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INTRODUCTION 

    Layered double hydroxides (LDHs) are anionic clays with unique physical 
and chemical properties. The general term of LDH is hydrotalcite as Mg-Al 
hydroxycarbonate which was the first with exact formula of 
Mg6Al2(OH)16CO3·4H2O discovered in Sweden and published in 1915 by 
Manasse [1]. Layered double hydroxides, hydrotalcite-type compounds are 
the commonly used to describe a class of layered materials based on the 
brucite (Mg(OH)2) crystal structure and having a general chemical formula of 
[M2+

1-x M3+
x(OH)2]x+(Am-)x/m]·nH2O [2]. A large number of LDHs can be 

synthesized by varying either the type of the cation or anion resulting in 
numerous new materials with multifunctional properties. Basic properties of 
LDHs are mainly determined by inter-layer cations, M2+/M3+ ratio, 
compensation anions and activation parameters [3]. The LDH containing 
Mg2+ and Al3+ cations which is identical to the natural hydrotalcite was mostly 
used as a reference system.  
    LDHs can be fabricated by different synthesis methods. The most common 
preparation technique is co-precipitation method starting from soluble salts of 
the metals [4]. After calcination at temperatures from 200 to 600 °C, an LDH 
is converted to the mixed metal oxides (MMO) with high specific surface area 
and basic properties. An ability of MMO to recover the original layered 
structure is a property known as „memory effect” [5]. The most common 

second technique for the preparation of LDHs is anion-exchange [6]. Anions 
are intercalated between the layers in order to maintain electroneutrality of the 
compound. This flexibility of the LDHs host provide a large variety of 
multifunctional LDH materials with potential applications in catalysis [7], 
optics [8], anticorrosion inhibitors [9], separation science [10], 
photochemistry and electrochemistry [11].  
     Recently considerable attention has been focused on incorporating 
different metal ions into LDH host layers to develop new functional materials 
[12]. Many transition metal ions have been introduced into LDHs in the form 
of anionic complexes with organic ligands [13, 14]. Rare earth  elements, 
especially those containing europium and terbium, have been the subject of 
extensive research because of their sharp and intense emission bands arising 
from f−f transitions [15, 16]. The rare-earth metal ions offer the possibility of 
obtaining blue, green and red colours, which are necessary for RGB devices 
[17, 18]. Today many investigations on luminescent materials based on 
aromatic carboxylates of lanthanides have been performed [19]. The study of 
luminescence of inorganic-organic LDH materials indicated that energy 
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transfer from the excited state of the intercalated anion guest molecules to 
lanthanide element centres influences the emission intensity [20-22]. 
     The sol-gel synthesis route for the mixed metal oxides and related 
compounds have some benefits over other methods such as simplicity, 
synthesis at low temperatures, effectiveness, suitability for different systems 
and cost efficiency and also recently was developed for indirect preparation 
of LDHs [23-25]. 
     The aim of this PhD study was to investigate luminescence properties of 
lanthanide-substituted Mg-Al LDHs. For the first time lanthanide-substituted 
LDHs were synthesized using indirect sol-gel synthesis processing. The 
novelty of this PhD thesis is the determined possibility to induce luminescence 
in some lanthanide-substituted LDHs by intercalation of different anions and 
to develop new thin films of Mg-Al LDHs. 
    To achieve this, doctoral dissertation’s the tasks were formulated as 
follows: 

1. To compare the co-precipitation and novel indirect sol-gel synthesis 
techniques for the preparation of Ce3+-substituted Mg-Al LDHs and 
investigate luminescent properties. 

2. To synthesize for the first time by sol-gel technique Eu3+-substituted 
Mg-Al LDHs. 

3. To investigate the possibility to induce Nd3+ luminescence in the sol-
gel derived Mg-Al LDHs.  

4.  To synthesize for the first time by sol-gel technique Tb3+-substituted 
Mg-Al LDHs. 

5. To investigate the peculiarities of intercalation of organic anions to 
the LDHs structures. 

6. To prepare the new thin films of Mg-Al LDHs by dip-coating 
technique. 
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1. LITERATURE OVERVIEW 

1.1. Structural features of layered double hydroxides (LDHs) 

     Layered double hydroxides 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 [5]. A general chemical 
formula of an LDH can be expressed as [M2+

1-x M3+
x(OH)2]x+(Am-)x/m]·nH2O 

where M2+ and M3+ are divalent and trivalent metal cations and Ay− is an 
intercalated anions.  The metal cations are coordinated by six oxygen atoms 
forming M2+/M3+(OH)6 octahedra. These octahedra form two-dimensional 
sheets via edge sharing and may stack together by hydrogen bonding and other 
electrostatic interactions between the hydroxyl groups of contiguous sheets 
and interlayer anions (Fig.1.) [26].  

 

 

 

 

 

 

 

Fig.1. Schematic structure of layered double hydroxide26
. 

    The brucite-like sheets can stack one on the other with two different 
symmetries, rhombohedral or hexagonal. The layers are three atoms thick and 
can be represented as ABC the three-fold axis of the -OH groups in the brucite-
like layers, the stack may have the sequence BC-CA-AB-BC, thus having 
three sheets in the unit cell, or BC-CB-BC with two layers in the unit cell with 
hexagonal symmetry [27]. The hydroxyl ions in every alternate layer of 
octahedral sites are occupied by M2+ ions, which according [28, 29] are 
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forming the 1H polytype of brucite Mg(OH)2 -like layer. The number “1” 

indicates the single-layer periodicity and “H” indicates the hexagonal 

symmetry. Periodic insertion of other layers, AB, CA, CB, etc., into the 
primary stacking sequence of 1H yields different polytypes, of which the most 
important are the two-layered polytypes of hexagonal symmetry (2H1, 2H2, 
2H3) and triple-layered polytypes of rhombohedral symmetry (3R1, 3R2). 
These polytypes differ from one to another in the nature of the interlayer sites 
that they generate. For instance, the 3R1 and 2H1 polytypes generate 
exclusively trigonal-prismatic interlayer sites, whereas 3R2 and 2H2 polytypes 
generate exclusively octahedral sites [30]. LDHs containing CO3

2- crystallize 
in the structure of the 3R1 or 2H1 polytypes, having prismatic interlayer sites. 
These not only provide crystallographically well-defined sites for the C and O 
atoms of the CO3

2- ions but also facilitate hydrogen bonding between the 
oxygen atoms of the carbonate ions and the hydroxyl ions of the layer. 
Therefore, the LDHs are characterized by the mineral hydrotalcite formula 
[Mg6Al2(OH)16]CO3 ·4H2O, which is usually written as [Mg0.75Al0.25(OH)2] 
(CO3)0.125·0.5H2O in order to highlight its relationship to brucite. Many other 
minerals are known that have hydrotalcite (HT) structure but with different 
stoichiometries, with more than one anion and more than two cations, or with 
small amounts of cations in the interlayer and also with some ordering of the 
cation inside the brucite-like layers (Table 1) [31, 32].  
 
Table1. Minerals with a HT structure. 

 
Mineral 

 
Symmetry 

 
 

Chemical formula 
 

Hydrotalcite 3R Mg6Al2(OH)16CO3 ·4H2O 

Pyroaurite 3R Mg6Fe2(OH)16CO3 ·4H2O 

Woodwardite 3R Cu5Al2(OH)12SO4 ·2-4H2O 

Sjogrenite 2H Mg6Fe2(OH)16CO3 ·4H2O 

Stichtite 3R Mg6Cr2(OH)16CO3 ·4H2O 

Meixnerite 3R Mg6Al2(OH)16(OH)2 · 4H2O 

Barbertonite 2H Mg6Cr2(OH)16(OH)2 · 4H2O 

Honessite 3R Ni6Fe2(OH)16SO4 ·nH2O 

https://www.mindat.org/min-2628.html


12 
 

 

 LDHs have a well-defined layered structure within nanometre scale (0.3–3 
nm) interlayer and contain important functional groups in both the metal 
hydroxide layers and interlayers [33]. The brucite-like sheets stack on each 
other with respect to rhombohedral 3R symmetry with the lattice parameter c, 
which corresponds to three times the spacing d between two consecutive 
layers. They are ascribed to diffraction by planes (003), (006), and (009) and 

the value can be calculated from Powder X-ray diffraction (XRD) patterns 
(Fig.2.) [34].  
 

 

 

 

 

 

 

Fig. 2. Powder XRD patterns of Mg–Al LDHs with intercalated nitrate. 
Mg:Al ratios of 4 (pattern 4N) and 2 (pattern 2N). The phase of Mg(OH)2 is 

marked with asterisks34. 

Lattice parameter c can be calculated as three times the spacing of diffraction 
due to first plane (003), or averaging the positions of the signals c = d(003) + 
2d(006) + 3d(009), although the peak due to planes (009) is sometimes 

Takovite 3R Ni6Al2(OH)16CO3 · 4H2O 

Iowaite 3R Mg5Fe(OH)12Cl ·2H2O 

Reevesite 3R Ni6Fe2(OH)16CO3 · 4H2O 

Desautelsite 3R Mg6Mn2(OH)16CO3 · 4H2O 

Chlormagaluminite 2H Mg4Al2(OH)12Cl2 · 3H2O 

Zaccagnaite 2H Zn4Al2(OH)12CO3 · 3H2O 

Charmarite 2H Mn4Al2(OH)12CO3 · 3H2O 

Quintinite 2H Mg4Al2(OH)12CO3 · 3H2O 

(003) 

(006) 

(009) 

https://www.mindat.org/min-3874.html
https://www.mindat.org/min-2038.html
https://www.mindat.org/min-3383.html
https://www.mindat.org/min-1266.html
https://www.mindat.org/min-1018.html
https://www.mindat.org/min-10810.html
https://www.mindat.org/min-7582.html
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overlapped because of disorder of the anions and the water molecules in the 
interlayer space [35].  

1.2. Cations in LDHs 

    The number of natural and synthetic anionic clays containing different 
metallic divalent or trivalent cations studied is very large. In the composition 
of LDH materials the M2+ and M3+cations can be substituted or partially 
replaced by other cations modifying their chemical and physical properties. 
The commonly found M2+ and M3+ cations like as: Mg2+, Zn2+, Co2+, Ni2+, Cu2+ 
or Mn2+ and Al3+, Cr3+, Co3+, Fe3+, V3+ or Y3+, respectively [36, 37]. The most 
frequent divalent metals have the ionic radii from 0.65 Å (Mg) to 0.80 Å (Mn) 
whereas the radii of the trivalent metals are usually between 0.50 Å (Al) and 
0.69 Å (Cr) [32]. 

    Recently, it was found that lanthanide (Ln) cations such as Eu3+ [38], Tb3+ 
[39] or Nd3+ [40] can substitute M2+ and M3+ in LDHs to achieve green, red, 
or infrared luminescence. Layered lanthanide hydroxides of cationic rare earth 
elements such as Yb3+, Dy3+, Ho3+, Y3+ have been also prepared [41] and 
characterized. The use of LDHs as host materials for optically active 
lanthanides is still a relatively new topic. 

1.3. Anions in LDHs 

Intercalation of different anions in LDH is a challenging topic, the anion-
exchange could be performed mostly, when the introduced anion has higher 
affinity with the LDH layer than the host anion. Usually, the anions with small 
size and high charge density are used for such investigations. Nevertheless, 
the low-charge large organic anions could also be introduced to the LDH 
structure [1]. The possibility to substitute of monovalent anions in the Mg-Al 
LDH could be expressed by following order OH- > F- > Cl- > Br- > NO3

-. More 
selective are anions with higher charge CO3

2- > SO4
2- [42]. The anion-

exchange selectivity is usually related to the guest orientation. Two 
orientations are observed for the organic anion within the gallery either 
vertical perpendicular to the layers or horizontal. Whether a vertical or 
horizontal orientation exists, depends upon the charge on the layers and the 
degree of hydration of the sample. Moreover, the water molecules stabilize 
the LDH structure via formation of a hydrogen bond [43–45]. The organic 
anions can create negative charge in the LDH particles, which can be 
associated to the micellization or formation of self-assembly of exchanged or 
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adsorbed organic anions on the LDH surface. Furthermore, interaction 
between LDHs carbonate and carboxylate-containing substances is an 
important aspect of the high affinity of these types of anions to the LDH 
surface. Multivalent anions exhibit also high affinity to the LDH surfaces 
neutralizing the charge of the surface or even making it reversal at higher 
concentrations. This feature is more pronounced for anions with higher 
negative charge and platelets of significant negative charge could be formed. 
These results allow one to design the LDH-based anion-exchange systems for 
different applications [46-49].  

1.4. Synthesis methods 

    There are many general methods for the preparation of LDHs such as co-
precipitation [50], sol-gel [51], urea hydrolysis [52], hydrothermal synthesis 
[53], anion-exchange [54], combustion synthesis, electrochemical synthesis 
and synthesis using microwave irradiation [55, 56]. The most common 
method applied for the preparation of LDHs is the co-precipitation [57-59]. 
The co-precipitation method is performed at constant pH by the same time 
adding metal salts and base solutions. The aqueous solutions of M2+ or 
mixtures of M2+ and M3+ species containing the anion that is to be incorporated 
into the LDH are used as precursors. The precipitating agents such as NaOH 
or NaHCO3 are added to the solution containing Mg2+ and Al3+ ions until the 
pH of the reaction mixture reaches value (around 10 - 11) and a solution of 
NaOH is then used to maintain the pH value until the precipitation is complete 
[31]. The first containing the metal cations nitrate salts were prepared with 
molar ratios of 2:1, 3:1 and 4:1 by adding Mg(NO3)2⋅6H2O and 
Al(NO3)3⋅9H2O in de-ionized water. After complete dissolution, the above 
solution was added drop wise to a stirred Na2CO3 solution in de-ionized water. 
The prepared 1 M NaOH solution was then added drop wise to the above 
solution to maintain constant pH (~ 11). The precipitate was separated from 
the solution by centrifugation, washed several times with de-ionized water and 
dried in vacuum. All these reactions were carried out in an inert atmosphere 
[60]. The co-precipitation method is the most preferred as it is simple to carry 
out and does not require any unstable solvents or other expensive chemicals 
or apparatus [61, 62]. The LDHs precipitates and form homogenous mixtures 
if solubility products of the metal hydroxides are very similar. Unfortunately, 
LDHs prepared by co-precipitation often suffer from poor crystallinity and the 
presence of impurities. Low supersaturation conditions usually give rise to 
more crystalline precipitates [57]. 
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     In contrast, the sol-gel synthesis route for mixed metal oxides and related 
compounds have some benefits over co-precipitation method such as 
simplicity, synthesis at low temperatures, effectiveness, suitability for 
different systems and cost efficiency [63, 64]. During the sol–gel processing, 
the preferable metal inorganic salts or metal organic compounds are 
hydrolyzed in water, aqueous solution or liquid-organic solvent in ambient 
temperature to produce a polymeric or particulate sol. An appropriate amount 
of acid or base can be added into the sol mixture during hydrolysis to facilitate 
peptization of the solution [65]. The heat treatment of the gels resulted in high 
crystalline mixed metal oxide (MMO) powders, which were hydroxylated in 
an aqueous media providing well-crystallized LDH phase [66]. The direct sol–
gel method for the preparation of LDHs has some limitations, since 
amorphous materials could be obtained. Another feature that makes these sol–
gel materials distinguishable from those prepared by other synthetic methods 
is their high specific surface area [55]. However, if metal alkoxides in the sol-
gel processing are used as starting materials, the synthesis conditions should 
be more strictly controlled than in the co-precipitation method. Besides, the 
synthesis processing in that case is rather expensive. 
     The major drawback of the urea hydrolysis is that only the carbonate 
containing LDH could be prepared. The carbonate is continuously being 
generated due to the decomposition of the urea [67]. The effects of variation 
of the temperature, total metal cations concentration, the molar fraction of 
M2+/Al-carbonate and molar fraction of urea/M2++Al in solution on the 
composition and the crystallinity of the samples were investigated [68]. In 
contrast to the LDHs synthesized by co-precipitation method, which typically 
require extensive ageing to have similar characteristics, the urea hydrolysis 
can provide particle size with large, thin platelets distributions [69].  
    Hydrothermal synthesis has been used to control the particle size and its 
distribution when soluble magnesium and aluminium salts were used together 
with alkali solution to prepare Mg/Al-carbonate LDHs [70]. Hydrothermal 
treatment can be used to compensate for the required residual water that is lost 
in the previous stages of the LDH development. When co-precipitation for 
preparing LDHs fails, a combined co-precipitated and hydrothermal synthesis 
can be proposed to improve the crystallization. The hydrothermal 
crystallization is usually carried out at temperatures up to 200 °C under 
autogenous pressure for a time ranging from hours to days [71]. This method 
has influence on the surface area and the growth of LDHs crystals. Improved 
crystalline structures can be obtained by hydrothermal treatment in the 
presence of water vapour at temperatures not exceeding the decomposition 
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temperature of the LDHs. While heating the reactants in a pressurized aqueous 
media improves the crystallinity of the resulting LDHs, however, the 
hydrothermal synthesis may require additional effort and time. This method 
can also result in a decrease of surface area and growth of hydrotalcite crystals 
[55]. 
    The anion-exchange method is especially useful when the co-precipitation 
method is inapplicable. For example, when the divalent or trivalent metal 
cations or the anions involved are unstable in alkaline solution, or the direct 
reaction between metal ions and interlayer anions is more favourable (Fig.3.) 
[72]. In this anion-exchange method, the guests are exchanged with the anions 
in the interlayer regions of LDHs.  
 

 

 

 

 

 

 

 

 

Fig. 3. Scheme of anion-exchange method72. 

 

    As was already mentioned, the intercalation of different anions in LDH, 
usually can be performed when the introduced anion has higher affinity with 
the LDH layer than the host anion. Small anions with relatively high charge 
density are generally the most preferable. However, the LDHs can be 
intercalated also with low charge large anions (including organic species) [73, 
74]. LDHs containing NO3

− anions are the most suitable precursors for anion 
exchange due to the easy displacement from the interlayer [42, 75]. 
Intercalation by smaller guests using anion exchange method is an effective 
way to enlarge the interlayer space of LDH host, so that it is possible to 
introduce large or low charge target guests into the interlayer of LDH regions. 
    The preparation of Mg/Al hydrotalcite-like compounds by combustion, 
electrochemical and microwave irradiation syntheses has also been reported. 
The drawbacks of these proposed techniques are the materials have a poor 



17 
 

crystallinity, time-consuming and rather expensive processes. Besides, high 
number of surface-defective sites could be induced [56]. 
 

1.5. Memory effect 

     The layered double hydroxides can be designed to have a “structural 

memory effect”. After calcination at temperatures from 200 to 600 °C, LDH 

is converted to mixed metal oxides (MMO) [76, 77], which have high 
adsorption capacity and other interesting physical features. Thermal treatment 
of LDHs up to about 200◦C induces dehydration. Treatment up to 600◦C 
induces dehydroxylation and loss of vaporizable anions such as carbonate, 
nitrate, oxalate, and acetate. Heating at up to 900◦C leads to the formation of 
MgAl2O4 spinels. This LDHs procedure calls a “structural memory effect” or 

reformation [78-80]. The MMO into aqueous solution, in the presence of 
anions, is recovering to the layered structure with anions incorporated in the 
interlayer [81]. It is therefore important to choose anions that can be easily 
removed at elevated temperatures forming stable non-toxic decomposition 
products [82]. Carbonate is an ideal anion for this purpose. As a carbonate 
containing LDH decomposes, it releases carbon dioxide and water vapour 
which are both stable. LDHs also have a higher affinity for carbonate than any 
other anion and this can reduce of non-removable anions being exchanged 
during long term storage and eliminates the need for precautions to prevent 
non-carbonate containing LDHs from adsorbing carbonate from the 
atmosphere or dissolved in water [83]. Reformation of LDH can provide 
several advantages with new functional LDH materials. 

1.6. Application of LDHs 

    LDHs are widely used in commercial products as adsorbents, catalyst 
support precursors, acid residue scavengers, flame retardants, osmosis 
membranes and sensors [84-87]. Furthermore, LDHs materials were 
successfully used as drug and gens delivery, cosmetics, cancer therapy and 
biosensing [88-94]. LDHs have been studied for their potential application to 
the removal of oxyanions, such as arsenate, chromate, selenite, borate, and 
nitrate from contaminated waters [95-100] and also toxic metals ions [101-
112]. The removal of oxyanions by LDHs can be ascribed to three different 
mechanisms, including surface adsorption, interlayer anion-exchange and 
reformation effect [113-115].  
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    Layered double hydroxides can be prepared with different divalent and 
trivalent cations in the structure serving as precursors for the preparation of 
mixed metal oxides used as catalysts for oxidation and 
hydrogenation/dehydrogenation reactions. The exact features, such as the 
nature of the cations in the brucite-like layers and the specific surface area 
may have a significant effect on their catalytic properties [116]. 
Heterogeneous catalysts including metal–organic frameworks [117-119] and 
layered double hydroxides [120-124] are new environmentally friendly 
catalysts, which can be easily removed from the reaction mixture and 
recycled.  
     Many inhibitors are intercalated into the LDH and their behaviour has been 
evaluated [125-128]. The hydrotalcite layers were demonstrated to offer an 
anticorrosion protection even when applied as a surface conversion films on 
Mg alloys [129]. The results showed that ZnAl-vanadate-LDH possesses the 
best anion-exchange and inhibition abilities. Some inorganic inhibitors, 
cerium, molybdates, phosphates [130] and lanthanum [131] have also been 
proposed for Al alloys. These inhibitors create a passive insoluble oxide layer 
that stops the oxygen diffusion from the aggressive environment to the 
surface.  
    One particular property of LDHs nanocomposites is their ability to 
incorporate large molecule as drugs. Furthermore, they can increase the drug 
solubility without the alteration of pharmaceutical therapeutic activity [132, 
133]. The self-assembled gold nanoparticles (AuNPs) on LDHs matrix have 
been obtained [134]. The resulted hybrids were tested against hepatitis B virus 
(HBV). The results showed that the hybrids have an inhibitory effect on HBV 
proliferation and a good cytocompatibility. The Zn/Al LDH incorporated with 
polyacrylonitrile (PAN) synthesised by in situ polymerisation indicate that 
PAN material can be designed with enhanced thermal stability and 
antibacterial behaviour by the dispersion of small amount of LDH [135, 136]. 
The antibacterial activities of PAN and its composites containing different 
wt.% of Zn-Al-LDH against bacteria such as B. subtilis, P. aeruginosa, E. coli 
and S. aureus were tested [137, 138]. The polar and high surface area of LDH 
favours electrostatic interaction between the positive surface of the 
nanocomposite and negatively charged bacterial cells which subsequently 
lowers the charge density on bacterial surface causing decrease in cell viability 
[139, 140] 
     In recent years, inorganic-organic hybrid luminescence materials have 
been widely investigated 



19 
 

due to the novel properties to form stable compounds with lanthanides in the 
interlayer space of LDH [141, 142]. However, these LDHs show limitation 
due to the low intensity of emission which is caused by direct coordination of 
water molecules and hydroxyl groups to the RE centre in the layer. For then 
hybrid RE-organic LDH materials, intercalation of guest organic anions in the 
interlayer galleries influences the luminescence properties dramatically. The 
luminescence properties have been investigated of Eu3+-doped LDHs 
intercalated with certain organic compounds, such as naphtalene-1,5-
sulfonate, naphtalene-2,6-dicarboxylate [143] citrate, glutamate, picolinate, 
ethylenediaminetetraacetate [144], and many other compounds [145-148]. 
The lanthanide-doped luminescent materials have drawn increasing attention 
as potential phosphor materials for use in optical devices [149-151]. The rare-
earth metal ions offer the possibility of obtaining blue, green and red colours, 
which are necessary for RGB devices [152].  
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2. EXPERIMENTAL 

2.1. Materials 
   The following starting materials were used: aluminium (III) nitrate 
nonahydrate (Al(NO3)3·9H2O, 98.5%, Chempur); magnesium (II) nitrate 
hexahydrate (Mg(NO3)2·6H2O), 99%, Chempur); cerium (III) nitrate 
hexahydrate (Ce(NO3)3·6H2O, 99.9%, Sigma-Aldrich), neodymium (III) 
nitrate hexahydrate (Nd(NO3)3·6H2O, 99.9%, Sigma-Aldrich), europium (III) 
nitrate hexahydrate (Eu(NO3)3·6H2O, 99.9%, Sigma-Aldrich),  terbium (III) 
nitrate pentahydrate (Tb(NO3)3·5H2O, 99.9%, Sigma-Aldrich); cerium 
dioxide (CeO2, ≥99.9%, Sigma-Aldrich), ethylene glycol (C2H6O2, 99.5%, 
Roth); citric acid (C6H8O7, 99.5%, Chempur); benzoic acid (C7H6CO2, 99.5%, 
Sigma-Aldrich), oxalic acid (C2H2CO4, 98%, Sigma-Aldrich), lauric acid 
(C12H24O2, 99%, Sigma-Aldrich),  malonic acid (C3H4O4, 99%, Sigma-
Aldrich), succinic acid (C4H6O4, 99%, Sigma-Aldrich), tartaric acid (C4H6O6, 
99.5%, Sigma-Aldrich), 1,3,5-benzentricarboxylic acid (C9H6O6, 98%, 
Sigma-Aldrich), 4-methylbenzoic acid (C8H8O2, 98%, Sigma-Aldrich), 4-
dimethylaminobenzoic acid (C9H11NO2, 98%, Sigma-Aldrich), 4-
biphenylacetic acid (C14H12O2, 98%, Sigma-Aldrich), terephthalic acid (C6H4-
1,4-(CO2H)2, 98%, Sigma-Aldrich), sodium hydrogen carbonate (NaHCO3, 
99.7%, Sigma-Aldrich), sodium hydroxide (NaOH, 98%, Sigma-Aldrich), 
hydrochloric acid (HCl, 37%, Sigma-Aldrich), nitric acid (HNO3, 68%, 
Sigma-Aldrich), polyvinyl alcohol (PVA, Mw 89,000-98,000, Sigma-
Aldrich). 

2.2. Synthesis of Mg-Al non-substituted and lanthanide-substituted 
LDHs by co-precipitation method 

    LDH samples were synthesized by adding a mixture of Mg(NO3)2·6H2O 
and Al(NO3)3·9H2O (with molar ratio of 3:1) drop by drop to the solution of 
NaHCO3 (1.5 M). pH of the resulting solution was measured and kept at 8–9 
using NaOH (2 M) under continuous stirring. To separate the slurry from the 
solution, the mixture was centrifuged at 3000 rpm for 2 min. The precipitated 
LDH was washed with distilled water and centrifuged again. Process was 
repeated four times depending on the sample. The formed LDH was dried at 
75–80 °C for 12 h. Synthesis of Mg3Al1-xCex compounds was performed in 
the same way as Mg3Al LDH, keeping the pH of the solution about 10 during 
the synthesis and using Ce(NO3)3·6H2O as cerium source. 
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2.3. Synthesis of Mg-Al non-substituted and lanthanide-substituted LDHs 
by sol-gel method 

    The Mg3Al and Mg3Al1-xNdx, Mg3Al1-xEux, and Mg3Al1-xTbx LDH 
specimens were prepared by sol-gel technique using metal nitrates 
Mg(NO3)2·6H2O, Al(NO3)3·9H2O, Nd(NO3)3·6H2O, Eu(NO3)3·6H2O, and 
Tb(NO3)3·5H2O dissolved in 50 mL of deionized water as starting materials. 
To the obtained mixture, the 0.2 M solution of citric acid was added. The 
resulted solution was additionally stirred for 1 h at 80 °C. Finally, 2 mL of 
ethylene glycol was added with continued stirring at 150 °C. During the 
evaporation of solvent, the transformations from sols to the gels occurred. 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 for 4 h. LDHs 
were fabricated by reconstruction of MMO in deionized water at 80 °C for 6 
h. The commercial hydrotalcite PURAL MG63HT powder (Brunsbüttel, 
Germany) which is chemically Mg3Al LDH intercalated with CO3

2– was also 
analysed for comparison. 

2.4. Modification of Mg-Al non-substituted and lanthanide - substituted 
LDHs anions 

   The inorganic anions were exchanged according to the following [153, 154] 
experiments. The decarbonation of CO3-LDHs was conducted as described in 
[153]. The 0.5 g of CO3-LDH was added into 500 mL NaCl-HCl mixed 
solution (concentration: 1M for NaCl and 3.3 mM for HCl). The 0.048mol 
HNO3 was mixed with 200 ml decarbonated water at 65°C then 0.024 mol 
Mg3Al LDH  was added [154]. After purging with N2, the vessel was sealed 
and stirred for 24 h at ambient temperature. The suspension was filtered, 
washed with decarbonated water and acetone for several times, the product 
was dried at 40°C for 12 h. 
     Mg3Al and Mg3Al1-xEux, benzoate, oxalate, laurate, malonate, succinate, 
tartrate, terephthalate, 1,3,5-benzentricarboxylate (BTC), 4-methylbenzoate 
(MB), 4-dimethylaminobenzoate (DMB) and 4-biphenylacetonate (BPhAc), 
further, Mg3Al and Mg3Al1-xEux, Mg3Al1-xTbx terephthalate were synthesized 
using anion exchange technique. For this, 2 mmol of Mg3Al or Mg3Al1-xEux, 

Mg3/Al1-xTbx was immersed in the solution of disodium/sodium organic 
compounds with 1.5 molar excess amounts in comparison with LDHs. Next, 
the solution was stirred at room temperature for 24 h. After filtration and 
washing with deionized water and acetone, the synthesis product was dried at 
40 °C for 12 h. 
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2.5. Preparation of sol LDH suspension for dip-coating 

    Mg3Al LDH coatings were synthesised using sol-gel method in diffrent 
solutions. 0.5 g of LDH was mixed with 1 g of PVA in distilled water. LDH 
suspensions were deposited on silicon and stainless-steel substrates using the 
dip-coating technique by a single dipping process and the deposited film was 
dried before new layer is added.  

2.6. Characterization techniques 

    X-ray diffraction analysis of synthesized compounds was performed with 
MiniFlex II diffractometer (Rigaku) using a primary beam Cu Kα radiation (λ 

= 1.541838 Å). The 2θ°angle of the diffractometer was gradated from 8 to 80° 
in steps of 0.02°, with the measuring time of 0.4 s per step. Fourier-transform 
infrared spectroscopy (FT-IR) spectra were recorded using Bruker-Alpha FT-
IR spectrometer in the range of 4000–400 cm-1. The surface morphological 
features were characterized using a scanning electron microscope (SEM) 
Hitachi SU-70. The luminescent properties were investigated using Edinburg 
Instruments FLS 980 spectrometer. The spectrometer was equipped with 
VUV monochromator VM504 from Acton Research Corporation (ARC) and 
deuterium lamp as an excitation source. Thermal analysis was carried out 
using a simultaneous thermal analyzer 6000 (Perkin-Elmer) in air atmosphere 
at scan rate of 10 °C/min and the temperature range from 30 °C up to 900 °C. 
The particle and anion dimension sizes were calculated using the ImageJ and 
Avogadro programmes. The phase identification data, as well as crystal 
structure has been taken from databases using Match! software, version 
3.8.1.143. The amount of carbonate in the synthesized samples was calculated 
from the M2+/M3+ atomic ratios, assuming that carbonate is the only charge 
balancing interlayer anion. The water content in the formula was determined 
from the results of TG analyses. The chemical composition was defined to be 
[Mg0.75Al0.25(OH)2] (CO3)0.125·4H2O. Dip-coating procedure was completed 
using intrument KSV D, KSV Instruments Ltd. Dip-coating parameter were 
set at immersion speed of 85 mm/min, keeping in solution for 30 second and 
withdrawing from solution at a speed of 40 mm/min. The roughness of Mg3Al 
LDH films was estimated using atomic force microscope (AFM) 
BioscopeII/Catalyst. The scan asyst based on peak force tapping mode 
equipped with a wafer of silicon nitride probe asyst at air AFM tip was used 
for imaging. Surface root mean square (RMS) values were calculated using 
MATLAB R2015b software. 

http://www.crystalimpact.com/match/download.htm#download
http://www.crystalimpact.com/match/download.htm#download
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3. RESULTS AND DISCUSSION 

3.1.  A comparative study of co-precipitation and sol-gel synthetic 
approaches to fabricate cerium-substituted Mg-Al layered double hydroxides  

    First step in this study was to investigate and to compare the Mg3Al and 
Mg3Al1-xCex LDHs synthesized by co-precipitation and sol-gel methods. In 
this novel aqueous sol-gel processing route, the LDHs were obtained as a 
result of decomposition of the precursor gels at 650 °C followed by 
reconstruction of the intermediate crystalline MMO powders in distilled 
water. These synthesis methods were successfully applied for the production 
of cerium-substituted Mg3Al1-xCex LDHs with the substitution rate from 0.05 
to 10 mol%.  

3.1.1. Synthesis and characterization by co-precipitation method 

    The Mg3Al and Mg3Al1-xCex LDHs samples were characterized by X-ray 
diffraction (XRD) measurements. The XRD pattern of the Mg3Al LDH 
synthesized by co-precipitation method was found to be essentially similar to 
that of the commercial hydrotalcite PURAL MG63HT (Fig. 4).  
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Fig. 4. XRD patterns of the (a) Mg3Al LDH synthesized by co-precipitation 
method with comparison of commercial hydrotalcite (b) PURAL MG63HT. 
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     In the XRD patterns of all Mg3Al and Mg3Al1-xCex the LDHs phases are 
indexed on a hexagonal unit cell with a 3R rhombohedral symmetry and the 
most intensive diffraction lines are determined at 2θ angle of about 10° (003), 

23° (006) and 60.2° (110). The XRD patterns of cerium substituted LDHs 
represented at Fig. 5 showing that the intensity of the peaks increases with the 
5 mol% cerium amount and decreases at higher amount of cerium (Mg3Al1-

xCex 10 mol%).  

10 20 30 40 50 60 70

58 59 60 61 62 63 64 65

In
te

ns
ity

 (a
.u

.)

2 (deg.)

(110)

a

b

c

d

In
te

ns
ity

 (a
.u

.)

2 (deg.)

(003)

(006)

(110)

a

b

c

d

 

Fig. 5. XRD patterns of the Mg3Al (a) and Mg3Al1-xCex LDHs synthesized 
by co-precipitation method: (b) 5 mol% of Ce, (c) 7.5 mol% of Ce, (d) 10 

mol% of Ce. Inset: the XRD patterns in the range of (110) diffraction 
reflections. The impurity phase is marked: ● - CeO2. 

 

The shift of the (110) reflection peak to a lower 2θ range certainly suggests 

incorporation of Ce3+ ion in metal hydroxide layers of the LDHs. Furthermore, 
at the same time, the broad diffraction peaks at 2   29.5o that can be attributed 
to a CeO2 phase are seen in the XRD patterns of the cerium-substituted LDHs.  
     The lattice parameters of M3Al and Mg3Al1-xCex LDH synthesised by co-
precipitation method are listed in Table 2. The lattice parameter a = 2d (110) 
corresponds to an average cation-cation distance calculated from 110 
reflections in brucite – like layers, the c parameter 3/2 [d (003) + 2d (006)] 
corresponds to three times the thickness of d003 parameter, and can be affected 
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by amount of interlayer water and anions, metal molar ratio and the 
crystallinity of the samples. As seen, the lattice parameter values (a and c) are 
slightly different for different samples. The large ionic radius of Ce3+(1.01 Å) 

related an expansion in the cation-cation distance, which replace Al3+ ions 
(0.53Ǻ) [155] in the brucite–like layers.  
 
Table 2. Lattice parameters of M3Al and Mg3Al1-xCex LDH synthesised by co-
precipitation method. 

Sample 
d (003), 

Å 

d (006), 

Å 

d (110), 

Å 

Lattice 

parameters (Å) 

a             c 

Mg3Al 7.9627 3.9482 1.5344 3.067 23.878 

Mg3Al1-xCex 5mol% 7.9463 3.9479 1.5347 3.068 23.838 

Mg3Al1-xCex7.5mol% 7.9541 3.9510 1.5356 3.070 23.852 

Mg3Al1-xCex 10mol% 7.9634 3.9609 1.5376 3.074 23.880 

 

    The XRD analysis of heat-treated samples revealed formation of poorly 
crystalline magnesium oxide with peaks at 2θ = 36°, 43° and 63°. This is a 

consequence of the incorporation of aluminium in the MgO framework 
appears at above 400 °C, resulting in formation of a mixed-metal oxide 
(MMO). During the calcination of LDH, the temperature should be higher 
than that of the layer collapse but lower than that of formation of cubic spinel 
phase (MgAl2O4) appears near 1000 °C. Calcination temperature is usually set 
between 200-600°C [5]. The XRD patterns of the Mg3Al (Fig. 6) and the Ce3+-
substituted (Fig. 4) LDHs calcined at 650 °C show the formation of poorly 
crystalline MgO. However, the XRD patterns of the samples containing 
cerium exhibited also reflections of a CeO2 phase. 
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Fig. 6. XRD patterns of MMO of Mg3Al and 

 commercial etalon sample – Pural MG63HT both calcined at 650°C; ♦ MgO. 

 
Fig. 7. XRD patterns of Mg3Al1-xCex LDHs synthesized by co-precipitation 
method and calcined at 650 °C: (a) CeO2, (b)1 mol% of Ce, (c) 5 mol% of 

Ce, (d) 7.5 mol% of Ce, (e) 10 mol% of Ce. The crystalline phases are 
marked: ♦ - MgO; ● - CeO2. 
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     The LDH are well known for their ability to regenerate the original layered 
structure when put in contact with pure water or an anion containing aqueous 
solution. This property of LDH is known as memory effect [77, 156]. The 
XRD patterns of Mg3Al and Mg3Al1-xCex LDH obtained after the hydration 
process at 80 °C for 6 h under stirring are shown in Figs. 8 and 9, respectively. 
It is possible to note that the recovered sample shows the typical LDH 
structure (memory effect), which indicates that the predominant phase in 
aqueous media is the highly hydroxylated LDH structure. The XRD patterns 
of reconstructed Mg3Al1-xCex samples (Fig. 9) confirm transformation of 
mixed-metal oxides into LDH. The calcined LDH with a higher concentration 
of cerium, however, demonstrate less regeneration. The XRD patterns clearly 
show the formation of partially amorphous reaction products. The 
considerable amount of the amorphous part of the MMO product which 
contribute to a very broad peak of the XRD background remains 
uncrystallised. Furthermore, additional broad diffraction lines could be seen 
in these XRD patterns.  
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Fig. 8. XRD patterns of reconstructed of Mg3Al LDH (a) and commercial 

etalon sample – Pural MG63HT (b). 



28 
 

10 20 30 40 50 60 70

d

c

b

In
te

ns
ity

 (a
.u

.)

2 (deg.)

(003)

(006)

(110)

a

 
Fig. 9. XRD patterns of Mg3Al1-xCex LDHs synthesized by co-precipitation 

method and Reconstructed from MMO: (a) 1 mol% of Ce, (b) 5 mol% of Ce, 
(c) 7.5 mol% of Ce, (d) 10 mol% of Ce; ● - CeO2. 

 

3.1.2. Synthesis and characterization by sol-gel method 

    The XRD patterns of sol-gel derived Mg3Al and Mg3Al1-xCex samples are 
shown in Figs. 10 and 11, respectively.  
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Fig. 10. XRD patterns of Mg-Al-O precursor gel (a), MMO obtained at 650 

°C (b) and sol-gel derived Mg3Al LDH (c). The crystalline phases are 
marked: ♦ - MgO. 

     

    Evidently, only amorphous Mg-Al-O gel has formed during the initial stage 
of sol-gel processing of LDHs. After heat-treatment of Mg-Al-O precursor gel 
at 650 oC, a high crystalline MMO has formed (Fig. 10). The obtained MMO 
powdered samples were treated in water at 80 °C for 6 h under stirring. The 
XRD patterns of obtained specimens confirmed the formation of monophasic 
Mg3Al LDH during the reconstruction process in distilled water.  

     The formation of Mg3Al1-xCex LDH from the sol-gel derived powders does 
not depend on the Ce concentration in the samples (Fig. 11). The XRD 
patterns of the reconstructed LDHs powders demonstrate the sharp diffraction 
lines associated with an LDH crystalline phase only. No other crystalline 
phases have been detected. The (110) reflections of the LDHs are regularly 
shifted to a lower 2θ range as the cerium content is increased. The observed 

shift of the (110) reflections displacement signal toward lower values of 2θ 

containing different concentration of Ce3+ can be an evidence of isomorphic 
incorporation of lanthanide ion in LDH. 
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Fig. 11. XRD patterns of the Mg3Al1-xCex LDHs synthesized by sol-gel 

method using reconstruction approach: (a) Mg3Al, (b) 5 mol% of Ce, (c) 7.5 
mol% of Ce, (d) 10 mol% of Ce. Inset: the XRD patterns in the range of 
(110) diffraction reflections. The impurity phase is marked: ● - CeO2. 

 
     The lattice parameters of Mg3Al and Mg3Al1-xCex samples were also 
calculated (Table 3). As a result of the cerium substitution, the a parameter 
grows. Besides, the c parameter increases as well. The effect of increase of 
both lattice parameters induced by this isovalent Al-to-Ce substitution is 
qualitatively the same as that in the case of an increase of the Mg3Al cation 
ratio since Mg2+ is bigger than Al3+.    

     It is evident from XRD results that the co-precipitation and the sol-gel 
methods provide a gradual Al-to-Ce substitution, although some amount of 
Ce does not incorporate into the LDH layers and crystallize as cerium oxide. 
Also, the sol-gel method of the LDH preparation provides higher substitution 
rates. In the case of small-rate substitutions, both methods give similar results. 
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Table 3. Lattice parameters of Mg3Al and Mg3Al1-xCex LDH synthesised by 
sol-gel method. 

 
3.1.3. Characterization of synthesized LDHs 

  The results of the thermogravimetric (TG) analysis of the LDHs synthesized 
by two different methods are shown in Figs. 12-15.  

 

 

 

 

 

 

 

 

 
 

Fig. 12. TG-DTG curves of the Mg3Al LDH synthesised by co-precipitation 
method. 

 

Sample 
d (003), 

Å 

d (006), 

Å 

d (110), 

Å 

Lattice parameters 

(Å) 

 a                   c 

Mg3Al 7.9181 3.9300 1.5346 3.067 23.744 

Mg3Al1-xCex 5mol% 7.9476 3.9483 1.5351 3.069 23.832 

Mg3Al1-xCex7.5mol% 7.9683 3.9499 1.5376 3.070 23.894 

Mg3Al1-xCex 10mol% 8.1418 3.9897 1.5411 3.080 24.415 
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Fig. 13. TG-DTG curves of the Mg3Al LDH synthesised by sol-gel method. 

     The initial mass loss was observed in the temperature ranges of 30–220 °C 
(16%) for Mg3Al synthesised by co-precipitation method and 30–210 °C 
(15%) for the Mg3Al prepared by sol-gel because of evolution of the adsorbed 
water. The mass loss in the temperature range of 340 – 650 °C for both 
samples (27% for co-precipitation and 30% sol-gel synthesised Mg3Al LDHs) 
is due to dehydroxylation of the layers of the layered structure. Above 650 °C 
the brucite-type structure collapses and a solid solution of mixed spinel 
(MgAl2O4) and MgO, or Al2O3 and MgO is formed. 
    The TG-DTA curves of synthesised Mg3Al1-xCex 10 mol% LDHs are shown 
in Figs. 14 and 15, respectively. The initial two steps mass loss about 10% and 
20% was observed in the temperature range of 30-200 °C for the Mg3Al1-xCex 
10 mol% LDH prepared by co-precipitation method and one step mass loss 
about 16% is observed for of Mg3Al1-xCex 10 mol% LDH synthesised by sol-
gel method. These changes in mass are also due to of evolution of 
adsorbed water. The main decomposition of LDHs appears in the 
temperature range of 318-470 oC (the mass loss 24-46%). The last mass 
loss step (470-650 oC) is due to the dehydroxylation and decomposition 
of the impurities of interlayer anions. As seen, the thermal behaviour of 
synthesized LDH is not dependent on the cerium substitution in the structure. 
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Fig. 14. TG-DTG curves of Mg3Al1-xCex 10 mol% LDH synthesised by co-
precipitation method. 
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Fig. 15. TG-DTG curves of Mg3Al1-xCex 10 mol% LDH synthesised by sol-
gel method. 
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    The morphology of the Mg3Al and Mg3Al1-xCex LDHs synthesized by co-
precipitation and sol-gel methods were examined using scanning electron 
microscopy (SEM) (Figs. 16-18).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 16. SEM micrographs of Mg3Al LDH(a), MMO (b) synthesized by co-
precipitation method and Mg3Al LDH (c) synthesized using sol-gel method. 

    The SEM micrographs of the Mg3Al LDHs synthesized by co-precipitation 
and sol-gel methods (Fig. 16) demonstrate that the surfaces of both samples 
are composed of the agglomerated small plate-like particles of ~50–100 nm in 
length. After calcination of Mg3Al LDH at 650 °C, the network of spherical 
nanoparticles has formed. Reconstruction of these powders results in 
formation of plate-like particles. The surface morphology of the Ce3+-

substituted samples is very similar for all the specimens independent of the 
substitution rate. The representative SEM micrographs of the Mg3Al1-xCex 1 
mol% and Mg3Al1-xCex 10 mol% samples are presented in Figs. 17 and 18. The 
Mg3Al1-xCex synthesized by co-precipitation method are composed of 
aggregated small fibrous plate-like particles. The sol-gel derived Mg3Al1-xCex 
LDHs consist of the hexagonally shaped particles varying in size from 

a) 

b) c) 
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approximately 150 to 270 nm. The good connectivity between the grains has 
been also observed. These nanograins show tendency to form larger 
agglomerates. Overall, nanocrystalline nature of powders with the narrow size 
distribution of crystallites is observed for all the obtained LDH samples. The 
characteristic feature of synthesized LDHs is the formation of plate-like 
particles with hexagonal shape.     
 

 

 

 

 

 

Fig. 17. SEM micrographs of Mg3Al1-xCex1 mol% LDHs synthesized by co-
precipitation (a) and sol-gel (b) methods. 

      

 

 

 

 

 

Fig. 18. SEM micrographs of Mg3Al1-xCex10 mol% LDHs synthesized by 
co-precipitation (a) and sol-gel (b) methods. 

  
 

 

a) b) 

a) b) 
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3.1.4. Luminescent properties 

    The fluorescence spectra of Mg3Al1-xCex LDHs synthesized by and sol-
gel methods are presented in Figs. 19 and 20, respectively. All powders were 
excited at 340 nm for taking the emission spectra. The major emission lines 
for the samples obtained by co-precipitation method are peaked at 370-390 
nm. The broad bands are attributed to [Xe]5d1-[Xe]5f1 transition of Ce3+ ions 
[157]. Surprisingly, the highest intensity of 5D0 → 7F2 transition was observed 
for Mg3Al1-xCex 0.05 mol% specimen. It turned out that emission intensity 
decreases with increasing concentration of Ce3+ up to 1 mol%. The emission 
maximum was also slightly shifted towards a red spectral region when more 
Ce3+ was introduced into the host lattice.  
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Fig. 19. Emission spectra for Mg3Al1-xCex LDHs synthesized by co-

precipitation method. 
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Fig. 20. Emission spectra for Mg3Al1-xCex LDHs synthesized by sol-gel 

method. 

    This is in a good agreement with the results obtained in the Ce3+- doped 
garnet-type phosphors. In the emission spectra of the sol-gel derived Mg3Al1-

xCex samples (Fig. 20), the bands are broader and more intensive. Moreover, 
the maximum of the emission of the LDHs synthesized using sol-gel technique 
is red shifted (390-430 nm) in comparison with the LDH phosphors prepared 
by co-precipitation method. The excitation and emission band positions 
depend on the dopant composition and concentration and affected by the host 
material and its stoichiometry, crystallinity, particle size, surface defects 
[158]. 

    Summarizing, the novel an aqueous sol-gel synthesis approach for the 
fabrication of LDHs was developed. It was found that the conversion during 
the reconstruction of sol-gel derived MMO into LDH does not depend on the 
concentration of cerium. The proposed sol-gel synthesis route for LDHs has 
some benefits over the co-precipitation method such as simplicity, high 
homogeneity and good crystallinity of the end synthesized products. 
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3.2.  Sol-gel synthesis and characterization of europium-substituted Mg-Al 
layered double hydroxides 

3.2.1. Modification of LDH and characterization  

      All synthesized europium-substituted Mg-Al-O gels were amorphous 
powders. The XRD patterns of sol-gel derived and calcined at 650 °C Mg3Al 
and Mg3Al1-Eux (1–10 mol%) samples are shown in Fig. 21. According to the 
XRD patterns the heat-treated Mg3Al1-Eux gels resulted in high crystalline 
MMO samples. The mixed-metal oxides transformed fully to LDH structures 
during reconstruction independent on the Eu3+ substitutional level (Fig. 22). 
However, the monophasic Mg3Al1-xEux LDHs were obtained with amount of 
Eu less than 5 mol%. With increasing concentration of europium till 10 mol% 
the amount of side Eu(OH)3 phase (PDF96-403-1477) has formed. The 
formation of Eu(OH)3 is mainly due to the larger ionic radius of Eu3+ ions (1.08 
Å) in comparison of ionic radius of Al3+ions (0.53 Å) [155]. The Eu3+ ions 
taking up the octahedral positions of Al3+ ions led to the deformation of crystal 
lattice, and the excess Eu3+ions in high basic condition crystallized as 
Eu(OH)3.  
      The shift of the (110) reflections displacement signal toward lower values 
of 2θ containing different concentration of Eu3+ lanthanide ion in LDH was 
observed. The calculated lattice parameters represented at Table 4.  The values 
of parameter a confirm the Al3+ ions substitution by Eu3+ ions in the LDH host 
lattice. 
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Fig. 21.  XRD patterns of Mg3Al1-xEux LDHs synthesized by sol-gel method 
and calcined at 650 °C: (a) Mg3Al, (b) 1 mol% of Eu, (c) 5 mol% of Eu, (d) 
7.5 mol% of Eu, (e) 10 mol% of Eu. The crystalline phase are marked: ♦ - 

MgO. 
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Fig. 22. XRD patterns of Mg3Al1-xEux LDHs synthesized by sol-gel method 
using reconstruction approach: (a) Mg3Al, (b) 1 mol% of Eu, (c) 5 mol% of 
Eu, (d) 7.5 mol% of Eu, (e)10 mol% of Eu. The impurity phase is marked: •- 

Eu(OH)3. 

 
    Table 4. Lattice parameters of M3Al and Mg3Al1-xEux LDH synthesised by 
sol-gel method. 

Sample 
d (003), 

Å 

d (006), 

Å 

d (110), 

Å 

Lattice 

parameters (Å) 

a               c 

Mg3Al 7.8431 3.9187 1.5331 3.065 23.519 

Mg3Al1-xEux 1mol% 7.8667 3.9109 1.5327 3.064 23.590 

Mg3Al1-xEux 5mol% 7.9483 3.9510 1.5346 3.068 23.834 

Mg3Al1-xEux7.5mol% 7.9811 3.9501 1.5398 3.070 23.890 

Mg3Al1-xEux 10mol% 8.1221 3.9810 1.5402 3.080 24.420 
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    The surface morphology of Eu3+substituted LDH samples is very similar 
for all specimens independent of the substitutional level. Fig. 23 shows the 
representative SEM micrographs of sol-gel synthesized Mg3Al1-xEux 1mol% 
(Fig. 23a) and Mg3Al1-xEux 10mol% (Fig. 23b) samples. As seen, the Mg3Al1-

xEux LDHs are composed of small fibrous plate-like particles with hexagonal 
shape which are highly agglomerated.  The particle size varies from 
approximately 300 to 700 nm. The surface morphological features of sample 
with higher europium content are more pronounced also consisting of 
hexagonally shaped nanostructures in LDHs.  

 

 

 

 

 

Fig. 23. SEM micrographs of Mg3Al1-xEux 1mol% (a) and Mg3Al1-xEux 

10mol% (b) LDHs. 

     Thus, the XRD analysis results let us to conclude that the synthesized 
Mg3Al1-xEux LDHs with low concentration of europium are high crystalline 
materials, since the XRD patterns contain very sharp diffraction lines 
attributable only to LDH phase. Interestingly, the formation of sol-gel based 
LDHs depends on the concentration of europium in the samples. 

3.2.2. Modification of Mg3Al1 and Mg3Al1-xEux LDH 

     During the reconstruction of calcined sol-gel derived LDH precursors the 
main problem is the ionic carbonate which arising from atmospheric CO2. 
Although the carbonate anion is adhesive held in the interlayer galleries and 
does not generally undergo direct anion-exchange, it is possible to replace it 
by treatment with an appropriate acid, which leads to liberation of carbon 
dioxide and incorporation of the conjugate base of the acid [159, 160]. In this 
work, we tried to exchange CO3

2- to OH-, Cl-, NO3
- anions and after this to 

intercalate terephthalate (TAL) [161] in to the LDH host of Mg3Al and 
europium-containing Mg3Al1-xEux by anion-exchange method. The XRD 
results are presented in Figs. 24-27.  

a) b) 
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Fig. 24. XRD patterns of (a) Mg3Al-CO3, (b) Mg3Al-OH, (c) Mg3Al-Cl and 
(d) Mg3Al-NO3 LDHs. 

 
    The diffraction reflections typical of LDH structure are seen in all the XRD 
patterns. The main compositions correspond to the single-phase Mg3Al-CO3, 
Mg3Al-OH, Mg3Al-Cl and Mg3Al-NO3 layered double hydroxides.  The XRD 
patterns of LDH phases obtained as a result of the anion exchanged reactions 
are shifted to the lower 2θ angle indicating a considerable increase in the basal 
spacing values as compared with the respective values for the main Mg3Al-
CO3. As we can see the anion-exchanges for Mg3Al-CO3 to Mg3Al-OH has 
been not completed.  
    The XRD patterns of the Mg3Al-CO3, Mg3Al-OH, Mg3Al-Cl, Mg3Al-NO3 
anion exchanged to TAL compound were prepared and characterized. The 
reflections in the XRD patterns (Figs. 25 and 26) are also in most of the 
cases shifted to the lower 2θ angle in comparison with non-exchanged 
samples.  The calculated cell parameters are presented in Table 5.  
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Fig. 25. XRD patterns of (a) Mg3Al-CO3-TAL, (b) Mg3Al-OH-TAL, (c) 

Mg3Al-Cl-TAL and (d) Mg3Al-NO3-TAL LDHs. 
     
    As seen from Fig. 26 the nitrate in Mg3Al-NO3 is not exchanged by TAL 
like was observed in the rest cases. The (003) reflection is not shifted to the 
region of lower 2θ angle. The CO3

2- and the NO3
- anions have identical 

symmetry in free state, but their behavior as interlayer anions in LDHs is very 
different. The carbonate anion kept the orientation parallel to the hydroxide 
layers and this is more favorable of three oxygen atoms of the CO3

2- anion. It 
can properly interact with hydroxyl groups of hydroxide layers by forming 
hydrogen bonds [85]. Unlike the NO3

- has its molecular plane tilted 
orientation, which is making disorder of the 3R rhombohedral symmetry [43] 
within a hexagonal unit cell in LDH crystal structure. For this reason, probably 
it was more difficult to undergo inside of LDH host of terephthalate anion.  
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Fig. 26. The fragments of XRD patterns of LDHs with different intercalated 

anions. 
Table 5. Lattice parameters of Mg3Al-CO3 and exchanged with OH-, Cl-, NO3

- 
inorganic anions following the intercalation of TAL LDHs. 

Sample 
d (003), 

Å 

d (006), 

Å 

d (110), 

Å 

Lattice 

parameters (Å) 

a               c 

Mg3Al-CO3 7.9733 3.9718 1.5398 3.077 23.909 

Mg3Al-OH 7.9314 3.9621 1.5372 3.073 23.784 

Mg3Al-Cl 8.0444 4.0042 1.5353 3.069 24.123 

Mg3Al-NO3 8.1191 4.0595 1.5415 3.083 24.345 

Mg3Al-CO3-TAL 8.1326 4.0175 1.5431 3.085 24.387 

Mg3Al-OH-TAL 7.9770 3.9742 1.5378 3.074 23.921 

Mg3Al-Cl-TAL 7.9916 3.9637 1.5352 3.069 23.964 

Mg3Al-NO3-TAL 7.9936 3.9968 1.5355 3.071 23.981 
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     Next, europium-substituted Mg3Al1-xEux-TAL LDHs with different 
amount of europium were synthesized and investigated. The XRD patterns of 
Mg3Al1-xEux-TAL LDHs are shown in Fig. 27. As seen, the monophasic 
Mg3Al1-xEux-TAL LDHs having different amount of europium were obtained. 
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Fig. 27. XRD patterns of (a) TAL powders and Mg3Al1-xEux -TAL LDHs: 

(b) 1 mol% of Eu, (c) 5 mol% of Eu, (d) 7.5 mol% of Eu and (e)10 mol% of 
Eu. The impurity phase is marked: •- Eu(OH)3. 

 

With increasing concentration of europium till 7.5 mol% the impurity peak of 
Eu(OH)3 crystalline phase (PDF [96-403- 1477]) appeared in the XRD pattern 
of Mg3Al1-xEux-TAL LDHs. As we can see from all XRD patterns the 
terephthalate successfully exchange the carbonate ion with lower 
concentration of europium. Furthermore, the negligible size of the parameter 
a in the products doped with Eu3+ suggesting that Eu3+ ions were doped in the 
brucite-like layers of LDHs and TAL - anion adsorbed on the surface of 
LDHs with the higher concentration of europium (Table 6). 
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Table 6. Lattice parameters of Mg3Al1-xEux LDHs with intercalated TAL 
anion. 

 
     FT-IR spectra in the region of 4000-500 cm-1 of Mg3Al1-xEux-TAL LDH 
samples with different concentration of europium are shown in Fig. 28. FT-IR 
spectra data also suggest that TAL-anions possibly are intercalated in LDHs.  
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Fig. 28. FT-IR spectra of TAL and Mg3Al1-xEux-TAL LDHs with different 
europium concentration. 

Sample 
d (003), 

Å 

d (006), 

Å 

d (110), 

Å 

Lattice parameters 

(Å) 

a                    c 

Mg3Al1-xEux1mol%-

TAL 

7.8647 3.9119 1.5332 3.065 23.579 

Mg3Al1-xEux5mol%-

TAL 

7.8537 3.9304 1.5336 3.066 23.550 

Mg3Al1-xEux7.5mol%-

TAL 

7.9780 3.9599 1.5368 3.065 23.824 

Mg3Al1-xEux10mol%-

TAL 

7.9447 3.9572 1.5334 3.072 23.924 
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    The spectra recorded for all samples are very similar to each other with 
some small important differences. The absorption bands observed at around 
3495-3000 cm-1 and weak band at 1655 cm-1 are ascribed to the stretching 
vibrations of hydroxyl (-OH) groups from the hydroxyl layers and from 
intercalated water molecules [162]. The strong absorption band visible at 1362 
cm-1 is attributed to the asymmetric vibration’s modes of (-CO3

2-). Two 
intensive absorption bands are present at 1566 cm-1 and 1382cm-1, and could 
be attributed to the asymmetric and symmetric stretching vibrations of carbon-
oxygen bonds in (-COO-) group [163], which correspond to terephthalate. The 
intensity of strongest absorption of TAL in the FT-IR spectra increases with 
decreasing europium concentration in the LDH.  

    The TG-DTA curves of synthesised Mg3Al-TAL and Mg3Al1-xEux 1 mol%- 
TAL LDHs (Figs. 29 and 30, respectively) indicate three general steps of mass 
loss.  
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Fig. 29. TG-DTG curves of Mg3Al-TAL LDH. 

 



47 
 

100 200 300 400 500 600 700 800 900

50

60

70

80

90

100

Temperature ( C)

M
as

s 
(

)

-3

-2

-1

0

1

2

3

4

5

D
TG

 (
/m

in
)

 
Fig. 30. TG-DTG curves of Mg3Al1-xEux 1 mol%- TAL LDH. 

     
The first mass loss (10 %) corresponds to the removal of adsorbed water and 
interlayer water of LDH, and is present for all samples in the temperature 
range of 30-200 °C. The second mass loss observed in the range of 368-382 
°C follows the dehydroxylation of the lattice. In the case of Mg3Al-TAL mass 
loss is about 27 % and in the case of Mg3Al1-xEux 1 mol%- TAL is 19 %. The 
third mass loss (8 and 10 % for Mg3Al-TAL and Mg3Al1-xEux 1 mol%- TAL 
LDHs) visible above 500 °C corresponds to the combustion and evaporation 
of the terephthalate anion.  
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    The SEM micrographs of the synthesized Mg3Al-CO3, Mg3Al-TAL and 
Mg3Al1-xEux 1 mol%, Mg3Al1-xEux 1 mol%-TAL LDHs are depicted in Fig. 
31.  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Fig. 31. SEM micrographs of (a) Mg3Al-CO3, (b) Mg3Al-TAL, (c, e) 
Mg3Al1-xEux 1 mol% and (d, f) Mg3Al1-xEux 1 mol%- TAL LDHs. 

    The characteristic formation of plate-like particles with hexagonal shape of 
synthesized LDHs is clearly visible. The surface of Mg3A1-CO3 LDHs is 
composed of the agglomerated plate-like particles about 400 nm in length. 
Such an agglomeration suggests an increased electrostatic interaction between 
crystallites-hexagons. The particle size of Mg3Al-TAL LDHs is about 600 nm. 
The introduction of europium to LDHs had no influence on particle size 
(Mg3Al1-xEux-CO3 and Mg3Al1-xEux-TAL ~330–720 nm).  

c) 

a) b) 

d) 

e) f) 
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3.1.4. Luminescent properties 

    The excitation spectrum of Mg3Al1-xEux 0.05-1 mol% LDHs are represented 
at Fig. 32. The sharp peaks may arise from direct excitation of the Eu3+ ground 
state into higher levels in the 4f6 configuration, and which can be ascribed to 
7F0→

5D4 (361 nm), 7F0→
5G2 (375 nm), 7F0→

5L6 (393 nm), 7F0→
5D2 (469.4 

nm), respectively.  

 

 

 

 

 

 

 

 

 

 

 
Fig. 32. Excitation spectra of Mg3Al1-xEux 0.05-1 mol% LDHs. 

     
     The emission spectra obtained at room temperature of all the Mg3Al1-xEux 
0.05-1 mol% LDH samples under excitation at 320 nm are presented in Fig. 
33. As seen, all samples share similar emission profiles. The emission spectra 
of Mg3Al1-xEux LDHs show three main emissions in the wavelength range of 
540–740 nm. In all spectra, the emission bands characteristic for 5D0–

7FJ (J=1, 
2, 3, 4) transitions of Eu3+ ions were observed. The emission peaks are referred 
to the typical three 5D0→

7F1 (591 nm) 5D0→
7F2 (615 nm) and 5D0→

7F4 (700) 
transitions of Eu3+ ion. The emission due to 5D0→

7F2 transition is the 
strongest, indicating that Eu3+ ions occupy a low-symmetry site. 5D0→

7F2 
transition called as a hypersensitive transition. This can be caused by the 
addition of another molecule, in this case double hydroxide from brucite-like 
layer and carbonate from LDH structure. The presence of the low-symmetry 
structure containing the Eu3+ can only be observed in the nanocrystal line 
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products, the results allow to exclude the adsorption of Eu3+ on the surface of 
LDHs [164]. When Eu3+ ions occupy the sites with inversion symmetry, the 
5D0→

7F1 transition, typical magnetic dipole transition, should be relatively 
dominant; while, if there is no inversion symmetry at the sites of Eu3+ ions, 
5D0→

7F2 transition should be relatively dominant [165].  
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Fig. 33. Emission spectra of Mg3Al1-xEux 0.05-1 mol% LDHs. 

 

The red strong emission of 5D0→
7F2 were observed in the Mg3Al1-xEux LDH 

phase. It is clear that the photoluminescence intensity increases with 
increasing the Eu3+ concentration to 0.75 mol%. With further increasing 
amount of europium the intensity of emission decreases due to the 
concentration quenching. As the concentration of Eu3+ increases, the distances 
between Eu3+ ions in the layers will be shortened, which dramatically 
increases the interaction of ions and causes serious concentration quenching 
already in Mg3Al1-xEux 1mol% LDH sample. This fact additionally 
confirms that Eu3+ ions replace Al3+ in the host lattice. 

    Fig. 34 shows the excitation spectra of Mg3Al1-xEux 1-10 mol%-TAL LDHs 
(along with Mg3Al1-xEux 1-10 mol% for comparison), which are composed to 
a large broad band in the ultraviolet spectral region from 200-320 nm and a 
sharp peak around 394 nm. This broad band is ascribed to transitions from the 
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ground state S0 to the first excited state S1 (π, π⁎ ) of the ligands from organic 
terephthalate anions. 
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Fig. 34. Excitation spectra of Mg3Al1-xEux 1-10 mol%-TAL and Mg3Al1-

xEux1-10 mol% LDHs. 

    The emission spectra of Mg3Al1-xEux 1-10 mol%-TAL LDHs (Fig. 35) 
shows four main emissions in the wavelength range of 540–740 nm. The 
maximum photoluminescence intensity in the Mg3Al1-xEux -TAL LDHs is 
observed for the sample with 5 mol%Eu3+ substitution. Again, concentration 
quenching could be observed, however, the results indicate that the organic 
terephthalate ligand transfers the excitation energy to the Eu3+ ion and thus 
improve the photoluminescence intensity of the LDH samples. Contrary, the 
Mg3Al1-xEux samples show very pure emission in comparison with Mg3Al1-

xEux-TAL ones.  
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Fig. 35.  Emission spectra of Mg3Al1-xEux 1-10 mol%-TAL and Mg3Al1-

xEux1-10 mol% LDHs. 
 

Therefore, the ability to absorb the light energy dominates for the anions 
which characterize the strong basicity of the terephthalate, then carbonate - 
anion. Carbonate is a weaker base and has weaker affinity to protons, 
correspondingly showing weaker interaction with hydrogen atoms of layer 
hydroxyl groups, thus transferring less energy to Eu3+. The intercalation of 
TAL into  Mg3Al1-xEux  LDH remarkably enhanced the intensity of 5Do–

7F2 
transition compared with Mg3/Al1-xEux -CO3. The interlayer TAL anions 
located in a proximity to the Eu3+ ions in the brucite-like layer act as an energy 
antenna for the red emission of Eu3+ ions. Moreover, no obvious emission 
bands from the organic ligand are observed, indicating that the organic TAL 
ligand transfers the excitation energy efficiently to the Eu3+ ion thus 
improve the luminescence intensity of samples. 
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3. 3. Induced neodymium luminescence in the sol-gel derived Mg-Al layered 
double hydroxides 

    The XRD patterns of Mg3Al1–xNdx 1–10 mol% LDHs synthesized by sol–
gel method is shown in Fig. 36. The LDH phases indexed on a hexagonal unit 
cell with a 3R rhombohedral symmetry and the diffraction lines in their 
patterns are determined at 2θ angle of about 10° (003), 23° (006) and 60.2° 
(110). The monophasic Mg3Al1-xNdx LDHs were obtained with amount of Nd 
less than 5 mol%. With increasing concentration of neodymium till 10 mol%, 
however, the impurity Nd(OH)3 phase ([PDF [00-070-0215]) is forming. 
 

 

 

 

 

 

 

 

 

 

 

Fig. 36. XRD patterns of (a) Mg3Al and Mg3Al1-xNdx LDHs synthesized by 
sol-gel method using reconstruction approach: (b) 1 mol% of Nd, (c) 5 mol% 

of Nd, (d) 7.5 mol% of Nd and (e)10 mol% of Nd. The impurity phase is 
marked: •- Nd(OH)3. 

    The XRD patterns of Mg3Al1-xNdx-TAL LDHs are presented in Fig. 37. 
These results confirm the formation of monophasic Mg3Al1-xNdx-TAL LDHs. 
However, with increasing concentration of neodymium till 10 mol% the 
impurity peak of Nd(OH)3 phase also appeared in the XRD pattern. As we can 
see from all XRD patterns the terephthalate successfully exchange the 
carbonate ion in the LDHs with lower concentration of neodymium.     

     Fig. 38 shows the SEM micrographs of Mg3Al1–xNdx 5 mol% and Mg3Al1–

xNdx 10 mol% LDH powders. The Mg3Al1–xNdx LDHs consist of the 
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hexagonally shaped particles varying in size from approximately 400 to 600 
nm. The formation of cloud-like agglomerates from these nanoparticles was 
also observed.  

10 20 30 40 50 60 70 80

(110)

(006)

d

c

b

In
te

ns
ity

 (a
.u

.)

2 (deg.)

a

(003)

 

Fig. 37. XRD patterns of Mg3Al1-xNdx-TAL LDHs: (a) 1 mol% of Nd, (b) 5 
mol% of Nd, (c) 7.5 mol% of Nd, (d)10 mol% of Nd. The impurity phase is 

marked: •- Nd(OH)3. 
 

     

  

 

 

Fig. 38. SEM micrographs of (a) Mg3Al1-xNdx 5 mol% and (b) Mg3Al1-xNdx 

10 mol% LDHs. 

    The luminescent properties of the obtained Mg3Al1-xNdx LDHs were 
investigated. Unfortunately, these neodymium-substituted layered double 
hydroxides as prepared did not demonstrate any luminescence, even though 

a) b) 
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XRD patterns and SEM morphology have been showed the monophasic 
Mg3Al1-xNdx LDH formation. The attempt to generate the luminescence by 
intercalating terephthalate in these LDH samples was made. The emission 
spectra of Mg3Al1-xNdx 1-10 mol%- TAL LDH samples in the near-red region 
given by excitation at 580 nm are shown in Fig. 39.  
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Fig. 39.  Emission spectra of Mg3Al1-xNdx1-10 mol%-TAL LDHs  

(Ex=580 nm). 
 

The emission spectra contain several bands located at 900 and 1065 nm, which 
arise due to the 4F3/2 →

4I9/2 and 4F3/2 → 4I11/2 transitions of Nd3+. Bands near 
1165 nm are assigned to the 4F3/2 → 4I13/2 transitions of Nd3+. The 
photoluminescence intensity of the Mg3Al1-xNdx – TAL LDH phase reaches 
its maximum at the Nd3+ concentration of 7.5 mol%. A further growth of the 
neodymium amount leads to a slight decrease in the emission intensity due 
to the concentration quenching. The interlayer TAL anions act as an 
energy antenna to the central Nd3+ ions enhancing the luminescence. 
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3.4. Sol-gel synthesis and characterization of terbium-substituted Mg-Al 
layered double hydroxides 

3.4.1. Modification of LDH and characterization 

      The attempts to incorporate Tb3+ into the brucite-like octahedral layers of 
Mg3Al LDH and Mg3Al-TAL with possible strong green emission of Tb3+ ion 
was also done. The XRD patterns of Tb3+-substituted Mg3Al1-xTbx LDHs are 
shown in Fig. 40.  
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Fig. 40. XRD patterns of (a) Mg3Al and Mg3Al1-xTbx LDHs synthesized by 

sol-gel method using reconstruction approach: (b) 1 mol% of Tb, (c) 5 mol% 
of Tb, (d) 7.5 mol% of Tb and (e)10 mol% of Tb. The impurity phase is 

marked: •- Tb(OH)3. 

    The monophasic Mg3Al1-xTbx LDHs were obtained with amount of terbium 

less than 7.5 mol%. With increasing concentration of terbium till 10 mol% the 
impurity peak of Tb(OH)3 (PDF [96-403-1385]) phase appears in the XRD 
patterns. The formation of Tb(OH)3 is due to the larger ionic radius of Tb3+ 

ions (1.06 Å) in comparison of ionic radius of Al3+ions (0.53 Å) [155]. The 
Tb3+ ions taking up the octahedral positions of Al3+ ions led to the deformation 
of crystal lattice, and the excess Tb3+ions in high basic condition 
crystallized as Tb(OH)3. The observed shift of the (110) reflections 
toward lower values of 2θ containing different concentration of Tb3+ 
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confirms partial substitution of Al3+ by Tb3+. The calculated lattice parameters 
are presented at Table 7.   
    Terbium substitution effect in Mg3Al-TAL LDH has been also investigated. 
For this reason, Mg3Al1-xTbx-TAL LDHs with different amount of terbium 
have been prepared. The XRD patterns of Mg3Al1-xTbx-TAL LDHs are shown 
in Fig. 41. The monophasic Mg3Al1-xTbx-TAL LDHs were obtained with 
amount of terbium less than 7.5 mol%. With increasing concentration of 
terbium till 10 mol% the peak of Tb(OH)3 crystalline phase appeared in the 
XRD patterns.  
 
Table 7. Lattice parameters of M3Al and Mg3Al1-xTbx LDH synthesised by 
sol-gel method. 

Sample 
d (003), 

Å 

d (006), 

Å 

d (110), 

Å 

Lattice 

parameters (Å) 

a                 c 

Mg3Al 7.8431 3.9187 1.5331 3.065 23.519 

Mg3Al1-xTbx 1mol% 7.8262 3.8739 1.5283 3.055 23.468 

Mg3Al1-xTbx 5mol% 7.8904 3.9008 1.5310 3.060 23.661 

Mg3Al1-xTbx7.5mol% 7.9714 3.9635 1.5368 3.072 23.904 

Mg3Al1-xTbx 10mol% 8.0241 3.9756 1.5385 3.075 24.062 
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Fig. 41. XRD patterns of Mg3/Al1-xTbx - TAL LDHs: (a) 1 mol% of Tb, (b) 5 
mol% of Tb, (c) 7.5 mol% of Tb, (d) 10 mol% of Tb; The impurity phase is 

marked: ● – Tb(OH)3. 
 

It is seen from Table 8 that the calculated interlayer distances values of TAL 
intercalate samples are d003=7.84 - 8.02 Å, which are larger than those of 
Mg3Al-CO3 LDHs in consideration of the different ionic radii of CO3

2- (1.74 
Å). Subtracting the brucite-like layer spacing is 4.8 Å and the gallery height 
is 9.6 Å [12], given that size of the TAL anion is approximately 9.8 Å, this 
value has been ascribed to the presence of the terephthalate anion adopting a 
vertical arrangement.  

 

 

 

 

 

 



59 
 

Table 8. Lattice parameters of Mg3Al1-xTbx LDHs with intercalated TAL 
anion. 

    FT-IR spectra of Mg3Al1-xTbx -TAL LDHs samples recorded in the region 
of 4000-500 cm-1 are shown in Fig. 42.   
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Fig. 42. FT-IR spectra of Mg3Al1-xTbx-TAL LDHs with different terbium 

concentration. 

Sample 
d (003), 

Å 

d (006), 

Å 

d (110), 

Å 

Lattice 

parameters (Å) 

a                    c 

Mg3Al1-xTbx1mol%-

TAL 

7.8428 3.8892 1.5293 3.057 23.518 

Mg3Al1-xTbx5mol%-

TAL 

7.8594 3.9044 1.5299 3.058 23.568 

Mg3Al1-xTbx7.5mol%-

TAL 

7.9894 3.9651 1.5385 3.075 23.958 

Mg3Al1-xTbx10mol%-

TAL 

8.0227 3.9746 1.5389 3.076 24.058 
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The absorption bands observed at around 3500-3000 cm-1 and weak band at 
1648 cm-1 ascribed to the stretching vibrations of hydroxyl (-OH) groups from 
the hydroxyl layers and from intercalated water molecules. The strong 
absorption band visible at 1364 cm-1 is attributed to the asymmetric vibration’s 

modes of ionic carbonate (-CO3
2-). Furthermore, two main bands are also 

corresponding to terephthalate anion and present at 1551 cm-1 and 1225 cm-1, 
which are assigned to the asymmetric and symmetric stretching vibrations of 
carbon-oxygen bonds of (-COO-) group. These FT-IR spectra data suggest that 
TAL-anions are intercalated in all Mg3Al1-xTbx -TAL LDHs samples.  

     The morphology of the synthesized Mg3Al1-xTbx and Mg3Al1-xTbx-TAL 

LDHs (Fig. 43) samples were examined using scanning electron microscopy. 
The surface of hybrid inorganic-organic Mg3Al1-xTbx-TAL LDHs contains 
very resolved plate-like particles with hexagonal shape. The particle size of 
Mg3Al1-xTbx 5 mol% varies in the range of ∼150–280 nm in length, and for 
the Mg3Al1-xTbx 5mol%-TAL sample the particle size was determined about 
∼300 nm. 

 

 

 

 

  

Fig. 43. SEM micrographs of (a) Mg3Al1-xTbx 5 mol% and (b) Mg3Al1-xTbx 5 
mol%-TAL LDHs. 

3.4.2. Luminescent properties 

       The excitation spectra obtained at room temperature of all Mg3Al1-xTbx 
and Mg3Al1-xTbx -TAL LDHs samples are presented in Fig. 44. The excitation 
spectra are composed of a large broad band in the ultraviolet spectral region 
from 250-300 nm. The large broad band is ascribed to transitions from the 
ground stat S0 to the first excited state S1 (π, π⁎ ) of the ligands from organic 
terephthalate anions. Some excitation bands appeared at 350, 380 and 486 nm, 
assigned 7F6→

5G4, 7F6→
5L10 and 7F6→

5G6 electronic transitions, respectively 

a) b) 
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[166, 167]. The emission spectra of Mg3Al1-xTbx and Mg3Al1-xTbx-TAL LDHs 
(Fig. 45) shows four main emissions in the wavelength range of 475–650 nm. 
The green emission bands characteristic for 5D4–

7FJ (J=3, 4, 5, 6) transitions 
of Tb3+ ions correspond to 621, 584, 542, 488 nm. The intensity of 
photoluminescence in the Mg3Al1-xTbx and Mg3Al1-xTbx -TAL LDHs phase 
increases with the 5 mol%Tb3+ concentration and decreasing with further 
increasing amount of terbium due to the concentration quenching.  
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Fig. 44. Extitation spectra of Mg3Al1-xTbx  and Mg3Al1-xTbx -TAL LDHs. 

   



62 
 

400 450 500 550 600 650 700

5
D4

7
F3

5
D4

7
F4

5
D4

7
F5

In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

 Tb 10 mol TAL
 Tb 7.5 mol TAL
 Tb 5 mol TAL
 Tb 1 mol L
 Tb 10 mol
 Tb 7.5 mol
 Tb 5 mol
 Tb 1mol

5
D4

7F6

 
Fig. 45. Emission spectra of Mg3Al1-xTbx and Mg3Al1-xTbx - TAL LDHs. 

    The organic terephthalate ligand transfers the excitation energy to the Tb3+ 
ion and thus improved the photoluminescence intensity of the samples. The 
intercalation of TAL into  Mg3Al1-xTbx  LDH remarkably enhanced the 
intensity of 5D4–

7F5 transition compared with Mg3Al1-xTbx. The green 5D4–
7F5 

emission of Tb3+ in Mg3Al1-xTbx-TAL  showed a troughly 4 times 
enhancement, which had more excellent sensitizing ability. The interlayer 
TAL anions located in a proximity to the Tb3+ ions in the brucite-like layer act 
as an energy antenna for the green emission of Tb3+ ions [168].    

3.5. Layered double hydroxides: Peculiarities of intercalation of organic 
anions 

    LDHs with photoluminescence function can have practical application in 
optical devices. However, it is limited by the low emission intensity arising 
from the direct coordination of water molecules and hydroxyl groups to the 
layer of lanthanoids centre. As we already observed, the hybrid lanthanide-
substituted LDH materials with organic anions intercalated in the 
interlayer galleries show enhanced luminescence properties. For this 
reason, we synthesized several hybrids inorganic-organic LDHs using 
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anion exchange method and investigated their structural properties and 
ability to act as energy transfer agents. 

3.5.1. Modification of LDH with organic anions and characterization 
     

    The intercalated organic anions were arranged by anions size in the 
interlayer space and by the charge to compensate of the hydroxide layer in 
LDHs, such as short-long carbon chains (oxalate, laurate, malonate, succinate, 
tartrate) and benzoic (benzoate, 1,3,5-benzentricarboxylate, 4-
methylbenzoate, 4-dimethylaminobenzoate and 4-biphenylacetonate) 
carboxyl acid groups. The XRD patterns of Mg3Al-CO3 intercalated with 
organic anions are presented in Figs. 46 and 47. The reflections in the XRD 
patterns are shifted to the lower 2θ angle indicating a considerable increase in 
the basal spacing values c as compared with the respective values for the main 
Mg3Al–CO3 LDH. The positions of diffraction peaks (003) of short-long 
chains as a Mg3Al-oxalate, Mg3Al-laurate, Mg3Al-succinate (Fig. 46) and 
benzoic (Fig. 47) carboxylates as a 4-biphenylacetonate, benzoate, 1,3,5-
benzentricarboxylate LDHs moved small 2θ angle integrally corresponding to 
the increase of interlayer spacing (see the calculated values of the lattice 
parameters c in Table 9). The determined values of the lattice parameters c 
were monotonically increased from = 23.613 Å for the Mg3Al-CO3 to c = 
24.375 Å for the Mg3Al-oxalate  and c = 24.261 Å for the Mg3Al-laurate (in 
the case of short-long chains intercalation) also, to c = 24.492 Å for the 
Mg3Al-4-biphenylacetonate and c= 24.252 Å for the Mg3Al-benzoate (in the 
case of derivatives of aromatic hydrocarbons). These results let us to conclude 
that all anions studied have been successfully intercalated to the Mg3Al LDHs 
structure.  
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Fig. 46. XRD patterns of Mg3Al-CO3 (a) and Mg3Al-CO3 intercalated with 
organic anions: Mg3Al-succinate (b), Mg3Al-malonate (c), Mg3Al-tartrate 

(d), Mg3Al-laurate (e) and Mg3Al-oxalate (f) LDHs. 
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Fig. 47. XRD patterns of Mg3Al-CO3 (a) and Mg3Al-CO3 intercalated with 

organic anions Mg3Al-4-dimethylaminobenzoate (b), Mg3Al-4-
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methylbenzoate (c), Mg3Al-1,3,5-benzentricarboxylate (d) Mg3Al-benzoate 
(e) and Mg3Al-4-biphenylacetonate (f) LDHs. 

Table 9. The determined values of d spacing and lattice parameters c of 
anion-intercalated in Mg3Al LDHs. 

 

    The anions dimensions are listed in Table 10. The oxalate anion intercalated 
to LDH was the smallest by length 1.94 Å and width 5.01Å, and the laurate 
anion compared with oxalate is longest in dimension (17.81 Å). The laurate 
anion might have special orientation which existed at the certain angle 
between carbon chains and laminate of LDHs. In this case, the laurate anion 
was flexible to the position of better orientation in to the LDH host. Moreover, 
for the rest organic carboxylates, the intercalation in to the LDH structure 
could be problematic due to their spherical energetic interferences between -
CH3 groups and M-OH hydroxide layers. The Mg3Al-oxalate and the Mg3Al-
4-biphenylacetonate two phases with different basal spacings (Fig. 48) 
correspond to two vertical and horizontal particular orientations, which are 
grafting into the hydroxide layers. The hydrogen energy arises from the 

              Sample      Basal spacing/Å                   Cell parameter/Å 
                                                   d(003)           d(110 )              a                        c 

Mg3Al-CO3 7.8744 1.5350 3.068 23.613 
Mg3Al-oxalate 8.1286 1.5385 3.076 24.375 
Mg3Al-laurate 8.0905 1.5380 3.075 24.261 

Mg3Al-tartarate 7.9970 1.5359 3.070 23.981 
Mg3Al-malonate 7.9568 1.5343 3.067 23.860 
Mg3Al-succinate 7.9454 1.5333 3.065 23.826 

     
Mg3Al-4-

biphenylacetonate 8.1675 1.5396 3.078 24.492 

Mg3Al-benzoate 8.0875 1.5384 3.075 24.252 
Mg3Al-4-

methylbenzoate 8.0564 1.5383 3.075 24.159 

Mg3Al-1,3,5-
benzentricarboxylate 8.0328 1.5373 3.073 24.088 

Mg3Al-4-
dimethylaminobenzoate 7.8907 1.5324 3.063 23.662 
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formation of hydrogen bonds between the interlayer water molecules, the 
hydroxide layers, the interlayer anions, and among the H2O molecules 
themselves.  The orientation of oxalate anion depends on ability of H2O 
molecules to form more compact structures around the two -COO- groups than 
around the hydrophobic ends of the monocarboxylate species.  Four oxalate -
COO- groups lie perpendicular to the layers, with two O-atoms coordinated to 
different hydroxide layers and for 4-biphenylacetonate and benzoate, the -
COO- groups are orientationally more disordered, and the O-atoms of its -
COO- groups that lie parallel to the layers tend to occupy M-OH sites along 
the H-H vectors, whereas those -COO- tend to occupy the centres of the M-
OH triangles. The ordered structure of MgAl-4-biphenylacetonate LDH may 
be due to larger 4-biphenylacetonate anions to accommodate them with the 
layers.  
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Table 10. Formula and dimensions of anions. 
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Fig. 48. A schematic structure of LDHs with interlayer carbonate anion and 
the specific orientation of oxalate and 4-biphenylacetonate anions between 

the layers. 

    Europium substitution effects in Mg3Al-organic anions LDH have been 
investigated. The Mg3Al1-xEux with Eu 1mol% and LDHs intercalated with 
different organic carboxylates have been synthesized. The XRD patterns of 
the synthesized intercalated Mg3Al1-xEux LDH are depicted in Figs. 49 and 50.  
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Fig. 49. XRD patterns of Mg3Al1Eu 1mol%-CO3 (a) and hybrid inorganic-

organic LDHs: Mg3Al1-xEux -succinate (b), Mg3Al1-xEux -malonate (c), 
Mg3Al1-xEux -tartrate (d), Mg3Al1-xEux -laurate (e) and  

Mg3Al1-xEux-oxalate (f). 
 

Fig. 50. XRD patterns of Mg3Al1Eu 1mol%-CO3 (a) and hybrid inorganic-
organic LDHs: Mg3Al1-xEux -4-dimethylaminobenzoate (b), Mg3Al1-xEux -4-
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methylbenzoate (c), Mg3Al1-xEux -1,3,5-benzentricarboxylate (d), Mg3Al1-

xEux -benzoate (e) and Mg3Al1-xEux -4-biphenylacetonate (f). 

       It seems that interlayer distances are most increased in the case of oxalate 
and 4-biphenylacetonate incorporated europium-substituted Mg3Al LDHs.  

      FT-IR spectra of organic anion intercalated Mg3Al1Eu 1mol% LDHs in the 
region of 4000-500 cm-1 are shown in Figs. 51 and 52. The absorption bands 
observed at around 3500-3000 cm-1 (-OH) groups originated from the 
hydroxyl layers and from intercalated water molecules. The strong absorption 
band visible at 1360 cm-1 is attributed to the asymmetric vibration’s modes of 

(-CO3
2-), which still exist in the interlayer of intercalated LDHs. The bands in 

range of 1570-1627 cm-1 are assigned to the asymmetric and symmetric 
stretching vibrations of carbon-oxygen bonds of (-COO-) group. The peaks 
observed in the range of 2850-2937 cm-1 reflect the C-H stretching vibrations 
of (-CH2-) in the organic compounds. These data demonstrate the formation 
of the composites and interactions of the organic guests with the LDH layers.    

 

Fig. 51. FT-IR spectra of Mg3Al-CO3 (a) and hybrid inorganic-
organic LDHs: Mg3Al-oxalate (b), Mg3Al-laurate (c), Mg3Al-

succinate (d), Mg3Al-malonate (e),  Mg3/Al-tartrate (f), Mg3Al-4-
biphenylacetonate (g), Mg3Al-benzoate (h), Mg3Al-1,3,5-

benzentricarboxylate (i), Mg3Al-4-methylbenzoate (j) and Mg3Al-
4-dimethylaminobenzoate (k). 
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Fig. 52. FT-IR spectra of of Mg3Al1Eu 1mol%-CO3 (a) and hybrid inorganic-
organic LDHs: Mg3Al1-xEux -oxalate (b), Mg3Al1-xEux -laurate (c), Mg3Al1-

xEux -succinate (d), Mg3Al1-xEux -malonate (e), Mg3Al1-xEux -tartrate (f), 
Mg3Al1-xEux -benzoate (g), Mg3Al1-xEux -1,3,5-benzentricarboxylate (h), 

Mg3Al1-xEux -1-4-biphenylacetonate (i), Mg3Al1-xEux -4-methylbenzoate (j) 
and Mg3Al1-xEux -4-dimethylaminobenzoate (k). 

 
    The SEM micrographs of representative Mg3Al-oxalate, Mg3Al-4-
biphenylacetonate (BPhAc), Mg3Al1-xEux 1mol%-tartrate and Mg3Al1-xEux 

1mol%-benzoate LDHs samples are presented in Figs. 53 and 54. The particle 
sizes of Mg3Al- BPhAc and Mg3Al-oxalate LDHs (Fig. 53) is about 600 nm 
and 500 nm, respectively.  

 

 

 

 

 

 

Fig. 53. SEM micrographs of (a) Mg3Al-oxalate and (b) Mg3Al-4-
biphenylacetonate (BPhAc) LDHs. 

a) b) 
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The formation of same hexagonally shaped particles with the size of ~400–

450 nm were observed and for the Mg3Al1-xEux 1mol%-tartrate and Mg3Al1-

xEux 1mol%- benzoate specimens (Fig. 54). The plate-shaped morphology 
remains visible and became smoother after the intercalation of organic anions.  

 

 

 

 

 

 

Fig. 54. SEM micrographs of (a) Mg3Al1-xEux 1mol%-tartrate and (b) 
Mg3Al1-xEux 1mol%-benzoate LDHs. 

 

3.5.2. Liuminescent properties 
 

        The emission spectra obtained at room temperature of Mg3Al1-xEux 

1mol%- benzoate, oxalate, laurate, malonate, succinate, tartrate, 1,3,5-
benzentricarboxylate (BTC), 4-methylbenzoate (MB), 4-
dimethylaminobenzoate (DMB) and 4-biphenylacetonate (BPhAc) samples 
under excitation at 394 nm are presented in Fig. 55. The emission spectra of 
Mg3Al1-xEux 1mol%– organic anions LDHs shows four main emissions in the 
wavelength range of 550–740 nm. In all spectra, the emission bands 
characteristic for 5D0–

7FJ (J=1, 2, 3, 4) transitions of Eu3+ ions were observed. 
The emission peaks are referred to the typical four 5D0→

7F1 (590 nm), 
5D0→

7F2 (613 nm), 5D0→
7F3 (650 nm) and 5D0→

7F4 (697 nm) transitions of 
Eu3+ ion. The emission due to 5D0→

7F2 transition is the strongest, indicating 
that Eu3+ ions occupy a low-symmetry site. Moreover, indicating that the 
organic anion ligands transfer the excitation energy to the Eu3+ ion and thus 
improved the photoluminescence intensity of the samples.  

    Two mechanisms of energy transfer between rare earth ions and organic 
molecules are known as intramolecular and intermolecular energy transfer. 
The potency to absorb the UV radiation is by interlayer organic anions, this 
energy is then transferred to the Eu3+ center by the interaction between the 

b) a) 
  a) 
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carboxyl oxygen of the intercalated anions with the hydrogen of the M(OH)6 
octahedra via a hydrogen bond and the Eu3+ reemits the radiation as red visible 
light. 
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Fig. 55. Emission spectra of Mg3Al1-xEux 1 mol% - benzoate, oxalate, laurate, 

malonate, succinate, tartrate, 1,3,5-benzentricarboxylate (BTC), 4-
methylbenzoate (MB), 4-dimethylaminobenzoate (DMB) and 4-

biphenylacetonate (BPhAc) intercalated compounds (Ex=394 nm). 
 

    Therefore, the ability to absorb the light energy dominates for the anions 
which characterize the strong basicity of the tartrate and benzoate, then 
carbonate - anion. The aromatic ring structure itself can strongly affect the 
resonant energy levels of rare earth ions. As we can see from emission spectra 
the Mg3Al1-xEux 1 mol% -tartrate and Mg3Al1-xEux 1 mol% -benzoate LDH 
shows the highest intensity to compare with other organic ligands. Carboxylic 
acid and carbonyl group on aromatic ring generally inhibits fluorescence since 
the energy of the n→π∗ transition is less than π→π∗ transition. In this case the 
strongest liuminescence light appears with Mg3Al1-xEux 1 mol% -tartrate and 
Mg3Al1-xEux 1 mol% -benzoate LDHs due to methylene groups leads decrease 
in the interaction between the two parts of the molecule having a common 
system of delocalized π electron orbitals. The -CH2- bridge breaking up the 
fsystem of conjugated π-electron bonds [169]. The europium LDH 
compounds formed with oxalate, laurate, malonate, succinate, BTC, MB, 
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DMB and BPhAc have lower brightness of luminescence primarily for this 
reason. The emission intensity strongly depends on the coordinative 
environment such as size of organic molecules (see Table 10).  

3.6. Sol-gel synthesis and characterization of thin films of Mg-Al 
layered double hydroxides 

    Dip-coating technique was used for the fabrication of thin films of Mg-Al 
layered double hydroxides [170].  The substrate should be immersed in the 
sol-gel solution and dwell in it for a period of time and lifted from the chemical 
solution with a low redrawing speed. The substrate is further dry/heated to 
improve the thin film layer. LDHs appear to be a favorable alternative to the 
traditional chromate conversion coatings due to their characteristic structure 
and capability of ion exchange intercalation. The LDH films could be more 
compact and uniform due to the elimination of incompatibility between the 
LDH particles and the corresponding films. This coating is suitable for 
anticorrosion application, however, the known LDH films are still too thin to 
be applied in practice.  

3.6.1.  Synthesis on Si and stainless-steel substrates and characterization 

        The same sol-gel synthesis method was applied for the fabrication of thin 
films of the Mg3Al LDHs on different substrates, namely silicon and stainless 
steel using dip-coating technique.  The XRD patterns of Mg3Al LDHs 
obtained on silicon and steel substrates are presented in Figs. 56 and 57, 
respectively.  
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Fig. 56. XRD pattern of the Mg3Al LDH coating on silicon substrate using 

15 layers of precursor at 70 oC. 
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Fig. 57. XRD pattern of the Mg3Al LDH coating on stainless-steel substrate 
using 15 layers of precursor at 70 oC. 
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    Evidently, the intensity of Si reflection originated from the substrate is 
much higher in comparison to the main reflection of LDH samples. However, 
eliminating silicon reflection from the XRD patterns (see insertion in Fig. 56), 
the main reflections clearly represent the formation of LDH structure after 15 
dipping procedures. The formation of Mg3Al LDHs thin films on stainless 
steel substrate (Fig. 57) was also observed. The diffraction lines of Mg3Al 
LDHs thin films are sharper and more intensive for the sample obtained on 
the silicon, confirming higher crystallinity of synthesized Mg3Al LDH. In both 
cases, the single-phase crystalline LDHs have formed. 
    The surface morphology of  Mg3Al LDH film obtained on Si substrate is 
presented in the SEM images (Fig. 58). The surface of substrate is covered 
with monolithic layer of agglomerated plate-like particles 5-10 µm in size. 
However, the SEM micrographs obtained at higher magnification clearly 
show that these plate-like particles are composed of hexagonally shaped 
nanoparticles which are characteristic for the LDH structures. 

 

 

 

 

 

Fig. 58. SEM micrographs of Mg3Al LDH film on silicon substrate obtained 
at different magnifications. 

 
    3.6.2. Modification of sol-gel processing 

    To enhance the sol-gel processing, the temperature of drying was raised and 
viscosity of precursor gel was increased by adding PVA (poly (vinyl alcohol)) 
solution. The XRD patterns of LDHs coatings obtained on Si (Fig. 59) and 
stainless-steel (Fig. 60) substrates, however, were almost the same as without 
addition of PVA. The XRD patterns show the formation of poorly 
crystalline LDH phase on Si substrate. The dip-coating in PVA solution 
and drying at 300 °C temperature (the PVA melting point is about 
266°C) the LDH phase has not formed. The LDH sample with higher 
crystallinity was obtained on the steel substrate.  
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Fig. 59. XRD patterns of the Mg3Al LDH coatings on silicon substrate using 
15 layers of precursor with PVA solution obtained at 70 oC and 300 oC. 
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Fig. 60. XRD patterns of the Mg3Al LDH coatings on stainless-steal 

substrate using 15 layers of precursor in PVA solution obtained at 70 oC and 
300 oC temperatures. Reflections of stainless steel are marked: *. 
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    The SEM micrographs of Mg3Al LDH films obtained on Si substrate using 
precursor in the PVA solution are shown in Fig. 61. The formation of 
nanograins of LDH is evident when PVA solution was used in the sol-gel 
processing. Moreover, these nanograins show tendency to form cloudy 
agglomerates when synthesis was performed at 300 °C. 

 

 

 

 

 

Fig. 61. SEM micrographs of Mg3Al LDH films obtained on silicon 
substrate in PVA solution at (a) 70 °C and (b) 300 °C. 

         Atomic force microscopy (AFM) is a material characterization 
technique, which can evaluate the topology of the materials. The results of the 
analysis of topographic images obtained using this method allow to obtain 
detailed information on the state of the surface. One of the basic advantages 
of AFM from the point of view is the possibility of imaging with a very large 
magnification surfaces of nanomaterials. Other one important advantage of 
AFM is the ability to describe quantitative surface quality by determining 
roughness coefficients. The quantitative analysis of the surface topography of 
layers is carried out based on surface unevenness parameters. The basic 
parameters describing surface topographies are RMS (rough mean square) 
[171].  

    In Figs. 62-65 AFM micrographs of different Mg3Al LDH films before and 
after modification on silicon and stainless-steal plates are represented. The 
AFM data of LDH profiles have been filtered with a mathematical procedure 
implemented in the MATLAB software. Such a software computes several 
roughness parameters at different „walk“ of axes x (vertical) and y 

(horizontal) positions (see Table 11). For this reason, the AFM images has 
been reduced and cut off  from middle 10 µm2 square for better comparison. 
Figs. 62 and 63 show the Mg3Al LDH films dip-coated on the silicon and 
stainless substrates, respectively. The avarage RMS parameter obtained by 
AFM was determined to be 186.14 nm for the Mg3Al LDH surface on the 

a) 
  a) 

b) 
  a) 
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silicon substrate and 352.62 nm for the Mg3Al LDH surface on the stainless-
steel substrate. 
 

 
Fig. 62. Surface topography of Mg3Al LDH film on silicon substrate 

 at 70 °C. 
 

 

 
Fig. 63. Surface topography of Mg3Al LDH film on stainless-steel substrate  

at 70 °C. 
 
 

 
 
Table 11. The RMS calculated parameters of AFM images. 
 

 

AFM 
Images 

Average 
RMS X 
(nm) 

Average 
RMS Y 
(nm) 

Average 
RMS 
(nm) 

Min 
Height 
(nm) 

Max 
Height 
(nm) 

Average 
Heights 

(nm) 

62 172.78 170.99 186.14 -500 500 -43.48 

63 334.26 345.86 352.62 -1000 1000 -67.55 

64 398.66 691.39 733.30 -2000 2000 135.03 

65 774.36 778.69 1181.12 -2000 2000 -858.89 



81 
 

 
However, using the PVA (Figs. 64 and 65) solution for the modification of the 
Mg3Al LDH the roughness increased to 733.30 and 1181.12 nm on the silicon 
and stainless-steal substrates, respectively. 

 

 
Fig. 64. Surface topography of Mg3Al LDH on silicon substrate in PVA 

solution at 70 °C. 

 

 

 

 

 

 

 

Fig. 65. Surface topography of Mg3Al LDH on stainless substrate in PVA 
solution at 70 °C. 

This might be because the higher concentration of polymers resulted in the 
formation of larger micelles of the monomer in the solution and the larger 
polymer aggregates on the surface. As we can see from the AFM images and 
the RMS calculated values results the synthesized LDHs coatings can be 
characterized as nanometer-size thin films. Its has been observed that the 
Mg3Al LDH film formed on silicon substrate in the distilled water had the 
most smooth surface what can be applied for future work for the anti-
corrosion properties. 
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4. CONCLUSIONS 

1. The Mg3Al LDHs were successfully synthesized by co-precipitation 

method and for the first time using aqueous sol-gel chemistry approach. 

This novel sol-gel processing route for LDHs is based on the 
decomposition of the precursor gels at 650 oC followed by 
reconstruction of the intermediate crystalline MMO powders in water. 
The proposed sol-gel synthesis route for LDHs has some benefits over 
the co-precipitation method such as simplicity, high homogeneity and 
good crystallinity of the end synthesized products. 

2. The same synthesis methods were successfully applied for the synthesis 
of cerium-substituted LDHs (Mg3Al1-xCex) with the substitution rate 

from 0.05 to 10 mol%. It was found that the conversion during the 
reconstruction of sol-gel derived MMO into Mg3Al1-xCex LDHs does not 
depend on the concentration of cerium. The sol-gel derived Mg3Al1-xCex 
LDHs consisted of the hexagonally shaped particles varying in size from 
approximately 150 to 270 nm.  

3. The luminescent properties of the obtained Mg3Al1-xCex LDHs showed 
the major emission lines attributed to the [Xe]5d1-[Xe]5f1 transition of 
Ce3+ ions were peaked at 370-390 nm prepared by co-precipitation 
method. The maximum of the emission of the LDHs synthesized using 
sol-gel technique is red shifted (390-430 nm).  

4. The monophasic europium-substituted Mg3Al1-xEux LDHs were 
obtained with amount of Eu less than 5 mol%. With increasing 
concentration of Eu till 10 mol% the amount of side Eu(OH)3 phase has 
formed. Inorganic CO3

2- to OH-, Cl-, NO3
- anions has been exchanged 

and intercalated with terephthalate (TAL) in to the Mg3Al and Mg3Al1-

xEux LDH hosts. The hexagonally shaped particles of Mg3Al1-xEux-CO3 
and Mg3Al1-xEux-TAL LDHs with the size of ~330–720 nm have 
formed. 

5. The red emission of 5D0→
7F2 in the Mg3Al1-xEux LDH phase with the 

maximum of intensity at the Eu3+ concentration of 0.75 mol% was 
determined. The intensity of photoluminescence in the Mg3Al1-xEux -
TAL LDHs increased significantly due to intercalation of terephthalate 
ligand which transfers the excitation energy to the Eu3+ ion. 

6. The monophasic neodymium-substituted Mg3Al1–xNdx 1–10 mol% 
LDHs were synthesized by sol–gel method with amount of Nd less than 
5 mol%. The obtained Mg3Al1-xNdx LDHs did not demonstrate any 



83 
 

luminescence. However, neodymium luminescence in the Mg3Al1–xNdx 
was induced by intercalation of terephthalate ligand. The emission 
spectra of Mg3Al1-xNdx 1-10 mol%- TAL LDHs contained several 
emission bands located at 900 and 1065 nm, which arise due to the 4F3/2 

→4I9/2 and 4F3/2 → 4I11/2 transitions of Nd3+ ion. 
7. The monophasic Tb3+-substituted Mg3Al1-xTbx and Mg3Al1-xTbx-TAL 

LDHs were obtained with amount of terbium less than 7.5 mol%. The 
particle size for the Mg3Al1-xTbx 5mol%-TAL was determined about 
∼300 nm. The intercalation of TAL remarkably enhanced the intensity 
of 5D4–

7F5 transition in the emission spectra of Mg3Al1-xTbx  LDHs. 
8. The Mg3Al-CO3 and Mg3Al1-xEux LDHs intercalated with benzoate, 

oxalate, laurate, malonate, succinate, tartrate, 1,3,5-
benzentricarboxylate, 4-methylbenzoate, 4-dimethylaminobenzoate and 
4-biphenylacetonate were prepared by sol-gel processing. The emission 
bands characteristic for 5D0–

7FJ (J=1, 2, 3, 4) transitions of Eu3+ ions with 
intercalated organic compounds were observed. The emission spectra of 
Mg3Al1-xEux 1 mol% -tartrate and Mg3Al1-xEux 1 mol% -benzoate LDH 
showed the highest intensity to compare with other organic ligands.  

9. The Mg3Al LDH coatings have been successfully fabricated on the 
silicon and stainless-steel substrates using the dip-coating processing 
route. The XRD patterns demonstrated high crystallinity of synthesized 
Mg3Al1 LDH. The SEM micrographs obtained at higher magnification 
clearly showed that the plate-like particles formed on the surface are 
composed of hexagonally shaped nanoparticles which are characteristic 
for the LDH structures. 

10. The avarage RMS parameter obtained by AFM was determined to be 
186.14 nm for the Mg3Al LDH surface on the silicon substrate and 
352.62 nm for the Mg3Al LDH surface on the stainless-steel substrate. 
The roughness of coatings increased to 733.30 and 1181.12 nm on the 
silicon and stainless-steal substrates, respectively, using the PVA 
solution for the modification of the Mg3Al LDH. 
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ĮVADAS 

 
    Sluoksniuoti dvigubi hidroksidai (SDH) – tai junginiai, susidedantys iš 

teigiamą krūvį turinčių brusito (Mg(OH)2) tipo kristalinės gardelės sluoksnių 

su tarpsluoksniuose esančiais krūvį kompensuojančiais anijonais bei vandens 

molekulėmis. Bendra SDH cheminė formulė gali būti išreikšta taip: [M2+
1-x 

M3+
x(OH) )2]x+(Am-)x/m]·nH2O. SDH gali būti sintetinami keičiant katijono 

arba anijono tipą, gaunant naujas funkcines medžiagas, turinčias skirtingas 

fizikines-chemines savybes. SDH gali būti gaunami skirtingais sintezės 

metodais. Dažniausias paruošimo būdas yra bendro nusodinimo metodas 
sumaišant tirpias metalų druskas. Kaitinant 200–600 °C temperatūroje, SDH 

paverčiamas mišriu metalo oksidu (MMO), pasižyminčiu dideliu savituoju 

paviršiaus plotu ir galimybe, vadinama „atminties efektu“, atkurti originalią 

sluoksniuotąją struktūrą. Kitas būdas gauti SDH yra atliekant anijonų mainus. 

Anijonai yra įterpiami tarp sluoksnių, kad būtų išlaikytas junginio 

elektroneutralumas. Dėl tokio palankaus SDH modifikavimo galima gauti 

daug įvairių daugiafunkcinių SDH medžiagų, kurios gali būti naudojamos 
katalizėje, optikoje, korozijos inhibitoriuose, fotochemijoje ir 

elektrochemijoje. 
     Pastaruoju metu didelis dėmesys skiriamas skirtingų metalų jonų įterpimui 

į SDH pagrindinius sluoksnius, taip sukuriant naujas funkcines medžiagas. Į 

SDH įvesta daugybė pereinamųjų metalų jonų bei metalų anijoninių 

kompleksinių junginių su organiniais ligandais. Retųjų žemių elementai buvo 

išsamiai ištirti dėl jų intensyvių emisijos juostų, atsirandančių dėl f-f perėjimų. 

Retųjų žemių metalų jonai suteikia galimybę gauti mėlyną, žalią ir raudoną 

spalvas, būtinas gauti RGB prietaisams. Taigi, naujų SDH, legiruotų įvairiais 

lantanoidais (Ce, Eu, Nd, Tb), sintezė ir liuminescencinių savybių tyrimas 

sudaro šio disertacinio darbo aktualumą. 
      Šios daktaro disertacijos tikslas buvo ištirti lantanoidais pakeistų Mg-Al 
SDH luminescencines savybes. Pirmą kartą lantanoidais pakeisti 

sluoksniuotieji dvigubi hidroksidai buvo susintetinti naudojant zolių-gelių 

sintezės procesą. Šiam tikslui įgyvendinti buvo suformuluoti tokie disertacijos 
uždaviniai: 

1. Susintetinti Ce3+ jonais legiruotus Mg-Al SDH, ištirti jų 

liuminescencines savybes ir palyginti bendrojo nusodinimo ir zolių-
gelių sintezės metodus šiems junginiams gauti. 

2. Pirmą kartą zolių-gelių metodu susintetinti Eu3+ jonais legiruotą Mg-
Al SDH. 
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3. Ištirti Nd3+ jonų luminescencijos savybes sluoksniuotose dvigubuose 

hidroksiduose.  
4. Pirmą kartą zolių-gelių metodu susintetinti Tb3+ jonais legiruotą Mg-

Al SDH. 
5. Ištirti organinių anijonų ypatumus SDH struktūroje. 
6. Sukurti naujus sintezės metodus plonoms Mg-Al SDH plėvelėms 

gaminti. 
 

IŠVADOS 

1. Mg3Al sluoksniuoti dvigubi hidroksidai (SDH) buvo sėkmingai 

susintetinti bendrojo nusodinimo ir pirmą kartą vandeniniu zolių-gelių 

sintezės metodais. Naujas SDH zolių-gelių sintezės metodas pagrįstas 

gelių kaitinimu 650 oC temperatūroje ir SDH rekonstravimu iš gautų 

mišrių metalų oksidų (MMO) vandenyje.  
2. Šie sintezės metodai buvo sėkmingai pritaikyti 0,05 iki 10 mol% ceriu 

pakeistiems SDH (Mg3Al1-xCex) sintetinti. Nustatyta, kad rekonstruojant 
iš zolių-gelių gautus MMO į Mg3Al1-xCex SDH virsmas nepriklauso nuo 
cerio koncentracijos. Gauti Mg3Al1-xCex SDH sudarė šešiakampės formos 

daleles, kurių dydis buvo maždaug nuo 150 iki 270 nm. SDH zolių-gelių 

sintezės metodas yra paprastesnis už bendro nusodinimo metodą, 

leidžiantis susintetinti grynesnius, homogeniškesnius, aukšto 

kristališkumo galutinius sintezės produktus. 
3. Gautų bendrojo nusodinimo metodu Mg3Al1-xCex SDH liuminescencinės 

savybės parodė, kad Ce3+ jonų [Xe] 5d1- [Xe] 5f1 perėjimui priskiriamos 

pagrindinės emisijos linijos buvo stebimos 370-390 nm bangos ilgių 

intervale. O SDH, susintetintų zolių-gelių metodu, emisijos maksimumas 

buvo pasislinkęs į didesnių bangos ilgių sritį (390-430 nm). 
4. Zolių-gelių metodu susintetinti vienfaziai europiu pakeisti iki 5 mol% 

Mg3Al1-xEux SDH. Didėjant Eu koncentracijai iki 10 mol% susidarė Eu 

(OH)3 pašalinė fazė. Taip pat,  CO3
2-, OH-, Cl-, NO3

- neorganiniai anijonai 
buvo pakeisti įterpiant tereftalatą (TAL) į Mg3Al ir Mg3Al1-xEux SDH 
tarpsluoksnius. Susidarė šešiakampės formos ir ~330–720 nm dydžio 

Mg3Al1-xEux-CO3 ir Mg3Al1-xEux-TAL SDH dalelės. 
5. Nustatyta, kad intensyviausia 5D0 → 7F2 emisija pasižymėjo Mg3Al1-xEux 

SDH su 5 mol% Eu3+ koncentracija. Susintetinto Mg3Al1-xEux-TAL SDH 
fotoliuminescencijos intensyvumas žymiai padidėjo dėl tereftalato 

ligando sužadinimo energijos į Eu3+ joną perdavimo. 
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6. Neodimiu pakeisti Mg3Al1–xNdx 1–10 mol% SDH taip pat buvo 
susintetinti zolių-gelių metodu. Vienfaziai SDH junginiai gauti, kai Nd 

pakeitimo kiekis buvo mažesnis nei 5 mol%.  Tačiau gauti Mg3Al1-xNdx 
SDH neparodė jokios liuminescencijos. Neodimio liuminescenciją 

Mg3Al1–xNdx paskatino tereftalato ligando interkaliacija į SDH struktūrą. 

Mg3Al1-xNdx 1-10 mol% - TAL SDH  emisijos spektrai turėjo keletą 

emisijos juostų, esančių ties 900 ir 1065 nm, kurios atsiranda dėl 4F3/2 → 
4I9/2 ir 4F3/2 → 4I11/2 Nd3+ jonų perėjimų. 

7. Zolių-gelių metodu susintetinti vienfaziai Tb3+ jonais legiruoti iki 7,5 
mol% Mg3Al1-xTbx ir Mg3Al1-xTbx-TAL SDH. Mg3Al1-xTbx 5 mol% -TAL 
SDH dalelių dydis buvo apie 300 nm. Mg3Al1-xTbx-TAL SDH emisijos 
intensyvumas žymiai padidėjo dėl tereftalato interkaliacijos. 

8. Mg3Al-CO3 ir Mg3Al1-xEux SDH anijonai buvo sėkmingai pakeisti 

benzoatu, oksalatu, lauratu, malonatu, sukcinatu, tartratu, 1,3,5-
benzenstrikarboksilatu, 4-metilbenzoatu, 4-dimetilaminobenzoatu ir 4-
bifenilacetonatu. Mg3Al1-xEux 1 mol% -tartrato ir Mg3Al1-xEux 1 mol% -
benzoato SDH emisijos pasižymėjo didžiausiu intensyvumu. 

9. Zolių-gelių  metodu buvo sėkmingai susintetintos Mg3Al SDH dangos ant 
silicio ir nerūdijančio plieno padėklų. Gautos aukšto kristališkumo 

Mg3Al1 SDH dangos. SEM mnuotraukos parodė, kad ant paviršiaus 

susidariusios plokštelės pavidalo dalelės yra sudarytos iš šešiakampės 

formos nanodalelių, būdingų SDH struktūrai. 
10. Nustatytas Mg3Al SDH paviršiaus šiurkštumo RMS parametras ant silicio 

padėklo buvo lygus 186,14 nm, o ant nerūdijančio plieno pagrindo - 
352,62 nm. Naudojant PVA tirpalą Mg3Al SDH modifikavimui dangų ant 

silicio ir nerūdijančio plieno padėklų šiurkštumas padidėjo iki 733,30 nm 

ir 1181,12 nm.  
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