers [16-19]. LDHs exhibit excellent ability to adopt 

organic and inorganic anions [13, 20].  

LDHs can be fabricated by different synthesis methods. The most common 

preparation technique is co-precipitation method starting from soluble salts of 

the metals [21-23]. The most common second technique for the preparation of 

LDHs is anion-exchange [24-27]. The indirect sol-gel synthesis route for the 

preparation of LDHs recently was also developed [28-30]. The synthesized 

precursor gels were converted to the mixed metal oxides (MMO) by heating 

the gels at 650 °C. The LDHs were fabricated by reconstruction of MMO in 

deionized water at 80 °C. The proposed sol-gel synthesis route for LDHs 

showed some benefits over the co-precipitation method such as simplicity, 

high homogeneity and good crystallinity of the end synthesis products, 

effectiveness, cost efficiency and suitability for different systems. 

Intercalation of layered double hydroxides (LDHs) with different anions is 

very attractive and important area, since the anion-exchange capacity can 

mostly be used to change chemical and physical properties of LDHs [16, 31-

33]. It was demonstrated that the combination of the lanthanide elements in 

the layers of LDHs, the luminescent materials could be obtained [28, 34, 35]. 

Lanthanide doped LDH materials could be useful in many fields such as 

medicine, photochemistry, catalysis, environmental applications and 

fundamental investigations [36-41]. However, in many cases these LDHs are 

limited by the low emission intensity arising from the direct coordination of 

water molecules and hydroxyl groups to the RE centre in the layer. It was 

shown that intercalation of lanthanide-doped LDH materials with sensitizing 

anions allows to solve partially this problem [30, 42-44]. An efficient energy 
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transfer between host and guest organic anions in the interlayer galleries 

influences the luminescence properties significantly. 

 The aim of this PhD thesis was to synthesize new Mg-Al-based layered 

double hydroxides by modifying its chemical composition, to investigate 

cation and anion substitution effects on the formation of the end products and 

to investigate properties of obtained LDHs. To achieve this, the main tasks 

were formulated as follows: 

1. To investigate transition metal substitution effects in Mg3-xMx/Al1 (M
 

= Mn, Co, Ni, Cu, Zn) LDHs synthesized using the sol-gel chemistry 

approach. 

2. To investigate alkaline earth metal substitution effects in sol-gel 

derived Mg2-xMx/Al1 (M
 = Ca, Sr, Ba) LDHs and related mixed-metal 

oxides. To investigate the reconstruction peculiarities of sol-gel 

derived Mg2−xMx/Al1 (M
 = Ca, Sr, Ba) LDHs. 

3. To investigate the influence of ultrasound and cation substitution (Mn, 

Co, Ni, Cu, Zn) on the intercalation of organic anions (formate 

(HCOO−), acetate (CH3COO−), oxalate (C2O4
2−), tartrate (C4H6O4

2−) 

and citrate (C6H5O7
3−)) to the structure of Mg3/Al1 LDHs. 

4. To synthesize the Mg3Al1-xCrx LDH samples using an aqueous sol-gel 

method and investigate effect of Cr3+ substitution on phase purity, 

morphological and luminescent properties of obtained end products. 

The novelty and originality of PhD thesis. The transition metal 

substitution effects in Mg3-xMx/Al1 (M = Mn, Co, Ni, Cu, Zn) LDHs 

synthesized by sol-gel synthesis method were investigated. The alkaline earth 

metal substitution effects in Mg2-xMx/Al1 (M
 = Ca, Sr, Ba) LDHs synthesized 

by sol-gel synthesis method were investigated. The reconstruction 

peculiarities of sol-gel derived Mg2-xMx/Al1 (M = Ca, Sr, Ba) LDHs by 

changing proceeding conditions were investigated. The chromium-substituted 

Mg3Al1-xCrx LDH samples were fabricated using an aqueous sol-gel method 

and luminescent properties of obtained specimens were investigated. 
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1. LITERATURE OVERVIEW 

1.1. Basic structural aspects of layered double hydroxides 

Layered double hydroxides have two-dimensional structure which consists 

of positively charged layers and exchangeable interlayer anions [45-48].  

A general chemical formula of the LDHs can be expressed as 

[M2+
1−xM

3+
x(OH)2]x

+(An−)x/n·yH2O, where M2+ (Mg, Zn, Ni, Co, ..) and  

M3+ (Al, Ga, Cr, ..) are divalent and trivalent metal cations, respectively.  

An− is an intercalated n− valence inorganic (CO3
2−, OH−, NO3

−, SO4
2−, ClO4

−) 

or even organic acid anion which is located in the interlayer spaces along with 

water molecules and compensates the positive charge created by the partial 

substitution of M2+ by M3+ in a positively charged metal hydroxide layers  

[18, 19, 49, 50].  

The parent material of LDH class is a mineral hydrotalcite, or anionic clay, 

discovered in Sweden around 1842, namely hydroxycarbonate of magnesium 

and aluminium, Mg6Al2(OH)16CO3·4H2O, occurs in foliated and contorted 

plates and/or fibrous masses. Hydrotalcites consist of a positively charged 

two-dimensional brucite- (magnesium hydroxide) like layer, with anionic 

species in the interlayer to form neutral molecules [1]. LDHs are consequently 

also known as hydrotalcite-like materials [45, 51]. Although the stoichiometry 

of hydrotalcite was first correctly determined by Manasse (University of 

Florence) in 1915, the main structural features of LDHs were revealed by 

Allmann and Taylor in the 1960s [45, 11-14] performing the single crystal  

X-ray diffraction studies on the mineral samples.  

The basic layer structure of LDHs is based on that of brucite Mg(OH)2, 

which is of the CdI2 type (space group P-3m1; Z=1; Mg: 0, 0, 0; O and H: 1/3, 

2/3, z), and is built up by (001) layers of edge-sharing octahedra occupied by 

magnesium cations which are 6-fold coordinated to hydroxyl groups [46, 55]. 

These octahedral units form infinite layers by edge-sharing, with the 

hydroxide (OH) ions sitting perpendicular to the plane of the layers and 

parallel to the c-axis (Fig. 1a) [56]. The OH ions lie alternately above and 

below the neighbouring layers. The layers then stack on top of one another to 

form the 3D structure. Both the local geometry around the metal and the close-

packing of the hydroxyl anions are strongly distorted away from the idealized 

arrangements. However, the distortion of the brucite layers does not change 

the hexagonal symmetry (a = b = 0.3142 nm, c = 0.4766 nm, γ = 120◦) [45]. 

The basic structure of the LDH may be derived by substitution of a fraction 

of the divalent cations in the brucite-type octahedral layer by trivalent cations 

such that the layers gain a positive charge. This positive charge is balanced by 
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anionic species, which are located together with the water molecules in the 

interlayer gallery (Fig. 1b) [11]. 

 

 

Fig. 1. Perspective view of the crystal structure of brucite (reprinted from [55]) 

(a) and the crystal structure of LDH (reprinted from [11]) (b). 

 

The bonding between octahedral layers and interlayers involves a 

combination of electrostatic effects and hydrogen bonding [46]. LDHs have 

lamellar crystal structure with wide variations depending upon the identity and 

relative proportions of the di- and trivalent cations, as well as in the type of 

anions [57]. It is often said that only M2+ and M3+ ions having an ionic radius 

not too different from that of magnesium may be accommodated in the 

octahedral sites in the brucite-like layers to form LDH compounds and that 

cations which are too small or too large give rise to other types of compounds, 

and also that the most reliable composition range corresponds approximately 

to 0.2 ≤ x ≤ 0.4 [45, 58]. LDHs are characterized by an opened structure that 

is suitable for physico-chemical intercalation and adsorption processes with a 

large variety of molecules ranging from organic molecules to 

biomacromolecules. Regarding the anions, their size/charge ratio is important 

i.e. there should be a host-guest relationship in between the host inorganic 

layer and the dimensions of guest species in the interlayer [11].  

As a result, a large class of isostructural materials can be obtained by 

changing the nature of the metal cations, the molar ratios of M2+/M3+ as well 

as the type of interlayer anions. Compositional diversity in the brucite-like 

layers and in the interlayer anions leads to widely varied physicochemical 

properties of materials and functional diversity which allows LDHs to be used 

for a variety of applications. 

b a 
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1.2. Synthesis methods of layered double hydroxides 

LDHs can be fabricated by different synthesis methods, such as co-

precipitation, sol-gel, hydrothermal, combustion synthesis and synthesis using 

microwave irradiation [45, 59-63]. Here only the most commonly used and 

described in the literature synthesis techniques will be discussed in more 

details. 

The conventional approach for the synthesis of LDHs is co-precipitation 

method, which can be shortly described as follows. The addition of a base to 

an aqueous solution containing the salts of different metals, usually M2+ (or 

mixtures of M2+ species) and M3+ (or mixtures of M3+ species), and the anion 

that is to be incorporated into the lamellar structure gives rise the precipitation 

of the metal hydroxides and the subsequent formation of LDHs. Then the 

precipitates are collected, washed and dried to be deposited on a solid 

substrate, or dispersed in solution phase [21-23]. In order to ensure 

simultaneous precipitation of two or more cations, it is necessary to carry out 

the synthesis under conditions of supersaturation, which is attained by 

controlling the pH of the solution (as if the pH value too low does not allow 

the complete precipitation of all metallic ions, while a too high value leads to 

the leaching of one or more metallic ions) [45, 61]. Following co-precipitation, 

a thermal treatment process is often performed in order to increase yields 

and/or the crystallinity of amorphous or poorly crystallized materials [45]. 

The most common second an indirect technique for the preparation of 

LDHs (especially useful for the preparation of noncarbonate LDHs) is based 

on the classical anion exchange process [2, 24-27]. The method is carried out 

in one of two processes shown schematically as follows:  

 

LDH·Am− + Xn− → LDH·(Xn−)m/n + Am−    (1)  

where Am− and Xn− represent the original anion and the anion used to exchange 

the original anion, respectively. Briefly, the LDH are prepared by co-

precipitation (or other) method with host anions, most commonly NO3
−, CO3

2− 

and Cl−, as the exchange is easier than multi charged anions [11, 64]. In the 

later process, anions present in the interlayer are exchanged with the specific 

anions by stirring the LDH precursor in a solution containing an excess of 

anion to be intercalated into the structure [11]. A large number of organic and 

inorganic anions have been incorporated in LDHs using the ion-exchange 

process [45]. 
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Recently, a novel, environmentally friendly and effective sol-gel synthesis 

route was developed for the preparation of Mg-Al LDHs. This method was 

successfully applied to study the possibility of partially substituting 

aluminium by bismuth and cerium in LDHs [28, 29]. The synthesized 

precursor gels were converted to the mixed metal oxides (MMO) by heating 

the gels at 650 °C. The LDHs were fabricated by reconstruction of MMO in 

deionized water at 80 °C. Indeed, it is known that these materials benefit from 

the so-called “memory effect”, allowing the reconstruction of the lamellar 

structure by rehydration of the MMO [65, 66]. The proposed sol-gel synthesis 

route for LDHs showed some benefits over the co-precipitation method such 

as simplicity, high homogeneity and good crystallinity of the end synthesis 

products, effectiveness, cost efficiency and suitability for different systems. 

1.3. Intercalation of layered double hydroxides 

The interlayer domains of LDHs contain anions, water molecules and 

sometimes other neutral or charged moieties [45, 58]. Relatively weak 

bonding occurs between the interlayer ions or molecules and the brucite-like 

sheets and as a consequence LDH materials exhibit excellent expanding 

properties. A key feature of LDHs materials is therefore their anionic 

exchange capacity, which makes them unique as far as inorganic materials are 

concerned. A great variety of anionic species can be introduced into the 

interlayer regions of LDHs through direct syntheses such as co-precipitation, 

or post-synthesis modifications, such as anion exchange [24-27, 45]. 

Incorporated anions can be simple ones, such as carbonate, nitrate or chloride, 

or larger organic anions, such as carboxylates or sulfonates or inorganic 

polyoxometalates such as Keggin, Finke, or Dawson-type anions [45, 67, 68]. 

Intercalation of layered double hydroxides with different anions is very 

attractive and important area, since the anion-exchange capacity can mostly 

be used to change chemical and physical properties of LDHs [16, 31-33]. 

Recently, the influence of the origin of organic anion (oxalate, laurate, 

malonate, succinate, tartrate, benzoate, 1,3,5-benzentricarboxylate,  

4-methylbenzoate, 4-dimethylaminobenzoate and 4-biphenylacetonate) on the 

evolution of the chemical composition of the inorganic–organic LDHs system 

and on the luminescence properties of the Eu3+ doped LDHs containing these 

organic anions was investigated [13]. The X-ray diffraction analysis results 

showed that the positions of diffraction peaks (003) of LDHs intercalated with 

anions were shifted to smaller 2θ angle values in the XRD patterns. It was 

concluded that depending on the size these anions could have specific vertical 

or horizontal orientations in the LDH structure. Intercalation chemistry of 
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LDH materials and the advantages, disadvantages, and application 

possibilities of anion intercalated LDHs have been briefly summarized in [69, 

70].  

1.4. Applications of layered double hydroxides 

LDHs have anionic exchange capacity, and the ability to capture organic 

and inorganic anions makes them almost unique as inorganic materials [45]. 

LDHs are widely used in catalysis, adsorption, pharmaceutics, 

photochemistry, electrochemistry and many other areas [1, 9, 11, 71-75] 

 

 
 

Fig. 2. Different applications of LDHs. 

 

LDHs represent an inexpensive, versatile and potentially recyclable source 

of a variety of catalyst supports, catalyst precursors or actual catalysts [45, 76-

79]. The application performance of LDH as photocatalyst and organic 

synthesis catalyst have been extensively reviewed [73, 75]. 

20 years ago, Aicken et al. predicted that Mg-Al LDHs can be intercalated 

with different guest species with the following application in medicine [81]. 

And soon short review articles were published on the possible application of 

LDHs for pharmaceutical and medical purposes [82-85]. An important feature 

for the biomedical application of LDH is biosafety of LDH nanoparticles [86]. 

In [87] it was effectively demonstrated that Mg-Al LDH nanoparticles could 

potentially be used in stem cell research. In the last decade the results on the 

application of LDHs for gen and drug delivery have been explored [88-92]. 

Recently, the biocompatibility of LDHs was investigated in vivo [93]. Luca et 

al. [94] suggested to use LDH to transfer antibiotics for therapy.  

Natural or synthetic polymers and inorganic compounds including LDHs, 

known as bionanocomposites, show improved functional properties for 
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application in regenerative medicine like tissue engineering and theranostics 

[95-103]. 

It was also announced that the two-dimensional LDH based materials 

could possibly be used for the development of next generation biomedical 

devices [104-106]. Mixed metal or partially substituted LDHs bulk and thin 

films showed antibacterial, antimicrobial properties, high cytocompatibility 

and other interesting biomedical properties [107-113]. Ultrathin Ni-Fe-LDH 

films could possibly be used as a biomagnet [114]. LDH combined with 

magnetite is a suggested effective reagent for anticancer chemotherapy [115]. 

Mg-Fe LDH thin films were also deposited on Ti substrate [116]. Future 

prospects related to the application of LDHs in medicine are summarized in 

the review article [117]. 

Tran et al. [118, 119] showed that intercalated LDHs could be used as 

adsorbents to remove toxic metal cations and anions from aqueous media. 

Moreover, LDHs intercalated with succinic acid and lauric acid were used as 

lubricant additives [120]. Intercalated Mg-Al LDH nanosheets showed a high 

adsorption capability for the efficient and rapid removal of dyes [121]. LDHs 

intercalated with triazine-sulphonate anion showed highly efficient flame 

retardant performance for polypropylene [122]. The hexacyanoferrate-

intercalated LDHs were used for the detection of early-stage corrosion of steel 

[123]. LDHs with intercalated permanganate and peroxydisulphate anions 

were applied for the removal of chlorinated organic solvents from the 

contaminated water [124].  

Lanthanide doped LDH materials could be useful in many fields such as 

medicine, catalysis, environmental applications and fundamental 

investigations [125-127]. Recently it was demonstrated that the combination 

of the lanthanide elements in the interlayer space of LDHs, the promising 

luminescence materials could be obtained [28, 30, 34, 35, 44, 95, 118, 128-

134]. Chromium was also used as substituent in different LDHs for the various 

reasons. For instance, the Cr-substituted Mg-Al LDH was successfully used 

as catalyst in the aldose-ketose isomerization processes [135]. Mixed oxides 

obtained by thermal decomposition of Cr-substituted LDHs have been studied 

in the reaction of hydrocarbon steam reforming for producing of hydrogen 

[136]. The authors [137] recently suggested to use Cr-substituted Zn-Al LDHs 

as UV-Vis light photocatalysts for NO gas removal from the urban 

environment. Finally, the spectral emission of a natural LDHs has been 

studied by cathodo- and photoluminescence [138]. It was concluded that the 

presence of Cr3+ ion activators induced characteristic PL emission peaks in the 

red-infrared region at 681, 688 and 696 nm linked to E2 
4A2 transitions.   
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2. EXPERIMENTAL 

2.1. Materials 

Aluminium nitrate nonahydrate (Al(NO3)3·9H2O, 98.5%, Cheaper), 

magnesium nitrate hexahydrate (Mg(NO3)2·6H2O), 99.0% Chempur), 

manganese nitrate tetrahydrate (Mn(NO3)2·4H2O, 98.0%, Chempur), cobalt 

nitrate hexahydrate (Co(NO3)2·6H2O, 99.0%, Chempur), nickel nitrate 

hexahydrate (Ni(NO3)2·6H2O, 98.0%, Chempur), copper nitrate trihydrate 

(Cu(NO3)2·3H2O, 99.0%, Chempur), zinc nitrate hexahydrate 

(Zn(NO3)2·6H2O, 99.0%, Chempur), calcium nitrate tetrahydrate 

(Ca(NO3)2·4H2O, 99.0%, Chempur), strontium nitrate (Sr(NO3)2, 99.0%, 

Chempur), barium nitrate (Ba(NO3)2, 99.0%, Chempur), chromium nitrate 

nonahydrate (Cr(NO3)3∙9H2O, Aldrich, 99 %) were used as starting materials 

in the preparation of LDHs. Citric acid monohydrate (C6H8O7·H2O, 99.5%, 

Chempur) and 1,2-ethanediol (C2H6O2, 99.8%, Chempur) were used as 

complexing agents in the sol-gel processing. Ammonia solution (NH3, 25%, 

Chempur) was used to change pH of the solution. Sodium chloride (NaCl, 

99.5%, Chempur), hydrochloric acid (HCl, 37%, Sigma-Aldrich), sodium 

formate (HCO2Na), 98.0%, Alfa Aesar), ammonium oxalate monohydrate 

(NH4)2C2O4∙H2O, 99.8%, Chempur), sodium acetate trihydrate 

(CH3COONa∙3H2O), 99.0%, Chempur), potassium sodium tartrate 

tetrahydrate (C4H4KNaO6∙4H2O, 99.0%, Chempur) and sodium citrate 

dihydrate (C6H5O7Na3∙2H2O, 99.0%, Chempur) were used for the 

intercalation of anions. 

2.2. Synthesis of Mg3-xMx/Al1 (M = Mn, Co, Ni, Cu, Zn) layered 

double hydroxides 

For the synthesis of Mg3-xMx/Al1 (M
 = Mn, Co, Ni, Cu, Zn) layered double 

hydroxides the stoichiometric amounts of starting materials were dissolved in 

distilled water under continuous magnetic stirring. Citric acid was added to 

the above solution and the obtained mixture was stirred for an additional 1 h 

at 80°C. 2 mL of 1,2-ethanediol was then added to the resulting solution. Next, 

the stirring was continued at 150°C for the complete evaporation of the 

solvent. The obtained transparent gels were dried at 105°C for 24 h. The mixed 

metal oxides (MMO) were obtained by heating the gels at 650°C for 4 h. The 

LDH powdered specimens were obtained by reconstruction of the synthesized 

MMO in water at 50°C for 6 h under stirring. The schematic diagram of the 

sol-gel processing is presented in Fig. 3. 
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Fig. 3. Schematic diagram of sol-gel preparation of Mg3-xMx/Al1 LDHs, (M = Mn, 

Co, Ni, Cu, Zn). 

 

2.3. Synthesis of Mg2-xMx/Al1 (M= Ca, Sr, Ba) layered double hydroxides 

Mg2−xMx/Al1 (M
 = Ca, Sr, Ba; x = 0.1) gels were synthesized by the sol-gel 

synthesis method depicted in Figure 3. The mixed metal oxides 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 obtained oxides in 

water at 50°C for 6 h under stirring and by changing the pH of the solution to 

10 with ammonia solution.  

2.4. Anion exchange in Mg3/Al1 and Mg3-xMx/Al1 (M
 = Mn, Co, Ni, Cu, Zn) 

layered double hydroxides 

Mg3/Al1 and Mg3-xMx/Al1 (M = Mn, Co, Ni, Cu, Zn) -formate, -oxalate,  

-acetate, tartrate and -citrate LDHs were synthesized using ion exchange 

method. The 0.5 g of Mg3/Al1 or Mg3-xMx/Al1 (M
 = Mn, Co, Ni, Cu, Zn) LDHs 

was added into 500 mL of a 1 M NaCl solution containing 3.3 mM of HCl. 

The resultant mixture was stirred for 24 h at room temperature. The 

suspension was filtered, the resultant solid washed with decarbonated water 

and acetone for several times and dried at 40°C for 24 h. At the next step,  

2 mmol of Mg3Al1 or Mg3-xMx/Al1 (M = Mn, Co, Ni, Cu, Zn) was added in the 

solution of organic listed above taking 1.5 molar excess in comparison to 

LDH. The reaction was carried out under two different methods: (a) the 

mixture was mixed at room temperature for 24 h; and (b) the mixture was 

sonicated at room temperature for 30 min. The suspension obtained by a) or 

b) method was filtered, the resultant solid washed with decarbonated water 

and acetone for several times and dried at 40°C for 24 h. 
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2.5. Synthesis of Mg3Al1-xCrx (x = 0.0, 0.01, 0.05, 0.075, 0.1 and 0.25) 

layered double hydroxides 

The Cr-substituted Mg3Al1-xCrx LDH samples (x = 0.0, 0.01, 0.05, 0.075, 

0.1 and 0.25) were synthesized by the sol-gel synthesis method. The 

stoichiometric amounts of starting materials were dissolved in distilled water 

under continuous magnetic stirring. Citric acid was added to the above 

solution and the obtained mixture was stirred for an additional 1 h at 80°C. 2 

mL of 1,2-ethanediol was then added to the resulting solution. Next, the 

stirring was continued at 150°C for the complete evaporation of the solvent. 

The obtained transparent gels were dried at 105°C for 24 h. The mixed metal 

oxides (MMO) were obtained by heating the gels at 650°C for 4 h. The LDH 

powdered specimens were obtained by reconstruction of the synthesized 

MMO in water at 50°C for 6 h under stirring. 

2.6. Characterization techniques 

For the characterization of phase purity of synthesized materials, the XRD 

analysis was performed in the 2θ range from 10 to 70° (step size of 0.02°) with 

a scanning speed of 2°/min using a MiniFlex II diffractometer (Rigaku, Japan) 

(Cu Kα1 radiation). The FT-IR spectra were collected using an Alpha (Bruker, 

Inc., Germany) spectrometer. All spectra were recorded at ambient room 

temperature in the range of 4000–480 cm-1. The morphology of synthesized 

LDH samples was investigated using a scanning electron microscope Hitachi 

SU-70 (Hitachi, Japan). Nitrogen adsorption by the BET and Barret method 

was used to determine the surface area and pore diameter of the materials 

(TriStar II 3020, Micromeritics, Norcross, GA, USA). The pore-size 

distribution was evaluated by the BJH procedure. Thermal analysis of 

synthesized samples was carried out using a simultaneous thermal analyzer 

STA6000 (Perkin-Elmer, Maltham, MA, USA) in air atmosphere at scan rate 

of 5 °C/min and the temperature range from 30°C up to 700°C. Raman 

scattering spectra were measured with combined Raman and SNOM 

microscope Alpha 300 RS (WiTec, Germany) with 532 nm excitation laser 

source and 20x objective. The EDX analysis of the specimens was performed 

using a scanning electron microscope Hitachi TM 3000 (Hitachi, Japan). 

Elemental analysis of the synthesized samples was also performed by ICP-

OES optical emission spectrometry using Perkin-Elmer Optima 7000DV 

(Perkin-Elmer, Maltham, MA, USA) spectrometer. The analyzed samples 

were dissolved in 5% nitric acid (HNO3, 69%, Carl Roth) and diluted to an 

appropriate volume. Calibration solutions were prepared by an appropriate 

https://www.sciencedirect.com/topics/materials-science/elemental-analysis
https://www.sciencedirect.com/topics/materials-science/inductively-coupled-plasma-atomic-emission-spectroscopy
https://www.sciencedirect.com/topics/materials-science/inductively-coupled-plasma-atomic-emission-spectroscopy
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dilution of the stock standard solutions (single-element ICP standards 

1000 mg/L, Carl Roth). The reflection, PL and PLE spectra were recorded on 

the Edinburg Instruments FLS980 modular spectrometer (Kirkton Campus, 

UK). Both excitation and emission spectra were corrected for instrument 

spectral response.    
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3. RESULTS AND DISCUSSION 

3.1. Transition metal substitution effects in sol-gel derived Mg3-xMx/Al1 

(M = Mn, Co, Ni, Cu, Zn) layered double hydroxides 

In this part, the transition metal substitution effects and limits, which could 

be introduced to the sol-gel derived LDHs without destroying the layered 

structure were investigated. 

3.1.1. Characterization of synthetized Mg3-xMx/Al1 

(M = Mn, Co, Ni, Cu, Zn) LDHs 

Fig. 4. shows XRD patterns of sol-gel derived Mg3-xMnx/Al1 LDHs. As 

seen, 12 mol% of manganese (II) could be introduced instead of magnesium 

to Mg3Al1 LDH without destroying the layered structure. However, with an 

increasing amount of transitional metal till 14 mol% the minor amount of 

MnO impurity phase has formed. 

 

 

Fig. 4. XRD patterns of sol-gel derived Mg3-xMnx/Al1 LDHs 

A slightly higher amount of Co (II) (14 mol%) could be introduced to the 

LDH structure without any structural disturbance (see Fig. 5). With futher 
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increase of cobalt the formation of a small amount of CoO phase was visible 

from the XRD pattern. The intensity of main reflections of Mg3-xCox/Al1 

LDHs increases monotonically with increasing amounts of cobalt in LDHs. 

 

Fig. 5. XRD patterns of sol-gel derived Mg3-xCox/Al1 LDHs 

As seen in Fig. 6, synthesizing Ni (II) substituted LDHs, even at low 

concentrations of nickel (1–5 mol%) the negligible amount of NiO phase was 

formed. Only 2.5 mol% of magnesium could be substituted by Cu (II) in 

Mg3Al1 LDHs without formation of impurities (see Fig. 7.). 

As seen from Fig. 8, Zn (II) like manganese and cobalt substituted LDHs 

could be introduced to the layered structure more easily. The monophasic  

Mg3-xZnx/Al1 sample containing 10 mol% of zinc has been synthesized. With 

further increase of transition metal substituent, the formation of ZnO was not 

possible to avoid. 

The XRD analysis results confirmed that the substitution of magnesium by 

transition metals in the LDHs synthesized using an aqueous sol-gel method 

highly depends on the nature and concentration of the transition metal. The 

most important parameters possibly responsible for the level of substitution of 

magnesium in LDHs could be an ionic crystal radius of metals and value of 

solubility product of appropriate metal hydroxides. 
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Fig. 6. XRD patterns of sol-gel derived Mg3-xNix/Al1 LDHs 

 

 

Fig. 7. XRD patterns of sol-gel derived Mg3-xCux/Al1 LDHs 
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Fig. 8. XRD patterns of sol-gel derived Mg3-xZnx/Al1 LDHs 

 

3.1.2. FT-IR spectra of Mg3-xMx/Al1 (M = Mn, Co, Ni, Cu, Zn) LDHs  

FT-IR spectra in the region of the representative 4000–480 cm-1 

monophasic Mg3-xMx/Al1 (M = Mn, Co, Ni, Cu and Zn) LDHs samples were 

almost identical independent of the nature of metal and the amount of 

substituent (see Fig. 9.). The broad and weak absorption bands visible in the 

range of wavelengths of 3600–3100 cm−1 and at 1630 cm−1 correspond to the 

O–H stretching vibrations in the hydroxyl layers and probably from 

intercalated between layers and adsorbed on the surface water molecules 

[130]. The narrower medium to strong absorption band visible at about 1355 

cm−1 is attributed to the asymmetric vibration modes of ionic carbonate CO3
2−. 

The absorption bands observed at approximately 615–610 cm−1 originate from 

the metal-oxygen stretch vibrations [130]. Thus, FT-IR spectroscopy results 

confirm the high reproducibility of sol-gel processing used in this study for 

the preparation of mixed-metal LDH samples. 
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Fig. 9. FT-IR spectra of differently substituted Mg3-xMx/Al1 LDHs (M = Mn, Co, 

Ni, Cu and Zn) 

The determined N2 adsorption-desorption isotherms for manganese- and 

copper-containing LDHs exhibit type IV isotherms, however, with different 

sub-types (see Fig. 10). At higher pressure values the H1 hysteresis 

characteristic for the mesoporous materials are seen [10]. However, the steep 

increase at relatively low pressures let us confirm the type of H4 isotherms 

[139] and to conclude that the adsorption-desorption isotherms obtained for 

copper-containing LDHs samples are qualitatively and quantitatively almost 

the same. The surface area of Mg3-xMnx/Al1 samples evidently depends on the 

amount of manganese in the specimen. The cobalt-, nickel- and zinc-

containing LDHs according to the shape of isotherms could be described 

having only the H1 hysteresis. The surface area of Mg3-xCox/Al1, Mg3-xNix/Al1 

and Mg3-xZnx/Al1 LDHs also slightly depend on the amount of substituent. 

The common trend is that hysteresis increases with increasing amount of 

transition metal. Only in the case of cobalt was the highest adsorbed amount 

determined for the Mg3-xCox/Al1 sample with 8% mol of cobalt. 



25 

 

Fig. 10. N2 adsorption-desorption isotherms of the Mg3-xMnx/Al1 and Mg3-

xCux/Al1 LDHs 

 

3.1.3. SEM analysis of Mg3-xMx/Al1 (M = Mn, Co, Ni, Cu, Zn) LDHs 

The SEM micrographs of all samples clearly showed the characteristic 

morphology of layered double hydroxides. The morphological features of 

zinc-substituted Mg3-xZnx/Al1 LDHs are presented in Fig. 11. 
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Fig. 11. SEM micrographs of the Mg3-xZnx/Al1 LDHs. Zinc content 10 mol% (A) 

and 20 mol% (B) 

The Mg3-xZnx/Al1 sample with the 10 mol% zinc content is composed of 

homogeneously distributed fine plate-like nanoparticles. However, with an 

increasing amount of Zn from 10 to 20 mol% the increase in the size of the 

nanoparticles is evident. Moreover, the surface of the Mg3-xZnx/Al1 specimen 

with 20 mol% of Zn is covered by bigger cubic particles, which, according to 

XRD analysis data, could be attributed to ZnO. The surface microstructure of 

the Mg3-xMnx/Al1, Mg3-xCox/Al1, Mg3-xNix/Al1 and Mg3-xCux/Al1 samples is 

very similar to the zinc containing sample. Particle size and level of 

agglomeration slightly depend on the amount of introduced transition metals 

instead of magnesium to the LDH structure. 

3.2. Alkaline earth metal substitution effects in sol-gel derived mixed-metal 

oxides and Mg2-xMx/Al1 (M
 = Ca, Sr, Ba) layered double hydroxides 

In this part of study, the alkaline earth metal substitution effects, which 

could be introduced to the sol-gel derived LDHs were investigated. 

20 µm 

A 

20 µm 

B 
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3.2.1. Characterization of synthetized MMO and reconstructed LDHs 

Fig. 12 shows XRD patterns of sol-gel derived Mg2-xCax/Al1 LDHs with 1 

mol% of calcium reconstructed by changing the pH of the aqueous solution 

from 10 to 12.  

 

Fig. 12. XRD patterns of sol-gel derived Mg2-xCax/Al1 (Ca = 1 mol%) LDHs 

obtained at different pH 

As seen, 1% mol of calcium could be introduced easily instead of 

magnesium to Mg2/Al1 LDHs without destroying the layered structure [140]. 

However, a minor amount of alumina and magnesium oxide phase is also 

forming during the reconstruction approach. Besides, the reflections of LDHs 

were most intensive in the case when the reconstruction of sol-gel derived 

MMO was performed at pH = 10. Therefore, further syntheses of LDHs with 

higher amount of calcium were conducted at pH = 10. The XRD patterns of 

MMO obtained by heating the Mg2-xCax/Al1 precursor gels at 650 °C are 

presented in Fig. 13. The XRD patterns of synthesis products with different 

substitutional level of Ca ranging from 1 to 5 mol% are almost identical and 

revealed in all cases the formation of poorly crystalline magnesium oxide [29]. 
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Fig. 13. XRD patterns of MMO obtained by heating the Mg2-xCax/Al1 precursor 

gels at 650 oC 

The phase purity of Mg2-xCax/Al1 LDHs obtained by reconstruction of sol-

gel derived MMO evidently are dependent on the amount of introduced 

calcium (Fig. 14). With increasing amount of Ca up to 5 mol%, the intensity 

of characteristic reflections of LDH monotonically decreases in the XRD 

patterns, and the amount of impurities, such as Al2O3, CaCO3 and magnesium 

oxide phase slightly increased. 

Interestingly, the phase purity of Mg2-xSrx/Al1 LDH with the 1 mol% of Sr 

is independent on the value of solution pH utilized during reconstruction 

approach. The phase purity of sol-gel–derived Mg2-xSrx/Al1 LDHs (Sr content 

equals to 1 and 5 mol%) also is dependent on the amount of introduced Sr. 

The results obtained on barium substitution in Mg2-xBax/Al1 LDHs are very 

similar to the ones discussed above on the formation of Mg2-xSrx/Al1 LDHs. 

The XRD analysis results confirmed that the substitution of magnesium by 

alkaline earth metals in the LDHs synthesized using an aqueous sol-gel 

method highly depends on the nature and concentration of the alkaline earth 

metal. The ionic crystal radius of metals possibly is not the only parameter 

responsible for the level of substitution of Mg by alkaline earth metals in 

LDHs. The second parameter that could influence the formation of LDH could 

be the value of the solubility product of metal hydroxides. In the case of Mg2-
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xCax/Al1 LDH which showed the highest substitutional level, the solubility 

products are 1.8·10−11 for Mg(OH)2 and 5.5·10−6 for Ca(OH)2. However, the 

hydroxides of Sr and Ba are rather soluble. On the other hand, the solubility 

product of SrCO3 (KSP= 4.59·10−9) is slightly lower than that the solubility 

product of BaCO3 (KSP = 1.13·10−8). This might be the reason that a small 

amount of barium could be introduced in the Mg2-xBax/Al1 LDH, despite the 

Ba(OH)2 is sufficiently soluble in water. 

 

 

Fig. 14. XRD patterns of the sol-gel derived Mg2-xCax/Al1 LDHs 

 

3.2.2. N2 adsorption-desorption isotherms and specific surface area of Mg2-

xMx/Al1 (M
 = Ca, Sr, Ba) mixed metals oxides 

The BET results obtained (Fig. 15) demonstrated that the N2 adsorption-

desorption isotherms of calcium 1–4 mol% MMO samples exhibited type IV 

isotherms with a sharp capillary condensation step at relative pressure,  

0.4–0.9 [141]. At higher pressure values clearly the H1 hysteresis loop is seen 

which indicates the presence of cylindrical mesopores [10, 141]. However, the 

increase observed at relatively low pressures let us confirm the type of H4 
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isotherms [139, 142]. The surface area of calcium containing MMO samples 

which contains 5% mol of calcium is different and dependent on the amount 

of calcium in the specimen. 

 

Fig. 15. N2 adsorption-desorption isotherms of Mg2-xCax/Al1 MMO 

 

It was also demonstrated that N2 adsorption-desorption isotherms of sol-

gel synthesized mixed-metal oxides containing Sr and Ba are very similar to 

the calcium containing samples. 

 

3.2.3. SEM analysis of Mg2-xMx/Al1 (M
 = Ca, Sr, Ba) mixed metal oxides 

and layered double hydroxides 

Fig. 16. shows the morphological features of calcium 1 and 5 mol% 

containing MMO and subsequently obtained Mg2-xCax/Al1 LDHs. The SEM 

micrographs of MMO confirm that the surface of synthesized compounds is 

composed of large monolithic particles of about 15–20 µm in size. The 

randomly distributed pores on the chips-coated surface of these monoliths also 

are seen. The formation of plate-like crystals with size of 1.5–5 µm in the case 

of Mg2-xCax/Al1 with the 1 mol% Ca content, were observed for the 
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reconstructed LDH. As the amount of calcium in LDH increases, the sample 

with more inhomogeneous morphology having larger grains has formed. 

The surface microstructure of Sr and Ba containing MMO is very similar 

to the Ca containing ones. During the reconstruction of Sr containing MMO 

much larger LDHs particles have formed (5–15 μm). The formation of plate-

like crystals with a size of 1.5–7.5 μm with well-pronounced connectivity 

between inner grains occurred for Mg2-xBax/Al1 LDHs. 

  

20 µm 

A 

20 µm 

B 
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Fig. 16. SEM micrographs of the sol-gel derived Mg2-xCax/Al1 reconstructed 

LDHs (bottom) and MMO obtained after calcination precursor gels at 650 oC 

(top). Amount of Ca: 1 mol% (A) and 5 mol% (B). 

 

3.3. Reconstruction peculiarities of sol-gel derived Mg2−xMx/Al1 

(M = Ca, Sr, Ba) layered double hydroxides 

The main aim of this part of doctoral dissertation was to investigate the 

reconstruction peculiarities of the alkaline earth metal substituted 

Mg2−xMx/Al1 (M = Ca, Sr, Ba; x = 0.1) LDHs. 

20 µm 

A 

20 µm 

B 
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3.3.1. Characterization of synthetized MMO and reconstructed LDHs 

To study the reconstruction peculiarities of sol-gel derived Mg2−xMx/Al1 

(M = Ca, Sr, Ba; x = 0.1) LDHs, the precursor gels were firstly annealed at 650 

°C, 800 °C, and 950 °C. The XRD patterns of MMO obtained by heating 

unsubstituted Mg2/Al1 LDH precursor gels at 650 °C show the formation of a 

MMO phase with an MgO-like structure [28]. Thermal treatment of the 

precursor gels at 800 °C resulted in the formation of MMO and a low-

crystallinity spinel, MgAl2O4, phase. After heating at 950 °C the highly 

crystalline MgAl2O4 phase has formed along with the MgO phase. The XRD 

patterns of the Mg2/Al1 LDHs synthesized by the indirect sol-gel method show 

the formation of LDHs independent of the annealing temperature of the 

precursor gels. These results are in good agreement with those previously 

published elsewhere [143]. 

The XRD patterns of MMO obtained by heating the Mg1.9M0.1/Al1 (M
 = Ca, 

Sr, Ba) precursor gels at 800 °C and 950 °C are almost identical and revealed 

in all cases the formation of crystalline MgO, magnesium spinel phase 

MgAl2O4 and an appropriate spinel of alkaline earth metal. During the partial 

reconstruction process, the phase purity of LDHs evidently is dependent on 

the nature of introduced metal. The spinel phases remained almost unchanged 

during the reconstruction process. Moreover, a negligible amount of 

appropriate alkaline earth metal carbonates has formed as well. The XRD 

patterns of Mg2−xCax/Al1 (x = 0.1) LDHs obtained from MMO annealed at 

different temperatures are presented in Figure 17.  
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Fig. 17. XRD patterns of reconstructed Mg2-xCax/Al1 (Ca = 5 mol%) LDHs 

obtained by reconstruction of MMO annealed at different temperatures. 

The obtained Mg2-xMx/Al1 LDH samples were repeatedly heated at 

different temperatures to obtain MMO and compare the phase composition, 

morphology, and surface properties with the ones obtained after initial 

annealing. The XRD patterns of mixed MMO obtained by heating the Mg2/Al1 

precursor gels and obtained by heating the Mg2/Al1 LDHs 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. The second time obtained Ca and Sr 

substituted MMO samples contain much more side phases (see Figure 18). 

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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Fig. 18. XRD patterns of MMO obtained by heating the Mg1.9Ca0.1/Al1 LDHs (bottom), 

Mg1.9Sr0.1/Al1 LDHs (middle), and Mg1.9Ba0.1/Al1 LDHs (top) at different temperatures. 
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3.3.2. N2 adsorption-desorption isotherms and specific surface area of Mg2-

xMx/Al1 (M
 = Ca, Sr, Ba) MMO and LDHs 

The results received by the BET method on Mg2/Al1 MMO obtained from 

Mg2/Al1 LDHs are comparable with those determined for the Mg3/Al1 LDH 

samples.  

The samples exhibit type IV isotherms independent of the annealing 

temperature. At higher pressure values, the H1 hystereses are seen. However, 

in the case of the MMO obtained by heating Mg2/Al1 precursor gel, the steep 

increase at relatively low pressures let us predict the type of H4 hystereses, 

especially for the MMO samples obtained at lower temperature. The surface 

area of these MMO samples evidently depends on the synthesis temperature. 

N2 adsorption-desorption results obtained for the MMO containing Ca, Sr and 

Ba demonstrated that the N2 adsorption-desorption isotherms show very 

similar trends. However, in the case of Ba-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 1. 

 

Table 1. BET surface area of sol-gel derived Mg1.9M0.1/Al1 (M = Ca, Sr and Ba) 

MMO. 

Precursor compound Temperature BET Surface Area m2/g 

Mg2Al1 precursor gels 800 °C 87.47 

Mg2Al1 800 °C 65.45  

Mg2Al1 precursor gels 950 °C 27.75 

Mg2Al1 950 °C 40.53 

Mg1.9Ca0.1/Al1 precursor gels 800 °C 46.46 

Mg1.9Ca0.1/Al1 800 °C 129.16 

Mg1.9Ca0.1/Al1 precursor gels 950 °C 34.79 

Mg1.9Ca0.1/Al1 950 °C 46.08 

Mg1.9Sr0.1/Al1 precursor gels 800 °C 53.85 

Mg1.9Sr0.1/Al1 800 °C 104.54 

Mg1.9Sr0.1/Al1 precursor gels 950 °C 36.29 
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Precursor compound Temperature BET Surface Area m2/g 

Mg1.9Sr0.1/Al1 950 °C 51.96 

Mg1.9Ba0.1/Al1 precursor gels 800 °C 63.22 

Mg1.9Ba0.1/Al1 800 °C 122.49 

Mg1.9Ba0.1/Al1 precursor gels 950 °C 32.50 

Mg1.9Ba0.1/Al1 950 °C 40.58  

 

 

The pore size distributions obtained by the BJH method for the MMO 

specimens obtained by heating Mg2/Al1 precursor gels and Mg2/Al1 LDHs 

show that both samples demonstrate narrow pore size distributions (PSD) 

almost at the mesoporous level, however close to micropores domain. 

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 MMO containing Sr are shown in Figure 19. 

Apparently, 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 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 for the Ca-MMO, Sr-MMO, 

and Ba-MMO samples, respectively, synthesized at 800 °C. The pore size 

distribution is wider for the MMO synthesized at 950 °C. 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. In general, the gain in the volume of 

mesopores is detected 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. 
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Fig. 19. The pore size distribution of MMO obtained by heating the Mg1.9Sr0.1/Al1 

LDHs (bottom) and by heating the Mg1.9Sr0.1/Al1 precursor gels (top) at 800 °C and 

950 °C. 
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3.3.3. Morphological investigation of synthesized samples  

The SEM micrographs of Mg2/Al1 MMO obtained by heating precursor gel 

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 the formation of round particles (3–15 µm) 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 Mg2/Al1 precursor gel and MMO obtained by 

heating Mg2/Al1 LDHs) differ considerably (see Figure 20).  
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Fig. 20. SEM micrographs of MMO obtained by heating the Mg2/Al1 LDHs 

(bottom) sol-gel derived Mg2/Al1 LDHs (middle) and MMO obtained by heating 

the Mg2/Al1 precursor gels (top). Annealing temperatures: 800 °C (A) and      950 

°C (B). 

 

The surface of Ca containing MMO obtained by heating the precursor gels 

is composed of large monolithic particles (≥20 µm). The plate-like crystals 

with sizes of 5–15 µm composed of nanosized plate-like crystallites have 

formed for the reconstructed LDH samples. Almost identical microstructure 

was observed for the MMO specimens obtained after heating Mg1.9Ca0.1/Al1 

LDH samples. The surface microstructure of Sr-containing MMO obtained by 

heating the 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). 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. 

3.4. Influence of ultrasound and cation substitution on the intercalation of 

organic anions to the Mg3/Al1 layered double hydroxide  

In this part of doctoral thesis the influence of ultrasound and cation 

substitution on the intercalation of organic anions to the Mg3/Al1 LDH has 

been investigated. 

20 µm 

B 
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3.4.1. Characterization of synthetized and intercalated LDHs 

Since the LDHs containing chloride anion are the most suitable precursors 

for the anion-exchange process [13, 144], the intercalation of organic anions 

formate, oxalate, acetate, tartrate and citrate in the Mg3/Al1 LDHs was 

performed from chloride containing LDHs. The XRD patterns of the LDH 

phases obtained by the anion exchange reactions without or with usage of 

ultrasound (us) are shown in Fig. 21. As seen, the diffraction peaks for 

Mg3/Al1-Cl, Mg3/Al1-oxalate-us, Mg3/Al1-tartrate-us and Mg3/Al1-citrate-us 

are shifted to the lower values of 2θ angle indicating a considerable increase 

in the basal spacing c values as compared with the respective values for the 

main Mg3/Al1 LDH. These results clearly show that the treatment with 

ultrasound promotes the anion-exchange reactions significantly. This might 

be associated with increased reaction rate at such conditions [144]. On the 

other hand, the positions of diffraction peaks (003) of Mg3/Al1-formate-us and 

Mg3/Al1-acetate-us LDHs are not shifted. 

 
Fig. 21. XRD patterns of Mg3/Al1 LDHs with different intercalated anions and 

prepared without and with ultrasound (us). 

 

The different manganese and cobalt substitution effects on the intercalation 

of above mentioned anions in Mg3-xMnx/Al1 and Mg3-xCox/Al1 LDHs could be 

observed in Fig. 22.  
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Fig. 22. XRD patterns of Mg3-xMnx/Al1 and Mg3-xCox/Al1  LDHs intercalated with 

different anions and prepared without and with ultrasound (us) 

 

As seen from these results, the manganese has no influence on the 

intercalation process. The shift of diffraction peaks attributable only to the 

sonicated Mg3-xMnx/Al1-anion-us LDH samples is visible. However, the 

different situation is happening in the case of cobalt substitution. The XRD 

results confirm that cobalt promotes intercalation of oxalate and tartrate to the 

interlayer of Mg3-xCox/Al1 LDHs without additional sonication. It is 

interesting to note, that if ultrasound is not used the oxalate does not enter the 

interlayer of Mg3-xNix/Al1 LDHs, but could be intercalated to the structure of 

Mg3-xCux/Al1 LDHs. The behaviour of tartrate in these nickel and copper 
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substituted LDHs is completely opposite. The tartrate participates in the anion 

exchange reaction in Mg3-xCux/Al1 LDHs, and does not enter the structure of 

Mg3-xNix/Al1 LDHs. The similar shift of diffraction peaks as in Mg3-xMnx/Al1 

was observed and in Mg3-xZnx/Al1 LDHs confirming that these anions could 

be intercalated to the zinc-substituted LDHs only under sonication (see  

Fig. 23). 

 

Fig. 23. XRD patterns of Mg3-xZnx/Al1 LDHs with different intercalated organic 

anions and prepared without and with ultrasound (us) 

 

3.4.2. FT-IR spectra of Mg3-xMx/Al1 (M = Mn, Co, Ni, Cu, Zn) LDHs 

intercalated with different anions 

FT-IR spectra of Mg3/Al1 and Mg3/Al1-Cl LDH samples in the region of 

3750–480 cm−1 contain the absorption bands at about 3600–3100 cm−1 and 

weaker bands at 1655–1640 cm−1 which could be attributed to the stretch 

vibration in (-OH) groups originated from the hydroxyl layers and from 

intercalated water molecules [13, 28, 29, 43, 145]. The strong absorption 

bands visible at 1360 cm−1 are attributed to the asymmetric vibration modes of 

ionic carbonate, which still exists in the interlayer of LDHs. The FT-IR spectra 

of Mg3/Al1-formate and Mg3/Al1-formate-us LDHs qualitatively cannot be 

distinguished from the spectrum of Mg3/Al1 LDH. However, the FT-IR 

spectra of Mg3/Al1 LDHs intercalated with oxalate ion contain the strong 
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absorption band at 1315 cm−1 which is assigned as symmetric (-COO-) 

vibration in the oxalate groups. 

FT-IR spectra of Mg3-xMx/Al1 (M = Mn, Co, Ni, Cu and Zn) LDHs 

intercalated with oxalate using sonication are shown in Fig. 24. All spectra 

independent on the used transition metal for substitution confirms 

intercalation of oxalate to the structure of LDHs as was determined by XRD 

analysis. On the other hand, the FT-IR spectroscopy results do not support the 

conclusion that the tartrate anion participates in the anion exchange reaction 

in Mg3-xCux/Al1 LDHs. No characteristic absorption bands of tartrate were 

observed in the FT-IR spectra of Mg3-xCux/Al1-tartrate and Mg3-xCux/Al1-

tartrate-us LDHs. 

 

Fig. 24. FT-IR spectra of Mg3-xMx/Al1 (M = Mn, Co, Ni, Cu and Zn) LDHs 

intercalated with oxalate using ultrasound (us) and appropriate organic compound 

used in ion exchange method   



46 

3.4.3. Raman spectroscopy of Mg3-xMx/Al1 (M = Mn, Co, Ni, Cu, Zn) LDHs 

intercalated with different anions 

Fig. 25 compares Raman spectra of oxalate, citrate, Mg3/Al1 LDH, Mg3/Al1 

LDHs intercalated with oxalate, citrate anions and obtained without and under 

ultrasound conditions. The strong high frequency features located at about 

1500 cm−1 for oxalate [146] are visible in the Raman spectra of Mg3/Al1-

oxalate and Mg3/Al1-oxalate-us LDHs. The well-defined characteristic bands 

of citrate [147] could be determined only in sonicated Mg3/Al1-citrate-us 

(spectrum is not shown). These results are in a good agreement with 

previously discussed XRD and FT-IR results.  

 

 

Fig. 25. Raman spectra of Mg3/Al1, Mg3/Al1 LDHs intercalated with oxalate anion 

without and under ultrasound (us) and appropriate organic compounds used in ion 

exchange method 

 

Different spectral patterns were observed for Mg3/Al1 LDHs intercalated 

with formate and acetate anions. Interestingly, the main peak position 

observed for the formate [148] could be detected also in the Raman spectra of 
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Mg3/Al1 LDHs intercalated with formate. However, this feature was not 

confirmed by specific shift of the diffraction peaks in the XRD patterns of this 

compounds. On the other hand, it is clearly seen that Raman spectra of 

Mg3/Al1-acetate LDHs do not contain any specific absorption bands 

attributable to acetate [149]. Therefore it can be concluded that formate 

contrary oxalate and tartrate and citrate is only adsorbed on the surface of 

LDHs but does not enter the interlayer space (Fig. 26). 

 

Fig. 26. The schematic representation of possible interaction of Mg3/Al1 LDHs 

with organic anions 

 

3.4.4. TG-DTG-DCS results of Mg3-xMx/Al1 (M = Mn, Co, Ni, Cu, Zn) 

LDHs intercalated with different anions 

The TG-DTG-DCS curves of Mg3/Al1 and Mg3/Al1 LDHs intercalated with 

citrate under sonication are shown in Fig. 27. The initial mass loss observed 

in the temperature range of 30–210°C is associated with evolution of moisture 

and adsorbed water. The main decomposition of LDHs occurs via continuous 

mass loss step in the temperature range of 210–600oC. These thermal 

behaviour results from the loss of the coordinated water and the intercalated 

anions and dehydroxylation of the layers followed by collapse of the layered 
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structure in the higher temperature range. It could be easily observed that the 

total mass loss for the Mg3/Al1 LDH sample is about 42.5%. The increased 

total loss (about 48.9%) observed for the Mg3/Al1-citrate-us LDHs confirms 

once again that organic anion is intercalated in the layered structure of LDH 

or/and adsorbed on the surface of synthesized material. The analogous TG 

results were observed for the Mg3Al1 LDHs intercalated with formate, tartrate 

and oxalate. 

 

 

Fig. 27. TG-DTG-DCS curves of Mg3Al1 (bottom) and Mg3Al1 LDHs intercalated 

with citrate under sonication (top) 
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3.4.5. Morphological investigation of Mg3-xMx/Al1 (M = Mn, Co, Ni, Cu, 

Zn) LDHs intercalated with different anions 

The morphology of the synthesized LDHs were examined using SEM. The 

characteristic feature of synthesized LDHs is the formation of plate-like 

particles with hexagonal shape [150]. It is interesting to note that the SEM 

images of sol-gel derived LDH samples were almost identical independent on 

the nature of anion used for the intercalation, on the selected transition metal 

for substitution and on the used intercalation procedure. The representative 

SEM micrographs for the Mg3/Al1 LDHs intercalated with formate without 

and under sonication are depicted in Fig. 28. As seen, the solids are composed 

of differently agglomerated plate-like particles with the size about of 500 nm. 

The agglomerates are slightly larger in the case of sonicated LDH-formate 

sample.  

  

 

Fig. 28. SEM micrographs of Mg3Al1 LDHs intercalated with formate without 

(A) and under sonication (B). 

500 nm 

500 nm 
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3.5. Structural and luminescent properties of Cr-substituted Mg3Al1-xCrx 

layered double hydroxides  

In this part of work Cr-substituted Mg3Al1-xCrx LDHs were synthesized 

through the phase conversion of sol-gel-derived mixed metal oxides in 

aqueous medium. Cr-substitution level in the range from 1 mol% to 25 mol% 

was investigated. 

3.5.1. Characterization of synthetized Mg3Al1-xCrx LDHs 

The XRD patterns of Mg3Al1 and Mg3Al1-xCrx LDHs with different 

chromium substitution levels (1 mol% – 25 mol%) are shown in  

Fig. 29.  

 
Fig. 29. XRD patterns of Cr-substituted Mg3Al1-xCrx LDHs. 

No diffraction lines attributable to the side phases could be observed in the 

XRD patterns of sol-gel derived LDH samples. The calculated values of d 

spacing and lattice parameters of Mg3Al1-xCrx LDHs are summarized in  

Table 2.  
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Table 2. The values of d spacing and lattice parameters of Mg3Al1-xCrx LDHs 

calculated by Le Bail method. 

Sample d (003), Å d (006), Å d (110), Å 

Lattice parameters, 

Å 

a c 

MgAl 7.6033 3.8017 1.5187 3.0374 22.8100 

MgAl/Cr 1 mol% 7.7470 3.8735 1.5242 3.0484 23.2408 

MgAl/Cr 5 mol% 7.7748 3.8876 1.5276 3.0551 23.3248 

MgAl/Cr 7.5 mol% 7.8028 3.9015 1.5314 3.0627 23.4094 

MgAl/Cr 10 mol% 7.8373 3.9187 1.5367 3.0733 23.5122 

MgAl/Cr 25 mol% 7.8774 3.9475 1.5579 3.1158 23.6586 

As seen, both d values and lattice parameters slightly increase with 

increasing amount of chromium in LDH structure. This was expected, since 

smaller Al3+ ion (0.535 Å, CN = 6) was monotonically replaced by larger  

Cr3+ ion (0.615 Å, CN = 6) [151]. 

3.5.2. ICP-OES and EDX results of elemental analysis of synthesized 

Mg3Al1-xCrx LDHs 

ICP-OES and EDX were used for the determination of chromium, 

magnesium and aluminium in Cr-substituted Mg3Al1-xCrx LDHs samples. The 

summarized results (see Table 3) indicate that using both analysis methods, 

the molar ratio of Mg and Al and introduced amount of Cr are in a good 

agreement and coincide with nominal ones. 

Table 3. ICP-OES and EDX results of elemental analysis of synthesized Mg3Al1-

xCrx LDHs. 

Sample 

 

ICP-OES EDX 

n(Cr), % n(Mg):n(Al+Cr) n(Cr), % n(Mg):n(Al+Cr) 

MgAl/Cr 1 mol% 1.12 3:0.994 1.43 3:0.993 

MgAl/Cr 5 mol% 5.39 3:0.990 7.22 3:1.06 

MgAl/Cr 7.5 mol% 7.91 3:0.988 7.77 3:1.02 

MgAl/Cr 10 mol% 10.5 3:0.997 12.9 3:0.875 

MgAl/Cr 25 mol% 25.8 3:1.01 26.3 3:1.02 
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3.5.3. Luminescent properties of synthesized Mg3Al1-xCrx LDHs 

The reflection spectra of Mg3Al1-xCrx LDHs as a function of Cr3+ 

concentration is given in Fig. 30a. All the spectra contain two broad absorption 

bands with maxima at ca. 550 and 380 nm. These bands can be assigned to the 

Cr3+ optical transitions of 4A2g → 4T2g(
4F) and 4A2g → 4T1g(

4F), respectively 

[152, 153]. The increase of Cr3+ concentration in the samples resulted in 

increased absorption. Similarly, to the reflection spectra, there are several 

broad bands in excitation spectra (see Fig. 30b) as well. One band possesses 

the maximum at ca. 545 nm and is attributed to the 4A2g → 4T2g(
4F) optical 

transition, whereas the other band peaks at ca. 420 nm and can be assigned to 

the 4A2g → 4T1g(
4F) optical transition of Cr3+ ions. It is interesting to note that 

excitation spectrum of 1% Cr3+ doped sample (MgAl/Cr 1 mol%) contains the 

third band at ca. 310 nm. This band arises from the 4A2g → 4T1g(
4P) transitions 

of Cr3+ ions. 

 

 

Figure 30. Reflection (a), excitation (b), emission (c), and PL decay curves (d) of 

Mg3Al1-xCrx LDHs as a function of Cr3+ concentration. IRF in section (d) stands 

for Instrument Response Function. 

Emission spectra of Mg3Al1-xCrx LDHs samples are depicted in Fig. 30c. 

There are several relatively sharp emission lines in the range of 660 – 740 nm 

that can be assigned to the 2Eg → 4A2g optical transition of Cr3+ ions. The 

strongest emission was observed for the sample doped with 5% Cr3+ ions. 

However, the emission intensity of samples doped with 1% – 10% Cr3+ is 
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relatively similar. Further increase of Cr3+ concentration to 25% has resulted 

in a severe concentration quenching. These results go hand in hand with 

Mg3Al1-xCrx LDHs PL decay curves given in Fig. 30d. The PL decay curves 

of samples doped with 1% to 10% Cr3+ are packed very close together 

indicating the similar PL lifetime values. This is not, however, true for the PL 

decay curve of sample doped with 25% Cr3+. Its curve is much steeper 

indicating lower PL lifetime values. Therefore, the effective PL lifetime 

values (τeff) were calculated for the analyzed samples [154]. It was found that 

the τeff values gradually decrease with increasing Cr3+ concentration what 

indicates that the internal efficiency of Cr3+ ions is decreasing as well. 
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4. CONCLUSIONS 

 

1. The Mg3-xMx/Al1 (M = Mn, Co, Ni, Cu, Zn) LDHs were successfully 

synthesized by an aqueous sol-gel method. It was demonstrated that different 

amount of Mn, Co, Ni, Cu, and Zn could be introduced to the sol-gel derived 

LDHs without destroying the layered structure. The XRD results showed that 

12% mol of manganese, 14% mol of cobalt, 5% mol of nickel, 2.5% mol of 

copper and about 20% mol of zinc could be substituted in the magnesium 

positions in the Mg3Al1 LDHs without formation of impurities. It was 

demonstrated that the nature and the amount of transition metal affect the 

surface properties, morphological features and porosity of end products. 

 

2. An indirect sol-gel synthesis method was also applied to prepare alkaline 

earth metal substituted LDHs of Mg2-xMx/Al1 (M = Ca, Sr, Ba). The mixed 

metal oxides (MMO) were synthesized by two different routes and 

reconstructed in water at 50 °C for 6 h (pH 10). The obtained results confirmed 

that the substitution of magnesium by Ca, Sr, Ba in the MMO and LDHs 

obtained highly depends on the nature and concentration of the alkaline earth 

metal. 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. 

 

3. The synthesized Mg(M)–Al (M = Ca, Sr, Ba) MMO samples exhibited 

type IV isotherms independent of the synthesis temperature. 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. 

 

4. The sol-gel derived Mg3/Al1 and Mg3-xMx/Al1 (M = Mn, Co, Ni, Cu, Zn) 

LDHs were intercalated with different organic anions (formate (HCOO−), 

acetate (CH3COO−), oxalate (C2O4
2−), tartrate (C4H6O4

2−) and citrate 

(C6H5O7
3−)) using ion exchange approach. The influence of ultrasound and 

cation substitution on the intercalation of organic anions to the Mg3/Al1 LDH 

has been investigated. The results demonstrated that ultrasound had a positive 

effect in some cases for the intercalation of organic anions into the Mg3/Al1 

LDH system. The substitution of magnesium by transition metals had only 

negligible effect on the intercalation process. It was concluded that formate 
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contrary oxalate, tartrate and citrate was only adsorbed on the surface of LDHs 

but did not enter the interlayer space.  

 

5. The chromium substituted Mg3Al1-xCrx LDHs within the substitution range 

of chromium from 1 mol% to 25 mol% were successfully synthesized for the 

first time by an aqueous sol-gel processing route The calculated values of d 

spacing and lattice parameters of Mg3Al1-xCrx LDHs slightly increased with 

increasing amount of chromium. The results of elemental analysis showed that 

the molar ratio of Mg, Al and introduced amount of chromium were in a good 

agreement with the nominal ones. 

 

6. The sol-gel-derived Mg3Al1-xCrx LDHs consisted of characteristic 

hexagonally shaped nanoparticles 200–300 nm in size regardless of the 

chromium substitution level. All Cr-containing powders exhibited 

characteristic emission in the red region of the visible spectrum. The major 

emission lines of Mg3Al1-xCrx LDHs excited at 545 nm peaked in the red 

spectral region at 680–695 nm, originating from the 2Eg→
4A2 transition. The 

highest intensity of emission was observed for the Mg3Al1-xCrx LDH specimen 

containing 5% of Cr3+. With further increasing the chromium content up to 

25%, concentration quenching was observed.  
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SUMMARY IN LITHUANIAN 

        ĮVADAS 

     Sluoksniuoti dvigubi hidroksidai (SDH) sulaukia didelio mokslininkų 

bendruomenės susidomėjimo dėl plačių taikymo galimybių katalizėje, 

fotochemijoje, elektrochemijoje, biomedicinos moksle, aplinkos apsaugoje, 

optikoje ir kt.. SDH priklauso anijoninių molžemių šeimai. Yra žinomi kaip 

hidrotalcito tipo junginiai, susidedantys iš teigiamą krūvį turinčių brusito 

(Mg(OH)2) tipo sluoksnių. SDH bendra cheminė formulė gali būti užrašyta 

[M2+
1−xM

3+
x(OH)2]

x+(Ay−)x/y·zH2O, kurioje M2+ ir M3+ yra atitinkamai metalų 

katijonai, kurių oksidacijos laipsnis yra +2 ir +3. Ay− yra neorganinis (pvz., 

karbonatas, hidroksidas, nitratas, halogenidas, sulfatas, chromatas, vanadatas) 

arba organinis (pav. karbokslilatai ir kt.) anijonai, tarpsluoksnyje išsidėstęs 

kartu su vandens molekulėmis.  

     Termiškai skaidant SDH susidaro M2+ ir M3+ mišrūs metalų oksidai arba tų 

oksidų mišinys (MMO). MMO pasižymi dideliu paviršiaus plotu ir “atminties 

efektu” – unikalia savybe, kurios dėka, pašildžius MMO vandenyje, atsistato 

prieš terminį skaidymą buvusi sluoksniuota dvigubo hidroksido struktūra.  

     SDH sintetinamas įvairiais metodais. Dažniausiai naudojamas bendrojo 

nusodinimo metodas, kuris vykdomas sumaišant tirpiąsias metalų, sudarančių 

sluoksniuotą hidroksidą, druskas. Kita plačiai taikoma SDH sintezės technika 

yra anijonų mainų metodas, kurio metu tarpsluoksnyje esantis anijonas 

pakeičiamas kitu (vyksta intrerkaliacija). Dėl savo prigimtimi skirtingų 

anijonų įterpimo į SDH kristalinę struktūrą, keičiasi sluoksniuoto hidroksido 

cheminės ir fizikinės savybės. Daugybėje mokslinių publikacijų parodyta, kad 

zolių‐gelių metodas yra labai patrauklus preparatyvinis sintezės būdas 

daugiakomponentėms medžiagoms gauti. Neseniai buvo sukurtas 

netiesioginis zolių-gelių sintezės metodas, leidžiantis pagaminti aukšto 

grynumo SDH. Sintezės zolių-gelių metodu gauti pradiniai pirmtakų geliai yra 

kaitinami 650 °C temperatūroje, o susidarę MMO yra atstatomi 

(rekonstruojami) dejonizuotame vandenyje 80 °C temperatūroje. Šis zolių-

gelių sintezės metodas, palyginti su bendrojo nusodinimo metodu, yra 

paprastesnis, gauti produktai yra homogeniškesni ir pasižymi aukštu 

kristališkumu.  

     Eksperimentiškai buvo įrodyta, kad įterpus retųjų žemių elementą (RŽE) į 

SDH brusito tipo sluoksnius, galima gauti liuminescencines medžiagas, kurios 

gali būti panaudojamos daugybėje sričių, pav., medicinoje, katalizėje, 

aplinkosaugoje ir kt. Deja, šių medžiagų panaudojimą riboja žemas emisijos 

intensyvumas, atsirandantis dėl vandens molekulių ir hidroksilinių grupių 
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tiesioginės sąveikos su RŽE, esančiu brusito tipo sluoksnyje. Buvo įrodyta, 

kad RŽE legiruotų SDH interkaliavimas tam tikrais sensibilizuojančiais 

anijonais leidžia iš dalies išspręsti šią problemą ir smarkiai pagerinti galutinių 

produktų liuminescencines savybes. 

     Šio disertacinio darbo tikslas yra susintetinti naujus Mg/Al sluoksniuotus 

dvigubus hidroksidus ir, modifikuojant jų cheminę sudėtį, ištirti katijonų ir 

anijonų pakaitų įtaką galutinių produktų susidarymui bei gautų SDH 

savybėms. Šiam tikslui pasiekti buvo iškelti tokie uždaviniai: 

1. Ištirti zolių-gelių metodu susintetintų Mg3-xMx/Al1 (M
 = Mn, Co, Ni, Cu, 

Zn) SDH pakeitimo pereinamųjų metalų jonais galimybes. 

2. Ištirti zolių-gelių metodu susintetintų Mg2-xMx/Al1 (M
 = Ca, Sr, Ba) SDH 

ir atitinkamų MMO pakeitimo šarminių žemių metalų jonais galimybes. Ištirti 

susintetintų Mg2−xMx/Al1 (M
 = Ca, Sr, Ba) SDH rekonstrukcijos ypatumus. 

3. Ištirti ultragarso ir katijonų (Mn, Co, Ni, Cu, Zn) pakeitimo įtaką organinių 

anijonų (formiatas (HCOO−), acetatas (CH3COO−), oksalatas (C2O4
2−), 

tartratas (C4H6O4
2−) ir citratas (C6H5O7

3−) įterpimo į Mg3/Al1 SDH struktūrą 

galimybėms. 

4. Susintetinti Mg3Al1-xCrx SDH mėginius zolių-gelių metodu ir ištirti Cr3+ 

poveikį gautų mėginių faziniam grynumui, morfologinėms ir 

liuminescencinėms savybėms. 

      Šio darbo naujumas ir originalumas: Buvo ištirtos zolių-gelių sintezės 

metodu susintetintų pereinamųjų metalų Mg3-xMx/Al1 (M
 = Mn, Co, Ni, Cu, 

Zn) SDH, šarminių žemių metalų Mg2-xMx/Al1 (M = Ca, Sr, Ba) SDH (ir 

atitinkamų MMO) pakeitimo galimybės. Išanalizuoti Mg(M)–Al (M = Ca, Sr, 

Ba) MMO rekonstrukcijos ypatumai. Ištirta ultragarso ir katijonų (Mn, Co, Ni, 

Cu, Zn) pakeitimo įtaka organinių anijonų (formiato (HCOO−), acetato 

(CH3COO−), oksalato (C2O4
2−), tartrato (C4H6O4

2−) ir citrato (C6H5O7
3−)) į 

Mg3/Al1 SDH struktūrą įterpimui. Pirmą kartą zolių-gelių metodu buvo 

susintetinti Mg3Al1-xCrx SDH mėginiai. Ištirta Cr3+ įtaka gautų mėginių 

faziniam grynumui, morfologinėms ir liuminescencinėms savybėms. 

       Atlikti gausūs eksperimentiniai darbai, kurių rezultatai buvo susisteminti 

keturiuose straipsniuose, leido padaryti svarbias šio disertacinio darbo 

rezultatų išvadas.  
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IŠVADOS 

 

1. Mg3-xMx/Al1 (M
 = Mn, Co, Ni, Cu, Zn) SDH buvo susintetinti vandeniniu 

zolių-gelių sintezės metodu. Pradiniai geliai buvo kaitinami 650 oC 

temperatūroje, o gauti MMO rekonstruojami vandenyje, susidarant minėtiems 

SDH. Nustatyta, kad į Mg3-xMx/Al1 SDH, nesuardant sluoksniuotos 

struktūros, gali būti įvedami skirtingi Mn, Co, Ni, Cu ir Zn kiekiai. Susintetinti 

vienfaziai pakeisti Mg3-xMx/Al1 SDH, turintys iki 12 mol% mangano, 14 

mol% kobalto, 5 mol% nikelio, 2,5 mol% vario ir apie 20 mol% cinko. 

Parodyta, kad keičiant pereinamąjį metalą ar jo kiekį, susidaro 

nanostruktūriniai mišrių metalų SDH, turintys skirtingą cheminę sudėtį, fazinį 

grynumą, porėtumą ir paviršiaus morfologiją. 

 

2. Netiesioginis zolių-gelių sintezės metodas buvo pritaikytas Mg2-xMx/Al1 

(M = Ca, Sr, Ba) SDH sintetinti. Mg(M)–Al (M = Ca, Sr, Ba) MMO buvo 

susintetinti dviem būdais ir rekonstruoti vandenyje 50 °C temperatūroje, 6 h, 

esant pH=10. Nustatyta, kad dalį magnio Mg2-xMx/Al1 pakeitus šarminių 

žemių metalų (Ca, Sr, Ba) jonais, susintetintų MMO ir SDH fazinis grynumas 

ir sudėtis priklausė nuo šarminių žemių metalų prigimties ir koncentracijos. 

Pirmą kartą buvo parodyta, kad iš Mg2-xMx/Al1 (M = Ca, Sr, Ba) SDH gauti 

Mg(M)–Al (M = Ca, Sr, Ba) MMO pasižymi „atminties efektu“: MMO 

mikrostruktūra buvo beveik identiška prieš termini skaidymą buvusio 

sluoksniuoto hidroksido mikrostruktūrai. 

 

3. Nustatyta, kad nepriklausomai nuo MMO sintezės temperatūros, 

susintetintų Mg(M)–Al MMO N2 adsorbcijos-desorbcijos izotermos buvo IV 

tipo su H1 histereze (ji būdinga mezoporinėms medžiagoms). Taip pat buvo 

nustatyta, kad porų dydžio pasiskirstymas MMO mėginiuose, susintetintuose 

iš rekonstruotų Mg2/Al1 LDH, nustatytas BJH metodu, priklausė nuo sintezės 

temperatūros ir nuo magnį pakeičiančio metalo prigimties.  

 

4. Anijonų mainų metodu zolių-gelių metodu susintetintuose Mg3/Al1 ir Mg3-

xMx/Al1 (M = Mn, Co, Ni, Cu, Zn) SDH buvo įterpiami organiniai anijonai: 

formiatas (HCOO−), acetatas (CH3COO−), oksalatas (C2O4
2−), tartratas 

(C4H6O4
2−) ir citratas (C6H5O7

3−). Ultragarso panaudojimas tik kai kuriais 

atvejais turėjo teigiamą poveikį organinių anijonų interkaliacijai į Mg3/Al1 

SDH struktūrą. Formiatas, priešingai nei oksalatas, tartratas bei citratas, 

adsorbavosi tik ant sluoksniuotos struktūros paviršiaus, o neįsiterpė į SDH 
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tarpsluoksnį. Padaryta išvada, kad interkaliacijos procesą mažai veikė magnio 

pakeitimas pereinamųjų metalų jonais. 

 

5. Zolių-gelių sintezės metodas buvo sėkmingai panaudotas Cr pakeistiems 

Mg3Al1-xCrx SDH, kuriuose Cr koncentracija buvo keičiama nuo 5 iki 25 

mol%, sintetinti. Apskaičiuoti Mg3Al1-xCrx SDH tarplokštuminiai atstumai ir 

kristalinės gardelės parametrų vertės šiek tiek padidėjo didėjant įvedamo 

chromo kiekiui. Elementinės analizės rezultatai parodė, kad Mg ir Al molinis 

santykis ir įvesto chromo kiekis buvo artimi nominaliems. 

 

6. Zolių-gelių metodu susinteinti Mg3Al1-xCrx SDH buvo sudaryti iš 

heksagoninės formos 200-300 nm dydžio nanodalelių, kurių morfologija 

nepriklausė nuo įvedamo chromo kiekio. Visi Cr pakeisti Mg3Al1-xCrx SDH 

pasižymėjo šviesos emisija regimojo spektro raudonojoje srityje. Pagrindinės 

Mg3Al1-xCrx SDH emisijos linijos, esant 545 nm sužadinimui, buvo matomos 

raudonojo spektro srityje prie 680–695 nm, atsirandančios dėl 2Eg → 4A2 

perėjimo. Intensyviausia emisija pasižymėjo Mg3Al1-xCrx junginys, 

turinčiame 5% of Cr3+. Toliau didnant chromo koncentraciją iki 25%, dėl 

koncentracinio gesinimo emisijos intensyvumas mažėjo.  
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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

Crystals 2020, 10, 470; doi:10.3390/cryst10060470 www.mdpi.com/journal/crystals



102

Crystals 2020, 10, 470 2 of 20

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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Abstract: In the present work, Cr-substituted Mg3Al1−xCrx layered double hydroxides (LDHs) were
synthesised through the phase conversion of sol-gel-derived mixed-metal oxides in an aqueous
medium. The chromium substitution level in the range of 1 to 25 mol% was investigated. It was
demonstrated that all synthesised specimens were single-phase LDHs. The results of elemental analy-
sis confirmed that the suggested synthetic sol-gel chemistry approach is suitable for the preparation of
LDHs with a highly controllable chemical composition. The surface microstructure of sol-gel-derived
Mg3Al1−xCrx LDHs does not depend on the chromium substitution level. The formation of plate-like
agglomerated particles, which consist of hexagonally shaped nanocrystallites varying in size from
approximately 200 to 300 nm, was observed. Optical properties of the synthesised Mg3Al1−xCrx

LDHs were investigated by means of photoluminescence. All Cr-containing powders exhibited
characteristic emission in the red region of the visible spectrum. The strongest emission was observed
for the sample doped with 5 mol% Cr3+ ions. However, the emission intensity of samples doped
with 1–10 mol% Cr3+ ions was relatively similar. A further increase in the Cr3+ ion concentration to
25 mol% resulted in severe concentration quenching.

Keywords: layered double hydroxides; Mg3Al1; substitution effects; chromium; photoluminescence

1. Introduction

Layered double hydroxides (LDHs) are compounds composed of positively charged
brucite-like layers with an interlayer gallery containing charge-compensating anions and
water molecules. The metal cations occupy the centres of shared oxygen octahedra whose
vertices contain hydroxide ions that connect to form infinite two-dimensional sheets [1–3].
The chemical formula of layered double hydroxides is expressed as (M2+

xM3+
1−x(OH)2xA·zH2O),

where M2+ and M3+ are divalent and trivalent metal ions, respectively, and A− is an
intercalate anion that compensates the positive charge created by the partial substitution
of M2+ by M3+ + ions in brucite-type layers [1–3]. LDH structures containing Mg2+, Zn2+,
Co2+, Ni2+, Cu2+ or Mn2+ + ion as divalent cations and Al3+, Cr3+, Co3+, Fe3+, V3+, Y3+ or
Mn3+ + ion as trivalent ones are known. LDHs with many different anionic species have
been reported: both inorganic anions (carbonate, chloride, nitrate, sulphate, molybdate,
phosphate, etc.) and organic anions (terephthalate, acrylate, lactate, etc.). LDHs are widely
used as adsorbents, catalyst support precursors, anion exchangers, acid residue scavengers,
flame retardants, osmosis membranes, sensors and others [4–12]. After calcination at
temperatures from 300 to 600 ◦C, LDHs are converted to mixed-metal oxides (MMOs)
with a high specific surface area and basic properties. The ability of MMOs to recover the
original layered structure is a property known as the memory effect [4,9]. When MMOs are
immersed in an aqueous solution that contains some anions, the layered structure can be
recovered with those anions intercalated into the interlayer.
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As mentioned before, chromium-containing LDHs have also been synthesised, and
these compounds show interesting chemical and physical properties. For example, chromium-
containing Mg-Cr and Ni-Cr LDHs have already been used as precursors to synthesise
pillared derivatives with decavanadate anions without the use of any preswelling agent [13].
The decomposition products of these LDHs were successfully applied as adsorbents [14].
Zn-Cr LDH samples were synthesised using the classical co-precipitation approach from
aqueous solution [15]. The adsorption capacities of the synthesised samples were inves-
tigated performing experiments with Indigo Carmine as the model of organic pollutant.
Moreover, Zn-Cr and Zn-Cr LDHs, intercalated with the Keggin ion, showed a high
adsorption capacity for effective removal of iron (II) from aqueous solution [16].

M(II)-Cr (M = Co, Ni, Cu and Zn) LDHs also show interesting photocatalytic properties
and have been used for photocatalytic degradation of organic pollutants [17,18]. The
decomposition products of different LDHs containing chromium have also been tested as
catalysts [19,20]. It was also demonstrated that Mg-Cr LDHs containing composites can be
used for the preparation of coatings that show optimal corrosion protection [21].

Considerable attention has been focused on incorporating different elements into LDH
host layers to develop new functional materials that resemble designed optical properties.
The effect of sensitising anions [22], multiwavelength luminescence [23], the size effect [24]
and the influence of carboxylate [25] and terephtalate [26] on the optical properties of
lanthanide-containing LDHs was investigated. Moreover, series of LDHs and mixed-
metal oxides with different lanthanide cations were also prepared [27]. Smalenskaite et al.
focused on the characterisation of LDHs doped with Tb3+ [28], Nd3+ [29] and Eu3+ [30].
Chromium was also used as a substituent in different LDHs for various reasons. For
instance, Cr-substituted Mg-Al LDHs were successfully used as a catalyst in aldose-ketose
isomerisation processes [31]. Mixed oxides, obtained by thermal decomposition of Cr-
substituted LDHs, were studied in the reaction of hydrocarbon steam reforming for the
production of hydrogen [32]. Rodriguez-Rivas et al. [33] recently suggested to use Cr-
substituted Zn-Al LDHs as UV–VIS light photocatalysts for NO gas removal from the
urban environment. Finally, the spectral emission of natural LDHs was studied by cathodo-
and photoluminescence (PL) techniques [34]. It was concluded that the presence of Cr3+

ion activators induces characteristic PL emission peaks in the red-infrared region at 681,
688 and 696 nm linked to 2E→4A2 transitions. However, the luminescent properties of
Cr-doped or Cr-substituted Mg-Al LDHs have not been investigated so far to the best of
our knowledge.

A sol-gel method based on in situ generation of mixed-metal chelates by complexing
metal ions with various complexing agents in aqueous media was successfully used to
prepare different monophasic inorganic compounds and nanostructures, such as biomate-
rials [35] and magnetic [36] and optical [37,38] materials. Previously, for the preparation
of Mg-Cr and related LDHs, the non-aqueous sol-gel chemistry approach has been ex-
plored using metal alkoxides as starting materials [39,40]. We recently developed the
indirect aqueous sol-gel method for the preparation of LDHs. We demonstrated that the
synthesis of LDHs using this simple and environmentally benign method ensures the
formation of homogeneous, monophasic samples having particles with a narrow size dis-
tribution [4,9,11,41]. It is well known that application of a synthesis method also depends
on the chemical composition of the compound to be synthesised. The aim of this work
was to synthesise Mg3Al1−xCrx LDH samples for the first time using an aqueous sol-gel
method and to investigate the effect of Cr3+ substitution on phase purity, morphological
and luminescent properties of obtained end products. The luminescent properties of sol-
gel-derived Cr-substituted Mg-Al LDHs was also investigated for the first time to the best
of our knowledge.

2. Results and Discussion

The XRD patterns of Mg3Al1 and Mg3Al1−xCrx LDHs with different chromium sub-
stitution levels (1–25 mol%) are shown in Figure 1. Characteristic diffraction peaks for
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the LDH structure were observed at 2θ angles at ca. 11.5◦ (003), 23◦ (006) and 34.5◦

(009). Besides, two additional LDH peaks were clearly displayed at about 60.5◦ and 61.5◦,
which correspond to reflections from the (110) and (113) planes [4]. No diffraction lines
attributable to the side phases could be observed in the XRD patterns of sol-gel-derived
LDH samples. Less important reflections (015) and (018) visible at about 38–39◦ and
47–49◦, respectively, were also attributed to the LDH phase. It is interesting to note that
only 9 mol% of chromium was introduced to Mg3Al1−xCrx LDHs when the impregna-
tion method (adsorption) was used for the preparation [31]. It was also observed that
aluminium substitution by chromium reduces the crystallinity of LDHs synthesised by the
co-precipitation method [32].
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Figure 1. X-ray diffraction (XRD) patterns of Cr-substituted Mg3Al1−xCrx LDHs.

The calculated values of d-spacing and lattice parameters of Mg3Al1−xCrx LDHs are
summarised in Table 1. As seen, both d values and lattice parameters slightly increased
with increasing amounts of chromium in the LDH structure. This was expected, since a
smaller Al3+ ion (0.535 Å, CN = 6) was monotonically replaced by a larger Cr3+ ion (0.615 Å,
CN = 6) [42]. The calculated crystallite sizes of the Mg3Al1 and Mg3Al1−xCrx LDHs were
independent of the amount of chromium and varied in the range of 21.8–26.7 nm.

Table 1. The values of d-spacing and lattice parameters of Mg3Al1−xCrx layered double hydroxides
(LDHs) calculated by the Le Bail method.

Sample d (003), Å d (006), Å d (110), Å
Lattice Parameters, Å

a c

Mg-Al 7.6033 3.8017 1.5187 3.0374 22.8100

Mg-Al/Cr 1 mol% 7.7470 3.8735 1.5242 3.0484 23.2408

Mg-Al/Cr 5 mol% 7.7748 3.8876 1.5276 3.0551 23.3248

Mg-Al/Cr 7.5 mol% 7.8028 3.9015 1.5314 3.0627 23.4094

Mg-Al/Cr 10 mol% 7.8373 3.9187 1.5367 3.0733 23.5122

Mg-Al/Cr 25 mol% 7.8774 3.9475 1.5579 3.1158 23.6586
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As seen from Table 1, the calculated lattice parameters also monotonically increased
with increasing amounts of chromium: from 3.0374 to 3.1158 Å (a parameter) and from
22.8100 to 23.6586 Å (c parameter) with increasing amounts of chromium from 0% to
25%, respectively.

The FT-IR spectra of Cr-substituted Mg3Al1−xCrx LDHs are presented in Figure 2.

Figure 2. The Fourier transform infrared (FT-IR) spectra of Cr-substituted Mg3Al1−xCrx LDHs.

Figure 2 clearly shows that all IR spectra were almost identical, i.e., independent
of the chromium substitution level. The broad absorption bands visible in the range of
3650–3250 cm−1 could be attributed to the stretching vibrations of hydroxyl (-OH) groups
and water molecules located between the layers in the LDH crystal structure [43]. The
low-intensity bands observed at 1630–1600 cm−1 confirmed the presence of adsorbed
molecular water on the surface of sol-gel-derived LDHs. The intense absorption bands
located at about 1350 cm−1 could be attributed to the asymmetric vibration modes of
carbonate ions (CO3

2−) [43]. Finally, the pronounced absorption bands observed at about
600 and 480 cm−1 were attributable to metal–oxygen vibrations [11,43]. These results are
in a good agreement with X-ray diffraction (XRD) analysis data confirming the formation
of Cr-substituted Mg3Al1−xCrx LDHs. Similar results were observed during FT-IR studies
of sol-gel-derived Mg3Al1−xCrx [4] or Mg2-xMx/Al1 (M = Ca, Sr, Ba) [41] LDH samples.

SEM micrographs of Cr-substituted Mg3Al1−xCrx LDHs prepared by the sol-gel method
are depicted in Figure 3. Again, the surface microstructure of sol-gel-derived Mg3Al1−xCrx
LDHs did not depend on the chromium substitution level. Moreover, the characteristic
features of LDHs could be observed in all presented SEM micrographs [4,9,11,28–30,41,43].
The formation of plate-like agglomerated particles, which consist of hexagonally shaped
nanocrystallites varying in size from approximately 200 to 300 nm, was observed.
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Figure 3. Scanning electron microscope (SEM) micrographs of Cr-substituted Mg3Al1−xCrx LDHs. The amount of Cr in
mol%: (A) 1, (B) 5, (C) 10 and (D) 25. The scale bars are the lengths of rectangles.

Elemental analysis of synthesised Cr-substituted Mg3Al1−xCrx LDHs was performed
prior to investigation of luminescent properties. ICP-OES and EDX were used for the
determination of chromium, magnesium and aluminium in the synthesised LDH samples.
The results of elemental analysis are presented in Table 2. The summarised results indicate
that the molar ratios of Mg, Al and introduced amounts of Cr are in a good agreement with
those obtained by both analysis methods and coincide with nominal ones.

Table 2. Inductively coupled plasma–optical emission spectrometry (ICP-OES) and the energy-
dispersive X-ray (EDX) analysis results of elemental analysis of synthesised Mg3Al1−xCrx LDHs (n
is mole).

Sample
ICP-OES EDX

n(Cr), % n(Mg):n(Al + Cr) n(Cr), % n(Mg):n(Al + Cr)

Mg-Al/Cr 1 mol% 1.12 3:0.994 1.43 3:0.993

Mg-Al/Cr 5 mol% 5.39 3:0.990 7.22 3:1.06

Mg-Al/Cr 7.5 mol% 7.91 3:0.988 7.77 3:1.02

Mg-Al/Cr 10 mol% 10.5 3:0.997 12.9 3:0.875

Mg-Al/Cr 25 mol% 25.8 3:1.01 26.3 3:1.02

Thus, this study for the first time demonstrated that the previously developed sol-gel
technique is suitable for the preparation of Cr-substituted LDHs.

The reflection spectra of Mg3Al1−xCrx LDHs as a function of Cr3+ concentration are
given in Figure 4a. All the spectra contained two broad absorption bands with maxima
at ca. 550 and 380 nm. These bands could be assigned to the Cr3+ optical transitions of
4A2g→4T2g(4F) and 4A2g→4T1g(4F), respectively [44,45]. The increase in the Cr3+ concen-
tration in the samples resulted in increased absorption.
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response function.

Excitation spectra (λem = 685 nm) of the synthesised specimens are shown in Figure 4b.
Similar to the reflection spectra, there were several broad bands in the excitation spectra
as well. One band possessed the maximum at ca. 545 nm and was attributed to the
4A2g→4T2g(4F) optical transition, whereas the other band peaked at ca. 420 nm and could
be assigned to the 4A2g→4T1g(4F) optical transition of Cr3+ ions. It is interesting to note
that excitation spectrum of the 1% Cr3+-doped sample (Mg-Al/Cr 1 mol%) contained the
third band at ca. 310 nm. This band arose from the 4A2g→4T1g(4P) transitions of Cr3+ ions.

Emission spectra of Mg3Al1−xCrx LDHs samples are depicted in Figure 4c. There
were several relatively sharp emission lines in the range of 660–740 nm that could be
assigned to the 2Eg→4A2g optical transition of Cr3+ ions. The strongest emission was
observed for the sample doped with 5% Cr3+ ions. Surprisingly, the highest intensity
of the 5D0→7F2 transition for Mg3Al1−xCex LDHs was observed for the specimen with
0.05 mol% of Ce3+ [4]. It turned out that the emission intensity decreased with increasing
concentration of Ce3+ up to 1 mol%. In the case of Mg3Al1−xNdx LDHs, the luminescence
of Nd3+ was observed only with intercalation of terephthalate in the interlayer spacing [29].

However, the emission intensity of samples doped with 1–10% Cr3+ was relatively
similar. A further increase in the Cr3+ concentration to 25% resulted in severe concentration
quenching. These results correlate with Mg3Al1−xCrx LDHs’ PL decay curves given in
Figure 4d. The PL decay curves of samples doped with 1% to 10% Cr3+ were packed close
together, indicating similar PL lifetime values. This was not, however, true for the PL decay
curve of samples doped with 25% Cr3+. This curve was much steeper, indicating lower PL
lifetime values. The effective PL lifetime values were calculated according to the following
equation [46]:

τe f f =

∫ ∞
0 I(t)tdt∫ ∞
0 I(t)dt

(1)

Here, I(t) is the PL intensity at the given time t. The obtained effective PL lifetime
values (τeff) for 1%, 5%, 7.5%, 10% and 25% Cr3+-doped samples were 23.0, 22.4, 20.6, 19.2
and 13.5 µs, respectively. Obviously, the τeff values gradually decreased with increasing
Cr3+ concentration, which indicates that the internal efficiency of Cr3+ ions decreases as
well. The results obtained clearly show that Mg3Al1−xCrx LDHs are suitable for electro-
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optical application. For instance, the material can be potentially applied as a red light-
emitting diode (LED) [47]. Besides, these compounds show potential as imaging systems
for biomedical applications.

3. Materials and Methods
3.1. Materials

For the synthesis of Cr-substituted Mg3Al1−xCrx LDH samples, 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) and chromium
nitrate nonahydrate (Cr(NO3)3·9H2O, 99.0%, Aldrich, Darmstadt, Germany) were used as
starting materials. Citric acid (C6H8O7·H2O, 99.5%, Chempur, Plymouth, MI, USA) and
1,2-ethanediol (C2H6O2, 99.8%, Chempur, Plymouth, MI, USA) were used as complexing
agents. The reconstruction of MMO powders to LDHs was performed in distilled water.

3.2. Synthesis

Cr-substituted Mg3Al1−xCrx LDH samples (x = 0.0, 0.01, 0.05, 0.075, 0.1 and 0.25) were
synthesised using Al(NO3)3·9H2O, Mg(NO3)2·6H2O and Cr(NO3)3·9H2O. The aqueous
solution of starting materials was mixed with 0.2 M solution of citric acid and 2 mL of 1,2-
ethanediol under continuous stirring at 80 ◦C for 1 h. Next, the temperature of the magnetic
stirrer was raised to 150 ◦C until complete evaporation of the solvent. The obtained gels
were kept at 105 ◦C for 24 h. Mixed-metal oxides (MMOs) were obtained by calcination of
the gels at 650 ◦C for 4 h. Mg3Al1−xCrx LDHs were obtained by reconstruction of MMOs
powders in distilled water at 50 ◦C for 6 h under stirring. The schematic representation of
the sol-gel processing is illustrated in Figure 5.
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ides (LDHs).

3.3. Characterisation

For characterisation of the phase purity of the synthesised materials, powder X-ray
diffraction (XRD) analysis was performed in the 2θ range from 10◦ to 70◦ (step size of
0.02◦) with a scanning speed of 2◦/min using a MiniFlex II diffractometer (Rigaku, the
Woodlands, TX, USA) (Cu Kα radiation). The size of crystallites was calculated by the
Scherrer equation:

τ =
0.9λ

Bcosθ
(2)

where τ is the mean crystallite size, λ is the X-ray wavelength, B is the line broaden-
ing of full width at half maximum (FWHM) intensity and θ is the Bragg angle. Fourier
transform infrared (FT-IR) spectra were collected using an Alpha spectrometer (Bruker,
Inc., Billerica, MA, USA). All spectra were recorded at ambient temperature in the range
of 4000–480 cm−1. The operational mode was transmittance (%). The morphology of
synthesised LDH samples was investigated using a scanning electron microscope (SEM)
(Hitachi SU-70, Tokyo, Japan). The energy-dispersive X-ray (EDX) analysis of the speci-



128 129

Molecules 2021, 26, 1848 8 of 10

mens was performed using a SEM Hitachi TM 3000. The reflection, photoluminescence
emission (PL) and excitation (PLE) spectra were recorded on an Edinburg Instruments
FLS980 modular spectrometer (Edinburgh Instruments Ltd., Kirkton Campus, Livingstone
UK). The spectrometer was equipped with a 450 W Xe lamp (Edinburgh Instruments Ltd.,
Kirkton Campus, Livingstone, UK) as an excitation source, a cooled (−20 ◦C) photomul-
tiplier (Hamamatsu, Iwata, Japan) (R928P) and double-grating excitation and emission
monochromators. Both excitation and emission spectra were corrected for the instrument
spectral response. Elemental analysis of the synthesised samples was performed by induc-
tively coupled plasma–optical emission spectrometry (ICP-OES) using an Optima 7000DV
spectrometer (Perkin-Elmer, Waltham, MA, USA). The samples were dissolved in 5% nitric
acid (HNO3, Rotipuran® Supra 69%, Carl Roth) and diluted to an appropriate volume.
Calibration solutions were prepared by an appropriate dilution of stock standard solutions
(single-element ICP standards 1000 mg/L, Carl Roth, Karlsruhe, Germany).

4. Conclusions

In conclusion, Mg3Al1−xCrx layered double hydroxides (LDHs) within the substi-
tution range of chromium from 1 to 25 mol% were successfully synthesised for the first
time by an aqueous sol-gel processing route. XRD analysis and FT-IR spectroscopy re-
sults confirmed that the synthesised Mg3Al1−xCrx LDHs were predominant crystalline
phases in the end products. The calculated values of d-spacing and lattice parameters of
Mg3Al1−xCrx LDHs slightly increased with increasing amounts of chromium. The sol-gel-
derived Mg3Al1−xCrx LDHs consisted of characteristic hexagonally shaped nanoparticles
200–300 nm in size regardless of the chromium substitution level. All Cr-containing pow-
ders exhibited characteristic emission in the red region of the visible spectrum. The major
emission lines of Mg3Al1−xCrx LDHs excited at 545 nm peaked in the red spectral region
at 680–695 nm, originating from the 2Eg→4A2 transition. The highest intensity of emission
was observed for the Mg3Al1−xCrx LDH specimen containing 5% of Cr3+. With further
increasing the chromium content up to 25%, concentration quenching was observed. Con-
centration quenching was also confirmed by the calculated PL effective lifetime values
(τeff), which decreased from 22.4 µs for the 5% Cr3+-doped sample to 13.5 µs for the 25%
Cr3+-doped sample.
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Disertacijos anotacija 
 

Naujų sluoksniuotų dvigubų hidroksidų sintezė, modifikavimas ir 
savybių tyrimas 

 

Sluoksniuoti dvigubi hidroksidai (SDH) sulaukia didelio mokslininkų bendruomenės 

susidomėjimo dėl plačių taikymo galimybių katalizėje, fotochemijoje, 

elektrochemijoje, biomedicinos moksle, aplinkos apsaugoje, optikoje ir kt.. SDH 

priklauso anijoninių molžemių šeimai. Yra žinomi kaip hidrotalcito tipo junginiai, 

susidedantys iš teigiamą krūvį turinčių brusito (Mg(OH)2) tipo sluoksnių. SDH bendra 

cheminė formulė gali būti užrašyta [M2+
1−xM3+

x(OH)2]x+(Ay−)x/y·zH2O, kurioje M2+ ir 

M3+ yra atitinkamai metalų katijonai, kurių oksidacijos laipsnis yra +2 ir +3. Ay− yra 

neorganinis (pvz., karbonatas, hidroksidas, nitratas, halogenidas, sulfatas, chromatas, 

vanadatas) arba organinis (pav. karbokslilatai ir kt.) anijonai, tarpsluoksnyje išsidėstęs 

kartu su vandens molekulėmis.  

     Termiškai skaidant SDH susidaro M2+ ir M3+ mišrūs metalų oksidai arba tų oksidų 

mišinys (MMO). MMO pasižymi dideliu paviršiaus plotu ir “atminties efektu” – 

unikalia savybe, kurios dėka, pašildžius MMO vandenyje, atsistato prieš terminį 

skaidymą buvusi sluoksniuota dvigubo hidroksido struktūra.  

     SDH sintetinamas įvairiais metodais. Dažniausiai naudojamas bendrojo 

nusodinimo metodas, kuris vykdomas sumaišant tirpiąsias metalų, sudarančių 

sluoksniuotą hidroksidą, druskas. Kita plačiai taikoma SDH sintezės technika yra 

anijonų mainų metodas, kurio metu tarpsluoksnyje esantis anijonas pakeičiamas kitu 

(vyksta intrerkaliacija). Dėl savo prigimtimi skirtingų anijonų įterpimo į SDH 

kristalinę struktūrą, keičiasi sluoksniuoto hidroksido cheminės ir fizikinės savybės. 

Daugybėje mokslinių publikacijų parodyta, kad zolių‐gelių metodas yra labai 

patrauklus preparatyvinis sintezės būdas daugiakomponentėms medžiagoms gauti. 

Neseniai buvo sukurtas netiesioginis zolių-gelių sintezės metodas, leidžiantis 

pagaminti aukšto grynumo SDH. Sintezės zolių-gelių metodu gauti pradiniai pirmtakų 

geliai yra kaitinami 650 °C temperatūroje, o susidarę MMO yra atstatomi 

(rekonstruojami) dejonizuotame vandenyje 80 °C temperatūroje. Šis zolių-gelių 



sintezės metodas, palyginti su bendrojo nusodinimo metodu, yra paprastesnis, gauti 

produktai yra homogeniškesni ir pasižymi aukštu kristališkumu.  

     Šio disertacinio darbo tikslas yra susintetinti naujus Mg/Al sluoksniuotus dvigubus 

hidroksidus ir, modifikuojant jų cheminę sudėtį, ištirti katijonų ir anijonų pakaitų įtaką 

galutinių produktų susidarymui bei gautų SDH savybėms. Šiam tikslui pasiekti buvo 

iškelti uždaviniai: Ištirti zolių-gelių metodu susintetintų Mg3-xMx/Al1 (M = Mn, Co, 

Ni, Cu, Zn) SDH pakeitimo pereinamųjų metalų jonais galimybes. 

Ištirti zolių-gelių metodu susintetintų Mg2-xMx/Al1 (M = Ca, Sr, Ba) SDH ir atitinkamų 

MMO pakeitimo šarminių žemių metalų jonais galimybes. Ištirti susintetintų 

Mg2−xMx/Al1 (M = Ca, Sr, Ba) SDH rekonstrukcijos ypatumus. 

Ištirti ultragarso ir katijonų (Mn, Co, Ni, Cu, Zn) pakeitimo įtaką organinių anijonų 

(formiatas (HCOO−), acetatas (CH3COO−), oksalatas (C2O4
2−), tartratas (C4H6O4

2−) ir 

citratas (C6H5O7
3−) įterpimo į Mg3/Al1 SDH struktūrą galimybėms. 

Susintetinti Mg3Al1-xCrx SDH mėginius zolių-gelių metodu ir ištirti Cr3+ poveikį gautų 

mėginių faziniam grynumui, morfologinėms ir liuminescencinėms savybėms.  

Disertaciją sudaro įvadas, penki skyriai ir bendrosios išvados. Pirmame skyriuje 

aptariamos zolių-gelių metodu susintetintų Mg3-xMx/Al1 (M = Mn, Co, Ni, Cu, Zn) 

SDH pakeitimo pereinamųjų metalų jonais galimybės. Antrame skyriuje analizuojami 

ištirtų zolių-gelių metodu susintetintų Mg2-xMx/Al1 (M = Ca, Sr, Ba) SDH ir 

atitinkamų MMO pakeitimo šarminių žemių metalų jonais galimybės.Trečiame 

skyriuje kalbama apie susintetintų Mg2−xMx/Al1 (M = Ca, Sr, Ba) SDH rekonstrukcijos 

ypatumus. Ketvirtame skyriuje  aptariama ultragarso ir katijonų (Mn, Co, Ni, Cu, Zn) 

pakeitimo įtaka organinių anijonų (formiatas (HCOO−), acetatas (CH3COO−), 

oksalatas (C2O4
2−), tartratas (C4H6O4

2−) ir citratas (C6H5O7
3−) įterpimo į Mg3/Al1 SDH 

struktūrą galimybėms. Penktame skyriuje aptariamas ir ištirtas Cr3+ poveikis 

susintetintų Mg3Al1-xCrx SDH mėginių zolių-gelių metodu gautų mėginių faziniam 

grynumui, morfologinėms ir liuminescencinėms savybėms. 

      Šio darbo naujumas ir originalumas: Buvo ištirtos zolių-gelių sintezės metodu 

susintetintų pereinamųjų metalų Mg3-xMx/Al1 (M = Mn, Co, Ni, Cu, Zn) SDH, 

šarminių žemių metalų Mg2-xMx/Al1 (M = Ca, Sr, Ba) SDH (ir atitinkamų MMO) 

pakeitimo galimybės. Išanalizuoti Mg(M)–Al (M = Ca, Sr, Ba) MMO rekonstrukcijos 



ypatumai. Ištirta ultragarso ir katijonų (Mn, Co, Ni, Cu, Zn) pakeitimo įtaka organinių 

anijonų (formiato (HCOO−), acetato (CH3COO−), oksalato (C2O4
2−), tartrato 

(C4H6O4
2−) ir citrato (C6H5O7

3−)) į Mg3/Al1 SDH struktūrą įterpimui. Pirmą kartą 

zolių-gelių metodu buvo susintetinti Mg3Al1-xCrx SDH mėginiai. Ištirta Cr3+ įtaka 

gautų mėginių faziniam grynumui, morfologinėms ir liuminescencinėms savybėms. 

Pagrindiniai disertacijos rezultatai paskelbti 4 moksliniuose straipsniuose, rezultatai 

viešinti 7 mokslinėse konferencijose. 

 

 

  



Dissertation annotation 
 

Synthesis of new layered double hydroxides, modification and 
investigation of properties 

 

Recently layered double hydroxides (LDHs) have attracted substantial attention 

due to a wide range of important application areas, e.g. catalysis, photochemistry, 

electrochemistry, magnetization, biomedical science, environmental applications, and 

optics. A general chemical formula of the LDHs can be expressed as 

[M2+
1−xM3+

x(OH)2]x+(Ay−)x/y·zH2O, where M2+ (Mg, Zn, Co, Ni, Cu, Mn, . .  .) and M3+ 

(Al, Ga, Cr, Co, Fe, V, Y, Mn, . . .) are divalent and trivalent metal cations, 

respectively, and Ay− is an intercalated anion which is located in the interlayer spaces 

along with water molecules and compensates the positive charge created by the partial 

substitution of M2+ by M3+ in a positively charged metal hydroxide layers. LDHs 

exhibit excellent ability to adopt organic and inorganic anions. 

LDHs can be fabricated by different synthesis methods. The most common 

preparation technique is co-precipitation method starting from soluble salts of the 

metals. The most common second technique for the preparation of LDHs is anion-

exchange. The indirect sol-gel synthesis route for the preparation of LDHs recently 

was also developed. The synthesized precursor gels were converted to the mixed metal 

oxides (MMO) by heating the gels at 650 °C. The LDHs were fabricated by 

reconstruction of MMO in deionized water at 80 °C. The proposed sol-gel synthesis 

route for LDHs showed some benefits over the co-precipitation method such as 

simplicity, high homogeneity and good crystallinity of the end synthesis products, 

effectiveness, cost efficiency and suitability for different systems. 

The aim of this PhD thesis was to synthesize new Mg-Al-based layered double 

hydroxides by modifying its chemical composition, to investigate cation and anion 

substitution effects on the formation of the end products and to investigate properties 

of obtained LDHs. To achieve this, the main tasks were formulated as follows: To 

investigate transition metal substitution effects in Mg3-xMx/Al1 (M = Mn, Co, Ni, Cu, 

Zn) LDHs synthesized using the sol-gel chemistry approach. To investigate alkaline 

earth metal substitution effects in sol-gel derived Mg2-xMx/Al1 (M = Ca, Sr, Ba) LDHs 



and related mixed-metal oxides. To investigate the reconstruction peculiarities of sol-

gel derived Mg2−xMx/Al1 (M = Ca, Sr, Ba) LDHs. To investigate the influence of 

ultrasound and cation substitution (Mn, Co, Ni, Cu, Zn) on the intercalation of organic 

anions (formate (HCOO−), acetate (CH3COO−), oxalate (C2O4
2−), tartrate (C4H6O4

2−) 

and citrate (C6H5O7
3−)) to the structure of Mg3/Al1 LDHs. To synthesize the Mg3Al1-

xCrx LDH samples using an aqueous sol-gel method and investigate effect of Cr3+ 

substitution on phase purity, morphological and luminescent properties of obtained 

end products. 

 

The dissertation contains: introduction, five chapters and general conclusions. The 

first chapter investigates effect of transition metal substitution in Mg3-xMx/Al1 (M = 

Mn, Co, Ni, Cu, Zn) LDHs synthesized using the sol-gel chemistry approach. 

Iinvestigation of alkaline earth metal substitution effects in sol-gel derived Mg2-

xMx/Al1 (M = Ca, Sr, Ba) LDHs and related mixed-metal oxides is in the second 

chapter.  

Results of the reconstruction peculiarities of sol-gel derived Mg2−xMx/Al1 (M = Ca, Sr, 

Ba) LDHs are analyzed in the third chapter. 

The influence of ultrasound and cation substitution (Mn, Co, Ni, Cu, Zn) on the 

intercalation of organic anions (formate (HCOO−), acetate (CH3COO−), oxalate 

(C2O4
2−), tartrate (C4H6O4

2−) and citrate (C6H5O7
3−)) to the structure of Mg3/Al1 LDHs 

is discussed in the fourth chapter.  

Analysis of the Mg3Al1-xCrx LDH samples using an aqueous sol-gel method and 

investigation of ther effect of Cr3+ substitution on phase purity, morphological and 

luminescent properties of obtained end products are in the fifth chapter.  

The novelty and originality of PhD thesis. The transition metal substitution effects in 

Mg3-xMx/Al1 (M = Mn, Co, Ni, Cu, Zn) LDHs synthesized by sol-gel synthesis method 

were investigated. The alkaline earth metal substitution effects in Mg2-xMx/Al1 (M = 

Ca, Sr, Ba) LDHs synthesized by sol-gel synthesis method were investigated. The 

reconstruction peculiarities of sol-gel derived Mg2-xMx/Al1 (M = Ca, Sr, Ba) LDHs by 

changing proceeding conditions were investigated. The chromium-substituted 



Mg3Al1-xCrx LDH samples were fabricated using an aqueous sol-gel method and 

luminescent properties of obtained specimens were investigated. 

The main results of the thesis were published in 4 scientific publications, the results 

were presented in 7 scientific conferences. 

 


