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INTRODUCTION

Layered double hydroxides (LDH), also known as hydrotalcite-type
compounds, belong to a family of anionic clays whose crystal structure is
derived from brucite, Mg(OH).. In the LDHs, the positively charged mixed
metal cation hydroxide layer alternate with charge-compensating interlayer of
anions A™ coordinated by water molecules [1]. Although M'-M"' LDHs are
known [2, 3], the great majority of LDHs are of the M"-M"" type. The general
chemical formula of such LDHSs can be represented as [M"1xM"'\(OH),]** (A™
)um-ZH20 [1]. The M" cation is usually magnesium or a 4™-period transition
metal from iron to zinc, and M"" is, as a rule, Al, Ga, Fe, or Cr [3]. It has
recently been demonstrated that some amount (an order of 10 mol%) of large
trivalent cations, namely lanthanides [4-7] can substitute M'"" in the LDH
structure. The most used LDHs have the M"/M"" cations ratio between 2 and
3, although it can be in the range from 1 to about 5 [1]. Different layer charge
density created by the cations ratio and the natural flexibility of the crystal
structure allows the formation of LDHs intercalated with a great variety of
inorganic and organic anions [3, 8-15].

Layered double hydroxides have found various applications in many areas,
such as catalysis, drug delivery, adsorption, separation, energy storage,
hydrogen and oxygen evolution reactions, and corrosion protection [16-22].
Majority of the commercially produced LDHs are made by co-precipitation
[23], by hydrothermal synthesis [24] or via the route that combines both these
methods [25]. These synthetic techniques make possible a production of well-
crystalized product with good reproducibility; however, they are rather time-
consuming.

Therefore, the development of new synthetic approaches for LDHs is very
important and timely task for materials scientists. The results presented in the
current PhD thesis show considerable improvement not only in the synthesis
procedure of LDHSs, but in microstructural and physical properties of
synthesized materials as well. Moreover, the search of novel LDHs chemical
compositions by substituting magnesium and aluminium by other cations and
introducing different anions offers a novelty and originality for the outgoing
scientific investigations. Importantly, the obtained new LDHSs showed specific
properties, thus making its as suitable materials for different applications.

The aim of this PhD study was to investigate cation and anion substitution
effects on the formation and properties of Mg-Al layered double hydroxides.
To achieve this, the main tasks were formulated as follows:
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1. To investigate the cobalt substitution effect in Co-Mg-Al LDHs
obtained by co-precipitation method at low supersaturation on the surface
properties of as synthesized and reconstructed in different reconstruction
media LDHs.

2. To synthesize for the first time Bi**-substituted Mg-Al LDHs using
direct co-precipitation and novel indirect aqueous sol-gel methods and
investigate an influence of different parameters on the formation of Bi-Mg-Al
LDHs.

3. To examine dielectric properties of Bi-Mg-Al LDHs prepared by co-
precipitation and aqueous sol-gel methods.

4, To investigate sonication effect on the reconstruction possibilities and
anion substitution in Mg-Al LDHSs synthesized via sol-gel method.

5. To investigate anticorrosion properties of chemically modified Mg-
Al LDHs.



1. LITERATURE OVERWIEV
1.1. Basic Structural features of layered double hydroxides (LDHSs)

Layered double hydroxides (LDHSs), also known as hydrotalcite-type
compounds, belong to a family of anionic clays whose crystal structure is
derived from brucite, Mg(OH).. The LDH phases differ in that some of the
octahedral M** cations are replaced by M*" cations, producing layers with a
net positive charge. Positively charged layers of double metal hydroxides
alternate with charge-compensating interlayer of anions coordinated by water
molecules [1]. Although M'-M"' LDHs are known [2, 3], but the great majority
of layered hydroxides are of the M"-M"! type. The general chemical formula
of such LDHs can be represented as [M"1.sM"',(OH)2]™ (A™)wm] -zH2O.

The metal cations in the hydroxide layers are coordinated by six oxygen atoms
forming 2-D structures of the face-linked oxygen octahedra (Fig. 1). The
octahedra are compressed in the direction perpendicular to the layer planes

[1].

} Interlayer

}- Brucite-like layer
A™ anions

@ Water molecules

LH‘\(_"/\]/ . M or M** metal cation

]f: OH anion

Fig. 1. A schematic representation of LDH structure of a 3R polytype where
the lattice parameter c and the basal spacing d relate to each other as ¢ = 3d
[26-29].
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LDHs are typically characterized by hexagonal symmetry with the c-axis
perpendicular to the layers. The characteristic scale of the layer-interlayer
structure (basal plane spacing, d) in LDH can be between about 0.75 nm to
several nanometres depending on the composition and arrangement of species
in the interlayer. The hydroxide layers can be stacked in different ways that
results in different LDH polytypes (see Table 1).

Table 1. Hidrotalcite minerals and structures.

Unit cell
Name and chemical composition parameters Symmetry
a-A | c-A
Hydrotalcite - 3.054 | 2281 3R
MgeA|2(OH)1eCO3-4Hzo
Manasseite - 3.10 15.6 2H
MgeAlz(OH)16C03'4H20
Pyroaurite - 3.109 | 2341 3R
MgsFe2(OH)16C0O3-4H.0
Sjognerite - 3.113 | 15.61 2H
MgaFEQ(OH)16C03'4.5H20
Stichtite - MgsCr2(OH)16CO3-4H,0 3.10 234 3R
Barbertonite - 3.10 15.6 2H
Mg6Crz(OH)15(OH)2-4H20
Takovite - NigAl2(OH)16CO3-4H,0 3.025 | 22.59 3R
Reevesite - NigFe2(OH)16CO3-4H,0 3.08 22.77 3R
Desautelsite - 3.114 | 23.39 3R
Mgean(OH)16003-4H20

The brucite-like sheets can stack one on the other with two different
symmetries, rhombohedral or hexagonal. If we call ABC the three-fold axis
of the OH groups in the brucite-like sheet, the stack may have the sequence
BC-CA-AB-BC, thus having three sheets in the unit cell, or BC-CB-BC with
two sheets in the unit cell with hexagonal symmetry. The XRD patterns of
synthetic LDHs are presented in Fig. 2. The specimens of rhombohedral
symmetry have mainly been found in nature; the hexagonal polytype may be

the high temperature form of the rhombohedral one. In fact, hexagonal
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symmetry has been discovered in the interior of some mineral crystals, while
the rhombohedral type is maintained in the external part; the transformation
occurs during the cooling of the mineral, but due to the energy barrier the
hexagonal form can no longer transform at low temperature [1, 28].

(b)

0
12

(a)
110

13
10 01.11 116

5 10 15 20 25 30 35 40

10.

® Co Ka
Fig. 2. XRD patterns of synthetic hydrotalcite [MgesAl2(OH)16](CO3)-4H,0
which has a 3R polytype (a) and the mineral manasseite which has the same
formula as hydrotalcite but a 2H polytype (b) [26-29].

Therefore, the c-parameter is multiply of d with a factor of either 3 or 2
depending on the polytype (Fig. 2, Table 1). The basal spacing value depends
on size, charge and orientation of the intercalated anions as well as the relative
amount of crystal water. Parameter a is a function of both the M" and M"!
cations size and ratio, and is typically within 0.30-0.31 nm. The lattice
parameters a and ¢ can be independently calculated from the angle positions
of the (110) diffraction reflection and the (00I) reflections family, respectively

(Fig. 3).
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1.2. Brucite layer elements (Cations) in LDHs

Numbers of synthetic pairs of M"-M"! cations were experimentally used to
estimate the ranges of the relative sizes of the cations that can form an LDH
structure. In a majority of the known M"-M"! LDH, but there is also M'-M'"
[31, 32]. M"is cation of magnesium or a 4"-period transition metal from iron
to zinc (Mn?*, Fe?*, Co?*, Ni?*, Cu?*, Zn?*), and M"' is, as a rule, AP®**, Ga*',
Fe®* or Cr¥* [3]. In such combinations, the divalent metal cation from 0.65A
to 0.80 A is slightly bigger than the trivalent one, from 0.50 A to 0.69 A. At
the same time, the LDH compounds containing the relatively large M" cations,
namely Ca?* (1.00 A) [32, 33], Cd** (0.95 A) [34], Ba** (1.35 A) [35] were
successfully prepared and thoroughly characterized. It has recently been
demonstrated that some amount (an order of 10 %) of large trivalent cations
with ionic radii from 0.9 A to 1.11 A, mainly group of lanthanides (Ln) or
rare earth metals Ce®* [4, 5, 36], Nd*" [4, 6, 37], Sm** [6, 37], Eu®** [4, 6, 37],
Th® [4, 37], Er®* [4, 37], Yb3* [4, 37], Dy** [37], H0%* [37], Y3*[37] and Gd**
[37] can substitute M"" in the LDH structure.

{0u3)
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o 15 2 25 30 35 a0 45 30 55 60 65 MW 75 80

26/°

Fig.3. XRD pattern of the HT-Mg-AI-COs at room temperature. The
asterisks indicate reflections due to the impurity Al,O3 [30].
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1.3. Interlayer compounds (Anions) in LDHs

The most used LDHs have the M"/M" cations ratio between 2 and 3,
although it can be in the range from 1 to about 5 [1, 28]. Different layer charge
density conditioned by the cations ratio and the natural flexibility of the crystal
structure allows formation of LDHs intercalated with a great variety of
inorganic anions F, CI- Br, I, ClOs, NOg, ClOs, 103, OH-, CO3%, SO4Z,
S,03%, WO4%, CrO4%, [Fe(CN)s]*, [Fe(CN)s]*, [SIO(OH)s]" ; [3, 28], among
them the most occurred are CI-[8, 9], OH [10], COs* [11], PO.* [12-14], and
organic anions of organic acids adipic, oxalic, succinic, malonic, sebacic,
1,12- dodecanedicarboxylic acid, acyl and arylsulphonates, chlorocinnamic
acid [3, 15, 28].

There is practically no limitation to the nature of the anions which can
compensate for the positive charge of the brucite-like sheet; the only problem
can be related to the preparation of pure or well crystallized materials. For
example, when preparing LDHs containing anions different from carbonate,
it is very difficult to avoid contamination from the CO; present in the aqueous
solution.

The number, the size, the orientation, and the strength of the bonds between
the anions and the hydroxyl groups of the brucite-like layers determine the
thickness of the interlayer — ¢, which can be calculated from XRD pattern [1,
28]. Also when LDHs are intercalated with single-atom anions or with some
other simple anions that are arranged parallel to the hydroxide layers, the
crystal symmetry is known [8]. However, in the cases of large polyatomic
anions [3, 9, 28], the real symmetry of the crystal lattice can be lower than
rhombohedral or still rhombohedral but with a higher value of a-parameter.
This results in appearance of additional peaks in the XRD pattern that
complicates identification of LDH phase. Despite all difficulties of making
Anion substituted LDHSs, they have a great interest and wide range of
application [38].

1.4. LDH Synthesis methods

LDHs have been synthesized by direct methods, such as co-precipitation,
sol-gel  synthesis, hydrothermal growth, combustion synthesis,
electrochemical synthesis and synthesis using microwave irradiation [39-41].
The most common method applied for the preparation of LDHs is the co-
precipitation [42-45]. The precipitating agents NaOH or NaHCOs; are added
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to the prepared solution of starting materials. The LDHs precipitates and form
homogenous mixtures if solubility products of the metal hydroxides are very
similar. Low supersaturation conditions usually give rise to more crystalline
precipitates. 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 [39]. 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 [39, 40]. Besides, the synthesis processing in that case is rather
expensive. Improved crystalline structures can be obtained by hydrothermal
treatment in the presence of water vapour at temperatures not exceeding the
decomposition 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 [40]. 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 crystallinity, time-consuming and rather
expensive processes. Besides, high number of surface-defective sites could be
induced.

Recently, a novel, simple, cost effective and environmentally friendly
indirect sol-gel synthesis route was developed for the preparation of Mg-Al
LDHs [5-7, 41, 46]. The main advantages of this sol-gel method for the
preparation of LDHs are high homogeneity, phase purity and high
reproducibility of the final products. These features are very important to
study substitutions effects in the LDHs. The conversion of the mixed metal
oxides into LDHs has been variously referred to as regeneration,
reconstruction, restoration, rehydration or the “calcination-rehydration
process”, “structural memory effect” or simply “memory effect” [38]. This
method is usually employed when large guests are intercalated.

1.5. Application of LDHs

LDHs are widely used as adsorbents for liquid ions and gas molecules, and
can be applied for the removal of anionic toxins during water purification and
also toxic metals ions [38, 46-50]. They also find use as catalysts for oxidation,
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reduction and other catalytic reactions [38, 46, 51-54]. The LDHs intercalated
with bioactive molecules could be used in medicine for biosensing, in cancer
therapy and as drug and gens delivery systems [55-61]. LDHs show good
promise for application in sensor devices and in membrane reactors for the
production of hydrogen. The schematic diagram of possible applications of
LDHs is shown in Fig. 4.

Catalysts ]

l Catalyst supports Environmental l

[ Medicine LE:" lon-exchange J
Functional
[ Biochemistry Materials Adsorbents J

| Electrochemistry Polymer additives |

Phetochemistry

Fig. 4. The schematic diagram of possible applications of LDHs.

The LDHs layers were demonstrated to offer an anticorrosion protection
[62-66]. These inhibitors create a passive insoluble oxide layer that stops the
oxygen diffusion from the aggressive environment to the surface. In recent
years, LDHs were widely investigated as promising luminescence materials
due to the novel properties to form stable compounds with lanthanides in the
interlayer space of LDH [5, 6, 67-75]. For example, the luminescent properties
of the sol-gel derived MgsAli.xNdx LDHs were investigated in [75].
Unfortunately, these neodymium-substituted layered double hydroxides as
prepared did not demonstrate any luminescence, even though XRD patterns
and SEM morphology have been showed the monophasic MgsAl,.xNdx LDH
formation. The attempt to generate the luminescence by intercalating
terephthalate (TAL) in these LDH samples was made. The emission spectra
of MgzAl1xNdy 1-10 mol%- TAL LDH samples in the near-red region given
by excitation at 580 nm are shown in Fig. 5.
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Fig. 5. Emission spectra of MgsAl1.«Ndx1-10 mol%-TAL LDHs (Ex=580 nm).

As seen, the emission spectra contain several bands located at 900 and

1065 nm. The interlayer TAL anions act as an energy antenna to the central
Nd** ions enhancing the luminescence [75].
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2. EXPERIMENTAL

2.1 Materials

The following materials were used for synthesis and anion modification of
LDHs: aluminium nitrate nonahydrate (AlI(NOs)39H,0, >98.5%, Sigma-
Aldrich), magnesium nitrate hexahydrate (Mg(NOs)»6H,0, 99%, Sigma-
Aldrich), cobalt nitrate hexahydrate (Co(NOs).-6H.0, 98%, Sigma-Aldrich)
bismuth nitrate pentahydrate (Bi(NOs)s5H.0, 98%, Fluka), cerium nitrate
hexahydrate (Ce(NOs);-6H.0, 99.99%, Sigma-Aldrich), sodium chloride
(NaCl, 99.9%, Sigma-Aldrich), ethylene glycol (C:HsO2 , 99%, Sigma-
Aldrich), hydrochloric acid (HCI, 36%, Chempur), sodium phosphate dibasic
dihydrate (NaH,PO4 2H,0, >98%, Carl Roth ), sodium dihydrogen phosphate
(NaHzPOs 2H,0, >98%, Carl Roth), acetic acid (CH3COOH ,99%,
REACHEM), nitric acid (HNOs;, 66%, REACHEM), sodium hydrogen
carbonate (NaHCOs, 99.7%, Sigma-Aldrich), sodium hydroxide (NaOH,
98%, Sigma-Aldrich). The cast iron (GG20) samples were provided by SEW-
EURODRIVE Portugal LDA.

2.2. Synthesis methods
2.2.1. Synthesis of CoMg-Al LDH via co-precipitation method

CoMg-Al LDHs were prepared by the coprecipitation under low
supersaturation from a solution of the appropriate metal nitrates with a molar
ratio of (Co+Mg):Al = 3:1 and a solution of NaHCO3:NaOH with a molar ratio
of 1:2. During the preparation, 15% of the 1 mol L't Mg(NOs). solution was
replaced by a 1 mol L Co(NOs), solution. The solution of metal nitrates was
added very slowly to the solution of NaHCOs;+NaOH (pH =~ 12) under
vigorous stirring. After mixing the obtained gel was aged at 353 K for 6 h.
The slurry was filtered and washed with distilled water and dried in open air.
The resulting powder was marked as Co/Mg/Al. The mixed-metal oxide
obtained by subsequent heating at 923 K for 3 h was labelled as Co/Mg/Alcal.
The reconstruction of LDHs from Co/Mg/Alca was performed in water at pH
=~ 6 (2 g of mixed oxide in 40 mL of water) and in magnesium nitrate solution
at pH = 3.7 (2 g of mixed oxide in 40 mL of 1 mol L Mg(NOs),) at 293 K
and 353 K for 6 h. The samples reconstructed in water were labelled as
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Co/Mg/Alwzgs, Co/Mg/Alwsss and the specimens reconstructed in nitrate
media were named as Co/Mg/Alnzes, Co/Mg/Alnsss. After the reconstructed
processes, the samples were washed with water and dried in air.

2.2.2. Synthesis of Mgs;Al,-x Bix LDH via co-precipitation method

MgsAl: LDH was prepared by the co-precipitation under low super
saturation out of a solution of the appropriate metal nitrates Al(NO3)39H20
and Mg(NQOs)26H.0 with a molar ratio of Mg:Al = 3:1 and a solution of
NaHCO3:NaOH with a molar ratio of 1:2. The solution of metal nitrates was
slowly poured into the solution of NaHCOs+NaOH (pH ~12) under vigorous
stirring. After mixing, the obtained slurry was aged at a temperature of 80 °C
for 6 h. The slurry was filtered and washed with distilled water and dried in
an oven at a temperature of 60 °C. The resulting powders were labelled as
MgsAlico-py. The mixed-metal oxide obtained by subsequent heating at a
temperature of 650 °C for 3 h was labelled as MgsAlyco-pricay- The hydration
was carried out in water at a temperature of 80 °C for 6 h at pH =8.5. The LDH
sample restored in water was labelled as MgsAl1co-prwso). Synthesis of MgsAl..
xBix compounds was carried out in the same way as MgsAl: LDH except
Bi(NO3)35H20 was dissolved in 1M HNOs, since Bi(NO3)35H,0 is insoluble
in water. MgsAl:1.«Bixo-pry COMpounds were prepared using cation molar ratio
from x = 0.1 to x = 0.5.The mixed-metal oxides obtained by subsequent
heating of MgsAl1.xBixcopat 650 °C for 3 h were labelled as MgsAl1xBixeco-
prical), (X = 0.1 to x = 0.5). The hydration was carried out also in water at 80 °C
for 6 h at pH ~8.5. The samples restored in water were labelled as MgsAl;-
xBix(co-priwso). After the restoration processes, the samples were washed with
water and dried in air.

2.2.3. Synthesis of MgsAl;-« Bix LDH via aqueous sol-gel method

MgsAl; LDH was prepared by mixing the solutions of the appropriate metal
nitrates with a molar ratio of Mg:Al = 3:1. The nitrates were dissolved in 50
ml of distilled water with addition of 50 ml of 0.2M acetic acid. Then, the
solution has been stirred for 1 h at 80 °C. Next, 2 ml of ethylene glycol was
added under continuous stirring for 4 h at the same temperature. After slow
evaporation of solvent, the obtained gel was dried at 120-140 °C for 10-14 h
(obtained compound was labelled as MgsAlisg). The mixed-metal oxide
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obtained by subsequent heating of the precursor gel at 650 °C for 3 h was
labelled as MgsAlysgreay. The hydration of MgsAlisgreany Was carried out in
water at 80 °C for 6 h at pH =8.5. The sample restored in water was labelled
as MgsAlisgwso). Synthesis of MgsAly.xBixcompounds was carried out in the
same way as MgsAl; except Bi(NO3)35H,0 was dissolved in 1M HNOs.
MgsAl1Bixsgcompounds were synthetized using cation molar ratio from x =
0.1 to x = 0.5.The mixed-metal oxides were obtained by subsequent heating
of MgsAl1Bixsg at 650 °C for 3 h and were labelled as MgsAl1xBixsgrcay. The
hydration was carried out in water at 80 °C for 6 h at pH =8.5. The samples
restored in water were labelled as MgsAlixBixsgweo). After the restoration
processes, the samples were washed with water and dried in air.

2.2.4. Synthesis of Mg.Al;:-hydroxide LDH via aqueous sol-gel method

Mg.Al precursor was prepared by mixing the solutions of the appropriate
metal nitrates with a molar ratio of Mg/Al = 2:1. The nitrates were dissolved
in 50 ml of distilled water with addition of 50 ml of a 0.2 M nitric acid. The
solution was stirred for 1 h at 80°C. Then 2 ml of ethylene glycol were added
under continuous stirring for 4 h at the same temperature. After slow
evaporation of solvent, the obtained gel was dried at 120-140°C for 10-14 h.
The MgAl MMO was obtained by calcination of the precursor gel at 650°C
for 3 h (hereafter labelled as Mg.Alwmmo)). This calcination temperature was
shown to be optimal for production of Mg-Al MMO that demonstrate the most
complete transformation into a respective LDH phase upon hydration [5].
Hydration of the Mg.Alnmmoy powder in water was carried out under three
different conditions, namely i) at room temperature with a vigorous
mechanical stirring for defined time X of 15, 30 min, 1, 2, 4, 8, and 24 h; ii)
at 80°C with stirring for 15, 30 min, 1, 2, 4, 8, and 24 h; and iii) at high-power
sonication applied for 2, 4, 8, 15, and 30 min. The final powder samples were
obtained by vacuum filtration and drying at 60°C for 30 min (Mg.Al-
OH(25°C/X), Mng|-OH(80°c/x) and Mng|-OH(50nic/x), respectively).

2.2.5. Anion exchange in Mg»Al; LDH from hydroxide to chloride

Anion exchange was performed in 250 ml of a 1 M NaCl solution with
addition of 0.3 ml of hydrochloric acid (36%). 1 g of Mg2Al-OHgoec/24n) Was
used. The reaction was carried out under two different conditions: i) at 25°C
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with stirring for 15, 30 min, 1, 2, 4, 8, and 24 h; and ii) at high-power
sonication applied for 2, 4, 8, 15, and 30 min. The final products (Mg.Al-
Clasecxy and Mg2Al-Clisonicix), respectively) were obtained by vacuum
filtration without any additional washing followed by drying for 30 min at
60°C.

2.2.6. Anion exchange in Mg.Al; LDH from chloride to phosphate

1 g of Mg2AI-Cl2s°cro4n) Was immersed into a 0.1 M Na;HPO, solution with
addition of small amount of NaH2PO, to adjust the pH value to 7.5. This
reaction was carried out either at 25°C with vigorous mechanical stirring or at
high-power sonication applied for the same respective time intervals as those
used the hydroxide-to-chloride exchange (see part Anion exchange in Mg2Al
LDH from hydroxide to chloride). The samples labelled as Mg2Al-HxPO,
@secixy and Mg2AI-HyPOs sonicixy, respectively, were obtained by vacuum
filtration without any additional washing followed by drying for 30 min at
60°C.

2.2.7. Synthesis of Mg.Al;and Mg2Alo.sCeo.1 via agueous sol-gel method

Appropriate metal nitrates were dissolved in 50 ml of distilled water with
addition of 50 ml of 0.2 M nitric acid. To prepare Mg-Al (Mg-Al-Ce) metal
oxides, the solutions were mixed with a molar ratio of Mg: Al =2:1 (Mg:Al:Ce
=2:0.9:0.1). The obtained mixtures were stirred for 1 h at 80°C. Then 2 ml of
ethylene glycol was added with continuous stirring for 4 h at the same
temperature. After slow evaporation of solvent, the obtained gel was dried at
130°C for 12 h. Mixed metal oxides (MMO) of the Mg(2)Al and Mg(2)Al-
10%Ce cation compositions were produced by calcination of the dried gel
powders for 3 h at 650°C. The layered double hydroxides were formed as a
result of hydration of the MMO powders in deionized water at room
temperature. To accelerate the process, high-power sonication was applied for
30 min. This stage of LDH formation (synthesis) as well the sonication-
assisted anion exchange reactions were performed using a VCX 1500 Sonics
processor (max output power 1.5 kW at 20 kHz) equipped with a high-volume
continuous flow cell. The final powder LDH samples were obtained by
vacuum filtration followed by drying at 60°C for 24 hours.
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2.2.8. Anion exchange and formation of chloride- and phosphate-intercalated
LDH

For a OH"— CI" anion-exchange, 1 g of Mg(2)Al-OH was added to 250 ml
of 1 M NaCl solution at room temperature. The mixture was sonicated for 4
min. The obtained slurry was put in vacuum filtration without any additional
washing and dried for 24 hours at 60°C. Chloride-to-phosphate anion
exchange was carried out in a 0.1 M Na:HPOj4 solution at room temperature.
1 g of the Mg(2)AI-Cl powder was immersed in the solution followed by
addition of NaH2PO, to adjust the pH value to 7.5. At such conditions, the
intercalated anion is dihydrogen phosphate, H,PO4 [14]. The reaction was
sonication-assisted and took 8 min. The obtained slurry was filtered and dried
at the same conditions as mentioned above. Similar process was used for the
hydroxide-to-chloride and chloride-to-phosphate exchange reactions in
Mg(2)Al-10%Ce LDHs.

2.3. Characterization techniques

The X-ray powder diffraction (XRD) patterns of the samples were
recorded with a conventional Bragg-Brentano geometry (6 - 26 scans) on
Rigaku MiniFlexll diffractometer, or DRON-6 automated diffractometer, or
PANalytical X’Pert Powder diffractometer using Cu K, radiation (A =
1.541838 A). The cell parameters a and ¢ of the rhombohedral structure were
determined from the positions of the (110) and (003), (006) diffraction lines,
respectively. The lattice parameter a = 2d(110) corresponds to an average
cation—cation distance calculated from the 110 reflection, while the c
parameter corresponds to three times the thickness of d(003) parameter. In this
case ¢ was calculated from two diffraction lines using equation ¢ = 3/2
[d(003)+2d(006)]. Morphology of synthesized compounds were investigated
by scanning electron microscopy (SEM) using scanning electron microscopes
Hitachi SU-70 or Hitachi HD-2700. Thermogravimetric (TG) analysis was
carried out using PerkinElmer STA6000 apparatus or with a Netzsch STA 409
PC Luxx instrument. Fourier transform infrared (FTIR) spectra of the samples
were recorded with a Perkin Elmer spectrum BX FTIR spectrometer. The
specific surface area was evaluated by the Brunauer-Emmet-Teller method
(BET) and the pore-size distribution by the Barret-Joyner-Halenda (BJH)
procedure. The measurements were carried out on a Quantachrome Autosorb-
1MP instrument using the program Autosorb. Metal loadings of the LDHs
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were analyzed by X-ray fluorescence technique (XRF) on a Spectro Analytical
Instrument GmbH&Co.KG spectrometer with a Pd window X-ray tube.
Dielectric measurements were performed using HP4284A precision LCR
meter in 1.2 kHz—-1 MHz frequency range during cooling with 1.5-2 K/min
rate. The samples were in a form of tablet, 1.6 mm thick with silver paste used
to produce contact area of 49.3 mm?. Sonication-assisted experiments were
performed using a VCX 1500 Sonics processor (max output power 1.5 kW at
20 kHz) equipped with a continuous flow cell. For the electrochemical
measurements, a three-electrode cell with a large platinum auxiliary electrode,
a saturated calomel reference electrode (SCE) and a working electrode with
an exposed area of 1 cm? bare cast iron was used. The electrochemical
impedance measurements were performed using the Autolab PGSTAT30 over
a frequency range of 100 kHz—-10 mHz with seven points per decade.
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3. RESULTS AND DISCUSSION

3.1. Reconstruction effects on surface properties of Co/Mg/Al layered
double hydroxide

In this part of PhD thesis, the synthesis by co-precipitation method at low
supersaturation was chosen as a direct route to prepare Co/Mg/Al LDH
materials. The surface area and porosity as important characteristics of these
materials were investigated in detail.

3.1.1. Characterization of synthetized, decomposed and reconstructed LDHs.

The XRD patterns of synthesized, decomposed and reconstituted LDHSs are
shown in Fig. 6.
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Fig. 6. XRD patterns of synthesized, decomposed and reconstructed LDHSs: a
- Co/Mg/Al; b - Co/Mg/Alca; ¢ - Co/Mg/Alwzes; d - Co/Mg/Alnzgs; € -
Co/Mg/Alwsss; f - Co/Mg/Alnsss. Additional phases are marked: o - MgO and
* - Si used as a reference.

24



The characteristic hydrotalcite type structure of as-synthesized sample
Co/Mg/Al was confirmed by the XRD analysis data (Fig. 6a) [76]. The
calculated cell parameter ¢ = 23.6 A (Table 2) for the synthesized LDH sample
is slightly higher compared to the published value of 23.4 A for carbonate-
containing Mg/Al LDHs [77]. After thermal decomposition only two broad
reflections located at around 26 = 43-44° and 62-63° are seen in the XRD
pattern. The XRD analysis of heat-treated sample revealed the formation of
poorly crystalline magnesium oxide. The XRD patterns of LDH samples
obtained after the hydration process at 293 and 353 K are given in Fig. 6¢ and
Fig. 6e, respectively. At room temperature, an incomplete regeneration was
observed in water since a weak MgO reflections were present in the XRD
pattern. Interestingly, this oxide phase disappeared when the reconstruction
process was carried out at higher temperature (353 K), suggesting the
significance of the medium temperature on the reformation of LDHs.

Table 2. Crystallographic data and crystallite size of synthesized and
reconstructed LDHs.

Cell Crystall
Sample parameters ite size
doos  doos  do A) (&)
A) A) A) c a
Co/Mg/Al 793 392 153 23.60 3.07 61
Co/Mg/Alwass 788 390 153 23.52 3.06 91
Co/Mg/Alnass 808 399 153 2410 3.07 61
Co/Mg/Alwass 780 391 153 23.57 3.06 131
Co/Mg/Alnsss 812 401 154 2422 3.08 80

The basal spacing represents the thickness of a single layer and is normally
related to the size of charge balancing interlayer anions. For the samples
reconstructed in the magnesium nitrate solution, the doos values are higher than

8A.
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3.1.2. Characterization of LDHs specific surface area after thermal
treatment.

The influence of reconstruction process on the specific surface area and
pore size of mixed metal oxides obtained from reconstructed LDHSs by heating
in air at 923 K were investigated. The N adsorption-desorption isotherms of
heat-treated cobalt containing LDHSs exhibited type 1V isotherms with an H1
hysteresis which are characteristic for the mesoporous materials. The t-plot
analysis by de Boer method showed the absence of micropores. An increase
at high relative pressure indicated interparticle porosity, which seems to show
that the formed mixed oxides consist mainly of non-porous nanoparticles
within the nanometer range (Fig. 7). The pore size distribution for all samples
showed one main maximum between 50-130 A except for Co/Mg/Alnzos
which displayed two maxima at 19 and 100 A. The mixed oxide samples
containing cobalt showed a decrease in total pore volume and an increase of
average pore diameter when compared to Co/Mg/Alca material. The chosen
process to form mixed oxides (synthesis of LDH — calcination — reconstruction
to LDH — second calcination) showed minor effects on pore dimensions.
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Fig. 7. Adsorption/desorption isotherms for sample Co/Mg/Alcal (a) and
thermally treated at 923 K and reconstructed samples Co/Mg/AIW293 (b);
Co/Mg/AIW352 (c); Co/Mg/AIN293 (d); Co/Mg/AIN353 (e).

The specific surface area of cobalt containing LDHs samples decreased
upon reconstruction and calcination from 170 m?g* for Co/Mg/Alca to 94 m?
gt and 131 m?g? for Co/Mg/Alwzss and Co/Mg/Alwsss, respectively. Thus,
introduction of cobalt into Mg-Al-O mixed oxides lowered the specific surface
area. Reformation medium had a considerable influence on the morphology
of mixed metal oxides when nitrate solution provided higher specific surface
area and higher pore volumes for the same reconstruction temperature.
Moreover, a significant increase of specific surface area values were observed
for the samples reconstructed in magnesium nitrate solution. Therefore, the
better performance of Co/Mg/Al mixed oxides could be achieved [78].
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3.2. Bi-substituted MgsAI-COs layered double hydroxides

This part of PhD thesis is aimed at investigation of feasibility of
preparation of LDH compounds with M"'= Bi. In order to minimise a possible
effect of processing on the chemical composition of the resulting product, two
independent methods were used to prepare LDH with the MgsAl:xBix cation
content (x = 0 to 0.5), namely the conventional co-precipitation method and a
formation via hydration of the mixed oxide powders in the carbonate-
containing solutions. The powders were obtained either by calcination of the
LDH (prepared by co-precipitation) or by using a novel alkoxide-free sol-gel
method.

3.2.1. Synthesis and characterization of MgsAl; and MgsAl;-« Bix LDHs
produced via co-precipitation and aqueous sol-gel methods

The XRD patterns of non-substituted and bismuth-substituted Mg/Al/Bi
LDH samples (Bi substitution level was from 0% to 50%) synthesized by co-
precipitation method are shown in Fig. 8.
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Fig. 8. XRD patterns of the LDH synthesis products obtained by co-
precipitation method with the nominal MgsAl.1.«xBix cation composition: x =0
(1), x=0.1(2),x=0.2(3),x=03(4),x=0.4(5) and x = 0.5 (6). The
characteristic diffraction reflections of the LDH phase are indexed.
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As seen, the XRD pattern of MgsAl: LDH made by co-precipitation
method is typical XRD pattern for the LDH showing the common features of
layered materials, such as narrow, symmetric, strong lines at low 26 values
and weaker, less symmetric lines at high 26 values. In the case of co-
precipitation synthesis of Bi-substituted MgsAli.xBix compounds, the
diffraction lines of side phase Bi,O,COs along with Mg/Al/Bi LDH peaks are
seen in the XRD patterns. With increasing substitutional level of bismuth, the
intensities of the reflections of Bi.0,COj3 phase also monotonically increased
and the peaks of Mg/Al/Bi phase became less intensive. Thus, the formation
of layered structure becomes problematic when amount of bismuth exceed
>20%.

The SEM micrographs of as prepared by co-precipitation method bismuth-
containing LDH, annealed at 650°C specimens and reconstructed LDH are
shown in Fig. 9.

Fig. 9. SEM micrographs of MgsAlosBio1 synthesized by co-precipitation
method: 1 - as prepared LDH, 2 — annealed at 650 °C and 3- reconstructed
LDH in water at 80 °C.
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The characteristic microstructure of synthesized LDH could be determined
from the SEM micrograph. The formation of plate-like particles 0.5-2 um in
size with hexagonal shape is evident. After calcination of Mg/Al/Bi LDH at
650°C the network of differently shaped particles varying in size from
approximately have formed. The collapse of the LDH structure and
appearance of porous mixed metal oxide structure was noticed. A layered
double structure recovered after reconstruction procedure showed the
formation of plate-like particles with more pronounced agglomeration. The
particle size of LDH obtained after reconstruction remained almost the same.

3.2.2. Investigation of annealing temperature effect for sol-gel derived LDHs
for successful reconstruction to layered structure

The XRD patterns of layered double hydroxides synthesized by sol-gel
methods are shown in Fig. 10.

W

_/V\_«_,j \V*JVWM}\WW

y I M

JuL,JJv,Fw* WWUW\%WWEWW 3

W

2Theta (deg.)

Intensity (a.u.)

Fig. 10. XRD patterns of the LDH synthesis products obtained by sol-gel
method with the nominal MgsAl.«Bix cation composition: x =0 (1), x = 0.1
(2),x=0.2(3),x=0.3(4),x=0.4 (5) and x = 0.5 (6).

The LDH obtained by sol-gel method, however, contains many organic
impurities and shows very low crystallinity. Majority of the peaks are wide or
being smudged and it is not possible to identify typical LDH peaks. These
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results confirm that alkoxide-free sol-gel method is not suitable for the direct
synthesis of layered double hydroxides. The Mg/Al/Bi LDH was not formed
during the sol-gel processing.

The annealing temperature of LDH is very important because it is crucial
for the successful reconstitution of the layered structure. The heat treatment
of LDH should be performed at higher temperature than the temperature used
for the destruction of double layers, but at lower temperature than the
temperature suitable for the formation of spinel or another insoluble phase.
The TG results showed that decomposition temperature of MgsAlosBio.s(co-pr)
and MgsAlosBiossq) Samples should be around 600°C and 500°C, respectively.
In Fig. 11, the XRD patterns of MgsAl.xBixsg Samples annealed at 650°C are
shown.
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Fig. 11. XRD patterns of MgsAl1«Bixsg samples annealed at 650 °C: x=0 (1),
x=0.1 (2), x=0.2 (3), x=0.3 (4), x=0.4 (5) and x=0.5 (6).

In comparison with co-precipitation method the MMO from sol-gel
precursors have formed with higher crystallinity despite the LDH did not form
during the sol-gel processing. Interestingly, with increasing amount of Bi all
reflections are slightly moved to the higher 26 angles. This is a consequence
of incorporation of aluminium and bismuth in the framework of Mg(Al)O or
Mg(AIBI)O, resulting in the formation of mixed-metal oxides [1].

31



3.2.3. Investigation of LDHSs reformation process in water back to layered
structure from mixed-metal oxides (“memory effect”)

The reformation process of LDH in water back to layered structure from
mixed-metal oxides (“memory effect”) was also investigated. The XRD
patterns of sol-gel derived LDH samples obtained after reconstruction process
at 80 °C in water solution are given in Fig. 12.
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Fig. 12. XRD patterns of the products obtained after reconstruction of MMO
powders prepared by sol-gel method. The nominal MgsAl:«Bix composition:
x=0 (1), x=0.1 (2), x=0.2 (3), x=0.3 (4), x=0.4 (5) and x=0.5 (6).

MMO (mixed metal oxides) obtained from pure Mg/Al LDH and
synthetized by sol-gel method were successfully reformed back to the layered
structure. Intense and narrow diffraction peaks at 11° and 22°, ascribed to
(003) and (006) planes, respectively, are clearly seen in both reconstructed
Mg/Al LDH samples. As usually, asymmetric reflections (Okl) having
different shape were obtained above 30° of 26. Reflections (110) and (113)
noticed in 60°-62° 26 confirm that reformation was completed fully. No peaks
of low crystallinity of Mg(ANO have been identified. During the
reconstruction of sol-gel derived MMO when the amount of bismuth was
about 10-30% only LDH and negligible amount of Bi,O3 have formed during
reformation process. With increasing amount of bismuth up to 40-50%, the
predominant crystalline phase was Bi,OsCOs. Thus, the term “reconstruction”

we use to describe the reconstruction of sol-gel derived MMO is not correct.
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In fact, this is a novel sol-gel synthesis approach developed for the fabrication
of bismuth-containing LDH.

The surface morphology of sol-gel derived Mg-Al-Bi-O precursor (see Fig.
13) differs very much from typical microstructure of LDH.

Fig. 13. SEM micrographs of MgsAloeBio.1 synthesized by sol-gel method: 1-
sol-gel precursor, 2 —annealed at 650 °C, 3- reconstructed (synthesized) LDH
in water at 80 °C.

The representative SEM micrograph confirmed the formation of
monolithic gel, in which individual particles were hardly distinguishable. On
the other hand, the morphological features of the heat-treated sol-gel precursor
at 650°C were almost identical to the MMO synthesized by co-precipitation
method. The reconstruction method regenerated the metal hydroxide sheets
and the plate-like geometry of the primary particles. Sol-gel derived Mg/Al/Bi
LDH consist of the larger hexagonally shaped particles varying in size from
approximately 200 to 500 nm. The good connectivity between the grains was
observed. These nanograins showed tendency to form larger agglomerates.
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Thus, the bismuth containing LDH Mgs;AlixBix (x<0.2) were prepared by
low saturation co-precipitation method from carbonate-containing solutions
and for the first time to the best of our knowledge the MgsAl:«xBix LDH were
synthesized by an aqueous sol-gel processing. It was demonstrated that sol-
gel method is not suitable for the direct synthesis of layered double
hydroxides.

3.3. Dielectric properties of Bi-substituted LDHSs synthesized by co-
precipitation and sol-gel methods

The main aim of this part of doctoral dissertation was to compare dielectric
properties of MgsAl:xBix LDHs prepared by co-precipitation and sol-gel
methods.

3.3.1. Characterization of MgsAli«Bix LDH samples prepared via co-
precipitation and agueous sol-gel methods

The bismuth-substituted MgsAl:xBix LDH samples (x was from 0% to
20%) were repeatedly synthesized by co-precipitation and sol-gel methods.
Again, the XRD patterns of Mgs;Al..xBix LDH samples obtained by co-
precipitation method with introduction Bi®* to the LDH structure showed
formation of side phase Bi,O.COs; along with Mgs:Al1xBix LDHs. With
increasing substitutional level of bismuth up to x = 0.2 the intensity of the
reflections of MgsAli.xBix and Bi,0,COs phases decreased and increased,
respectively. The XRD patterns of Bi-containing LDH samples obtained after
reconstruction process of sol-gel derived mixed-metal oxides showed
formation of negligible amount of Bi,Os. Lattice parameters a and c of
synthesized LDH samples were calculated from XRD patterns. The obtained
cell parameters of Mg/Al LDH prepared using co-precipitation (a = 3.051 A
and ¢ = 23.192 A) and sol-gel (a = 3.059 A and ¢ = 23.388 A) methods are
almost the same and are in a good agreement with literature data [1]. In the
case of Mg/Al/Bi samples fabricated by both synthesis methods the both a and
c parameters increased with increasing substitutional level of bismuth from a
=3.065 A and ¢ = 23.555 A (MgzAlosBio.1) to a = 3.074 A and ¢ = 23.829 A
(MgsAlgsBio2) for co-precipitated samples and from a = 3.066 A and ¢ =
23.521 A (Mg3A|o,gBio,1) toa=3.068 A and ¢ = 23.908 A (Mg3A|o_sBio_2) for
sol-gel derived samples. This is not surprising, since the ionic radii of Bi%*
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(1.03 A) is much larger than AI** (0.535 A). These XRD analysis results prove
the existence of partial substitution of aluminium by bismuth in the LDH
samples.

3.3.2. Investigation the temperature dependence of dielectric permittivity of
MgsAl:xBix LDH samples prepared by different methods

It was previously determined for pure MgsAl; LDH dry sample that at
temperatures above 200 K Maxwell-Wagner relaxation could be observed
[79]. At lower temperatures, very small losses were observed confirming the
lack of conductivity in this material at studied frequencies. Temperature
dependencies of real and imaginary parts of complex dielectric permittivity of
MgsAl..«Bix LDH samples prepared by co-precipitation method are shown in
Fig. 14.
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Fig. 14. Temperature dependencies of real (¢‘) and imaginary (¢‘‘) parts of
complex dielectric permittivity of MgsAlogBios1 (top) and MgsAlosBio.
(bottom) LDH samples prepared by co-precipitation method. The results for
vacuumed samples are presented at left.
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The real part of complex permittivity (g') is almost constant (5.5-6.5) for
vacuumed and non-vacuumed samples. Only non-vacuumed MgsAlgoBio1
sample shows frequency dispersion at higher temperature (>200 K). The
dispersion can be explained on the basis of complex structure of synthesized
LDH having bismuth as dopant that forms intrinsic electric moments [80].
Both parts of the complex dielectric permittivity decreased with increasing
measurement frequency. The temperature dependence of real and imaginary
parts of complex dielectric permittivity of MgsAlosBio1 LDH sample prepared
by sol-gel method is very similar (see Fig. 15).
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Fig. 15. Temperature dependencies of real (¢°) and imaginary (g°‘) parts of
complex dielectric permittivity of MgsAlooBio1 LDH prepared by sol-gel
method. The results for vacuumed samples are presented at left.

The increase in ¢’ is more pronounced at higher temperatures and at lower
frequencies for non-vacuumed sample. This may be due to the frequency
dependent orientational polarization [81]. Evidently, the dielectric properties
of MgsAl.«Bix LDH samples do not depend on surface morphology,
consequently on the preparation technique [82]. The structural transition were
not observed, however, for all bismuth-doped LDH samples [83, 84].
Moreover, the increase of & with increasing temperature indicates the
semiconducting behaviour of our MgsAl.xBix LDH samples [85].

In conclusion, the temperature dependence of dielectric permittivity of
MgsAl.«Bix LDH samples prepared by different methods was investigated. In
general, the increase in ¢’ was more pronounced at higher temperatures and at
lower frequencies for non-vacuumed samples. The dielectric properties were
independent on surface morphology of MgsAl1.xBix LDH samples fabricated
by two different synthesis routes. Finally, no structural transitions were
observed for all bismuth-doped LDH samples. The real part of complex
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permittivity (¢) is almost constant (5.5-6.5) for MgsAl:xBix LDH samples
prepared by co-precipitation method, however, slightly depends on the
amount of Bi for the sol-gel derived MgsAl:xBix LDH samples.

3.4. Sonication accelerated formation of Mg-Al-phosphate layered double
hydroxide via sol-gel prepared mixed metal oxides

The main aim of this part of doctoral dissertation was to combine the
aqueous sol-gel based method of production of Mg.Al-OH LDH followed by
the intercalation with phosphate anion via the successive anion exchange
reactions, OH  — CI and ClI- — H2POy’, with high-power sonication, and to
demonstrate that the application of a kW-level ultrasound considerably
accelerates all stages of the final product formation, namely hydration and
both anion exchanges.

3.4.1 Temperature and high-power ultrasound effect on Mg.Alwmmo)
hydration

Experimentally it was found that formation of LDH phase by hydration of
Mg.Alnmmoy at room temperature is rather slow, even after 24 h, the diffraction
reflections of the LDH phase are still wide which suggests a small average
crystallite size and a broad size distribution. Therefore, the reaction
temperature was increased up to 80°C. A single-phase Mg,Al-OH LDH was
obtained after 2 h hydration of Mg:Alwmmoy (Fig. 16). In the third set of
experiments, high-power ultrasound was applied to prepare LDHSs of the same
composition. It was found that the sonication assisted reaction occurs faster in
comparison with reaction performed at 80°C under vigorous mechanical
stirring. A single phase Mg.Al-OH LDH was obtained already after 30 min of
ultrasound treatment (Fig. 17). Moreover, in the case of the sonication assisted
reaction, the LDH, as the main phase, appeared already after 2-min treatment;
however, the hydration was still uncomplete: traces of the MMO precursor
were present in the product even after 15 min of hydration. It was observed
from the comparison of the FWHM values of the basal reflections of the LDH
phases crystallized either at room temperature or at 80°C or under applied
high-power ultrasound that the reaction rate increased by more than factor of
20 (Fig. 18).
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Fig. 16. XRD patterns of the Mg.Ali-OHwsox) LDH products obtained after
reconstruction of Mg.Alimo) in water at 80 °C using different synthesis time.
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Fig. 17. XRD patterns of the Mg2Al:-OHsonicsx) LDH products obtained after
reconstruction of Mg.Alimmoy in water using different synthesis (sonication)
time.
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Fig. 18. The full width at half maximum (FWHM) values of the 003 basal
diffraction peaks of LDH phase obtained by hydration of Mg.Al MMO either
at room temperature or at 80°C or under applied high-power ultrasound as a
function of hydration time. Notice the logarithmic time scale.

3.4.2 High-power ultrasound effect on LDH interlayer substitution,
composition and morphology

A hydroxide-to-phosphate direct anion exchange was unsuccessful.
Therefore, a two-step hydroxide — chloride — phosphate process was
attempted. Due to a small difference in size of OH" and CI', the shift in the
basal diffraction reflections to lower 2 theta angles was also rather small (Fig.
19). The Cl-intercalation reaction at room temperature was found to take 15
min, while the sonication assisted anion exchange was completed in 4 min.
The chloride-to-phosphate anion exchange was manifested in the shift of the
basal reflections in the XRD patterns towards lower 2 theta angles indicating
a considerable increase of the interlayer distance. The anion exchange took
about 30 min in the case of standard mixing procedure at room temperature,
while the exchange was complete in 4 min when the high-power ultrasound
was applied. The broader reflections were observed in the XRD patterns of
Mg.Al-HxPO, LDHs (Fig. 19) in comparison with those seen in the patterns
of the hydroxide-intercalated and chloride-intercalated LDHs. This can
indicate some disorder in arrangement of the phosphate anions in the
interlayer.
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The lattice parameters a (a = 2d10) ) and ¢ (c = 3d) calculations for all the
obtained LDHs are listed in Table 3 [1]. The maximum absolute errors in
determination of the parameters c and a were 0.15 A and 0.01 A, respectively.
The a-parameter values of the obtained Mg.Al LDHs intercalated with either
hydroxide, chloride or phosphate are equal within the experimental error. The
difference between the c-parameter values of the respective Mg,Al-OH and
Mg.AI-CI LDHs is in good agreement with the previously reported data [3]
and the references therein (about 0.4-0.6 A).
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* MgO
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Fig. 19. Typical XRD patterns of the products obtained after hydration of
MMO resulted in formation of Mg,Al-OH LDH (a, b and c¢) and subsequent
hydroxide-to-chloride (e, d) and chloride-to-phosphate (f, g) anion exchanges
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conducted in different conditions: (a) at room temperature for 24 h - Mg.Al-
OHaseciaany, (b) at 80°C for 2 h - MgAl-OHgo-ci2ny (€) with ultrasound applied
for 30 min - Mg2Al-OHsonicrzominy, (d) at room temperature for 15 min - Mg.Al-
Clzsecisminy, () with ultrasound applied for 4 min - MgAl-Clsonic/amin), (f) at
room temperature for 1 h - Mg.Al-HyPO4 s°ciiny and (g) with ultrasound
applied for 8 min - Mg2Al-HxPOs sonicisminy. Inset: basal spacing values (in nm)
of the respective LDH phases

The obtained LDHs were analysed using ICP-OES. It was determined that
the stoichiometry of magnesium and aluminium in the sol-gel derived Mg.Al
LDHs is close to the nominal one regardless of the methods used for
acceleration of the hydration and the anion-exchanges. The Mg/Al/P ratio in
the phosphate-intercalated LDHSs is close to 2/1/1. Taking into account the
generic formula of the M"-M"' LDH (see Introduction), the obtained ratio
indicates the type of the intercalated phosphate anion, namely dihydrogen
phosphate, H.PO,". The chemical composition of the phosphate-intercalated
LDH  produced in this work can be represented as
Mgo.67Alo.33(OH)2(H2PO4)0.33:zH20.

Table 3. The interplanar distances used for calculation and the calculated
lattice parameters (a, ¢) of the LDHSs obtained via hydration and anion
exchanges.

Sample 1D dwosy, A | diosy, A | daao, A | ¢, A | a A
Mg2Al-OHgoec/2n) 7.843 3.906 1532 | 23.483 | 3.064
Mg>Al-OHsonicsomin) 7.908 | 3.930 | 1536 |23.652 | 3.070
MgAl-Clioscnsmin) 7.986 | 3.985 | 1534 |23.934 | 3.068
Mg2Al-Clsoniciamin) 8.004 3.993 1527 | 23.985 | 3.054
Mg2Al-HxPOs 25:cr1my 9.992 5.277 1523 | 30.819 | 3.049
Mg2Al-HPOu (sonigeminy | 10.779 | 5.380 | 1.525 | 32.309 | 3.050

After lattice parameters calculation, the observed variation in the values of
parameter ¢ of the LDHs intercalated with phosphate (Table 3) may imply
several possibilities of arrangement of phosphate anion. Using the Table 3 data
and taking into account the thickness of the Mg-Al hydroxide layer (do=4.77
A [86]), the calculated interlayer gallery height is 6.00 A and 5.30 A for
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Mg2Al-HxPOs (sonicizominy and Mg2Al-HyxPOs (25ciiny LDHS respectively. This
data give possibility to model the arrangement of phosphate anion similar to
that reported in Ref [87] for the pyrovanadate-intercalated Zn,Al LDH.
Calculations showed that the most probable orientation of the phosphate anion
is the following: a tetrahedron edge is perpendicular to the hydroxide layer
(Fig. 20).

The surface morphology of the prepared LDH samples was investigated by
SEM and STEM. The SEM micrographs are shown in Fig. 21. The particles
agglomerated of flake-like crystallites were observed in all samples. The
STEM micrographs (Fig. 22) reveal characteristic hexagonal shape of the
flake-like LDH crystallites. It should be stressed here that no effect of the
preparation conditions (increase of temperature, application of ultrasound) on
size and shape of LDH particles nor crystallites has been observed.

Fig. 20. Schematic representations of (a) the most characteristic dimensions
of H«PO,C>- anion and the respective orientations of the anion in the Mg,Al
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LDH interlayer: (b) the space height of the tetrahedron is perpendicular to the
hydroxide layer, (c) the height of triangular face of the tetrahedron is
perpendicular to the hydroxide layer, and (d) edge length of the tetrahedron is
perpendicular to the hydroxide layer. Hydrogen ions are not shown

3 um

Fig. 21. SEM micrographs of the LDH powders prepared via hydration of
MMO followed by anion exchanges at different temperatures without and with
application of high-power ultrasound: (a) Mg2Al-OHgocroany, (b) Mg-Al-
OH sonicaominy),  (€)  M@2AI-Clasecrisminy, (d) Mg2AI-Clisoniciaminy, (€) Mg2Al-
H2PO4 25°c/1ny and (f) Mg2AIl-H2PO4 (sonic/gmin)
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Fig. 22. STEM micrographs of the LDHs obtained via sonication-assisted
hydration and anion exchanges: (a) Mg2Al-Clsoniciaminy and (b) Mg2Al-H,PO.
(sonicismin). INSet shows a detached crystallite of Mg2AIl-OHsonicrzominy LDH

In conclusion, applied procedure of the formation of LDH intercalated with
hydroxide via hydration of sol-gel prepared MMO followed by the
deintercalation of OH" and the intercalation with phosphate via a two-step
anion exchange appears to be a promising way for production of
stoichiometric LDH intercalated with functional species. High-power
sonication considerably accelerates the formation of LDH phase from mixed
metal oxides and the successive anion exchange processes.

3.5. Cast iron corrosion protection with chemically modified Mg.Al. layered
double hydroxides synthesized using a novel approach

The main objectives of this part of doctoral dissertation were to study the
corrosion protection functionality of the layered double hydroxides
synthesized using a novel approach, including LDHs whose metal hydroxide
layers were modified with cerium, and to monitor anion release from these
LDH in NaCl solutions and their corrosion inhibitive action on cast iron
samples by electrochemical impedance spectroscopy.
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3.5.1. Analysis and characterization of synthetized and substituted Mg.Al;
and Mng|o,9C60_1 LDHs

XRD patterns of Mg(2)AI-OH and Mg(2)Al-10%Ce-OH layered double
hydroxide powders from the high-power sonication assisted synthesis and of
successive anion exchanges, are shown in Fig. 23. The XRD patterns of the
compositions obtained as a result of the anion exchanges demonstrated a
regular shift of the diffraction peaks of the (001) family towards lower angles
indicating that the hydroxide-to-chloride and chloride-to-phosphate
substitutions were complete.

Lattice parameters a (a = 2daig) ) and ¢ (¢ = 3/2[dos) + 2d(0s)]) Of the
obtained LDH were calculated using the inter-planar distances corresponded
to the angular positions of the diffraction peaks (003), (006) and (110) were
listed in Table 4 [1]. Basal spacing was calculated as d=c/3, and the interlayer
height (gallery height, h) was found by subtracting the hydroxide layer
thickness from the basal spacing value. The Mg(2)Al hydroxide layer
thickness was considered to be 0.477 nm [86]. The h-value estimated for
Mg(2)Al-H,PO4 suggested that the phosphate anion was arranged in a such
way that a line along its maximum dimension was perpendicular to the layer
plane [88].
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Fig. 23. XRD patterns of the compositions produced by hydration of the
sol-gel prepared mixed metal oxides followed by two-step (hydroxide-to-
chloride and chloride-to-phosphate) anion exchange: a) - Mg(2)AI-OH (1),
Mg(2)AI-CI (1), and Mg(2)Al-H:PO4 (I11); b) - Mg(2)Al-10%Ce-OH
(1V), Mg(2)Al-10%Ce-ClI (V), and Mg(2)Al-10%Ce-H,PO. (VI).
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Table 4. The lattice parameters (a, ¢) and basal spacings (d) for the LDH
compositions intercalated with different anions.

Composition c, nm a, nm d, nm

Mg(2)AI-OH 2.2950 0.3049 0.7650
Mg(2)AI-CI 2.3426 0.3052 0.7808
Mg(2)Al-HzPO4 3.2662 0.3051 1.0887
Mg(2)Al-10%Ce-OH 2.3100 0.3052 0.7700
Mg(2)Al-10%Ce-Cl 2.3565 0.3052 0.7855
Mg(2)Al-10%Ce-H,PO4 3.2945 0.3054 1.0981

The lattice parameters values of cerium-substituted LDH compositions
were found to be regularly higher than the corresponding values of Mg(2)Al
LDH intercalated with the same anions (see Table 4). This reflects the increase
of the hydroxide layer thickness caused by a partial substitution of AI** by a
larger sized Ce®*'.

STEM images of particles/crystallites of Mg(2)AI-OH and Mg(2)Al-
10%Ce-OH LDH obtained with or without the ultrasound treatment are shown
in Fig. 24.
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Fig. 14. STEM images of fully dispersed LDH particles/crystallites: a) -
Mg(2)Al-OH produced by hydration of the sol-gel prepared mixed metal
oxides without high-power sonication, b) and c) - Mg(2)AI-OH and
Mg(2)Al-10%Ce- OH, respectively, produced by sonication-assisted
hydration of the sol-gel prepared mixed metal oxides.

In all the above-mentioned cases, hexagonal flake-shaped crystallites
inherent to the layered double hydroxides were observed. The characteristic
size (diameter) of the flakes was estimated to range from 50 to 150 nm. Based
on comparative analysis of series of the STEM images, we concluded that the
high-power sonication did not impact either size or shape of the LDH
crystallites, but, the crystallites of LDH produced with application of
ultrasounds were found to be less agglomerated.
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3.5.2. Effect of LDHs to Electrochemical characterization and corrosion
protection

Initially, the cast iron substrates were immersed in two test solutions (50
mM NaCl and 50 mM NaCl + 5 mM NazHPO.) as described in Experimental
to reveal the effect of phosphate anions on the sample surface in a corrosive
media. Fig. 25 shows the EIS spectra acquired after 2 to 168 h of immersion
in the solutions.
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Fig. 25. EIS spectra for the cast iron substrate immersed a) in a 50 mM
NaCl solution and b) in a 50 mM NaCl + 5 mM Na,HPO, solution (Solid
symbols denote the total impedance, empty symbols denote the phase
angle).
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Total impedance (|Z|) at relevant frequencies is the main parameter used
for corrosion activity assessment in all studied substrate-solution systems. It
has been observed that the impedance decreased immediately after the first
minute of immersion of the iron substrate in the 50 mM NaCl solution. The
values of impedance observed in the spectra in Fig. 25a suggest the formation
of corrosion products on the surface of the sample, justifying the slow
decrease of low frequency impedance through the 168 h of measurement.

When the sample is immersed in the solution containing Na,HPO, (Fig. 25b)
the impedance values is stable at least during 24 h. After this period of time,
due to oxide formation and deposition of phosphate on the substrate, the
values of |Z| increased again; however, a part of the sample was kept protected
even after one week of immersion.

The images of the cast iron substrates immersed for one week in a NaCl
solution either with or without the corrosion inhibitive species are shown in
Fig. 26.

Fig. 26. The cast iron substrates after 1-week immersion a) in a 50 mM
NaCl solution and b) in a 50 mM NaCl + 5 mM Na;HPO, solution.
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Images in Fig. 26 indicate that phosphate species are effective for corrosion

protection of cast iron when introduced in the 50 mM NaCl solution. The
presence of corrosion signs (pitting corrosion) on the surface of the sample in
Fig. 26b can be explained by the insufficient amount of phosphate species (5
mM NazHPOQO, in a 50 mM NaCl solution) to protect the entire surface.
The next step of the study was an immersion test using the inhibitive species
intercalated into the LDH produced using the novel approach, Mg(2)Al-
H>PO,. The same test was also performed in the solution containing Mg(2)Al-
OH for comparison. Fig. 27 shows the EIS spectra acquired after 2 to 168 h of
immersion in the respective solutions.
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Fig. 27. EIS spectra for the cast iron substrate immersed in solutions

containing the layered double hydroxides a) 50 mM NaCl + 5 mM

Mg(2)Al-OH and b) 50 mM NaCl + 5 mM Mg(2)Al-H2PO.. (Solid symbols

denote the total impedance, empty symbols denote the phase angle).
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Mg(2)Al-OH layered double hydroxide in a NaCl solution releases OH"
and traps CI- increasing the pH to 12. Since hydroxide anion has no corrosion
inhibitive ability, the impedance values slowly decrease until formation of
iron oxide (Fig. 27a). After about 48 h of immersion, the hydroxide-to-
chloride anion exchange reaction seems to be completed and the local
decrease of chloride ions causes partial protection of the cast iron (the plot at
168 h).

Figure 27b shows a gradual increase of the impedance after 24 h and until
one-week immersion in a 50 mM NaCl + 5 mM Mg(2)AIl-H,PO, solution that
indicates the effective anticorrosion performance of the Mg(2)Al-H,PO4 LDH
as a nanocontainer of inhibitive species that releases H,PO,4 and captures CI-.
The final aspect of the sample (Fig. 28) with less pitting corrosion in the
surface was better than the one after the same time of immersion in a 50 mM
NaCl + 5 mM Na:HPO, solution (Fig. 26b) although the amounts of
phosphates in both tests were the same.

Fig. 28. The cast iron substrate after a 1-week immersion in a 50 mM NacCl
solution with addition of 5 mM Mg(2)Al-H,PO, LDH.

To support the results obtained from the immersion test, an XRD study of
the corrosion products collected from the surface of the samples after 1-week
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immersion was performed. Figure 29 shows the XRD patterns of the products
precipitated/formed on the surface of each cast iron sample.
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Fig. 29. XRD patterns of the corrosion products collected from the
cast iron substrates immersed a) in a 50 mM NaCl solution, b) in a
50 mM NaCl + 5 mM NazHPO3 solution and c) in a 50 mM NaCl +
5 mM Mg(2)Al-H2PO4 LDH solution.

It is seen from Fig. 29 that immersion in these three solutions
resulted in precipitation and formation of different phases on the sample
surface. The corrosion product formed in case of immersion in a 50 mM
NaCl solution (the pattern a) is an iron oxide that is in good agreement
with the optical photo (Fig. 26a). The XRD pattern b demonstrates a
presence of iron phosphate hydrate. It is suggested that chlorine anions
promote dissolution of iron from the substrate followed by reaction with
Na;HPO; in the solution and a precipitation of iron phosphate. The
corrosion products collected from the surface of the sample immersed
in a 50 mM NaCl + 5 mM Mg(2)AI-H2PO4 LDH solution (the pattern

53



) seems to contain an LDH phase with the angle positions of the basal
diffraction reflections that correspond to those of Mg(2)Al-Cl LDH.
However, as its pattern overlaps that of sodium phosphate hydrate a
distinction cannot be done. Also, peaks for iron phosphate hydrate can
be found in the same sample.

In conclusion, the EIS results obtained for the samples immersed in
the NaCl solution containing Mg(2)Al-10%Ce-H2PO4 for 2-168 h were
found to be essentially similar to those presented for the case of
Mg(2)Al-H.POs LDH. Ce'"'-containing species in the products of
decomposition of the LDH nanocontainer itself may provide additional
protection effect. However, to estimate such an effect, a much longer
immersion time is needed alongside with the continuous exposition of
the Mg(2)Al-10%Ce LDH to UV radiation to promote the LDH
degradation. This study is in progress.

54



4. CONCLUSIONS

1. The Co/Mg/Al LDHs were successfully synthesized by the low
supersaturation method, thermally decomposed and reconstructed in water or
magnesium nitrate media. The partial substitution of the magnesium by cobalt
showed changes in the LDHs behaviour during the cycle of synthesis —
thermal decomposition — reconstruction. An incomplete regeneration of LDH
samples at room temperature in agueous media has been observed. However,
with increasing temperature the reconstruction process of LDHs proceeded to
completion.

2. It was demonstrated, that the reconstruction medium had a
considerable influence on the morphology of mixed metal oxides. The N
adsorption-desorption isotherms of heat-treated cobalt containing LDHs
exhibited type IV isotherms with an H1 hysteresis which are characteristic for
the mesoporous materials. The specific surface area of cobalt containing
LDHs samples decreased upon reconstruction and calcination from 170 m?g-
! for Co/Mg/Alca to 94 m? gt and 131 m? g' for Co/Mg/Alwzes and
Co/Mg/Alwsss, respectively. Moreover, a significant increase of specific
surface area values were observed for the samples reconstructed in magnesium
nitrate solution.

3. The bismuth containing LDH MgsAl,Bix (x<0.2) were prepared by
low saturation co-precipitation method from carbonate-containing solutions
and for the first time to the best of our knowledge by an aqueous sol—gel
processing. The XRD results showed that in the case of Mg/Al/Bi the both a
and ¢ parameters increased with increasing substitutional level of bismuth.
Thus, the partial substitution of aluminium by bismuth occurred, since the
ionic radius of Bi* is bigger than AI**. Sol-gel derived Mg/Al/Bi LDH
consisted of the larger hexagonally shaped particles varying in size from
approximately 200-500 nm. The good connectivity between the grains was
also observed.

4. This study also investigated the temperature dependence of dielectric
permittivity of MgsAlixBix LDH samples prepared by different methods. In
general, the increase in ¢’ was more pronounced at higher temperatures and at
lower frequencies for non-vacuumed samples. The dielectric properties were
independent on surface morphology of MgsAl..xBix LDH samples fabricated
by two different synthesis routes. Finally, no structural transitions were
observed for all bismuth-doped LDH samples.
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5. The influence of high power sonication on the intercalation of
hydroxide, chloride and phosphate anions to the structure of the sol-gel
derived magnesium-aluminium layered double hydroxides has been
investigated. The XRD results demonstrated that sonication assisted reaction
without mixing occurred much faster in comparison with reaction performed
in water at 80 °C under the vigorous mechanical stirring. Monophasic Mg.Al:-
OHsonicix) LDH was obtained after 30 min of sonication. The intercalation
reaction of Cl at room temperature proceeded 15 min, while sonication
assisted anion exchange reaction completed during 4 min.

6. Sonication assisted method accelerated phosphate intercalation to the
LDH reaction as well. The results of calculation of basal spacing showed a big
increase of interlayer distance (from ~24 A for Mg.Al;-OH, Mg,Al;-Cl LDHs
to ~30-32 A for Mg.Al;-PO4 LDH). FT-IR, ICP-OES and TG results also
confirmed the successful performance of intercalation reaction. SEM and
STEM micrographs showed the formation of typical plate-like particles 0.5-2
um in size with hexagonal shape. In the case of Mg.Al:-Cl and Mg2Al:-PO4
LDHs the formation of plate-like hexagonal particles having lower
crystallinity was determined.

7. The corrosion protection functionality of the Ce-substituted layered
double hydroxide intercalated with dihydrogen phosphate (Mg.Al-10%Ce-
H>PO.) were studied as well. The efficiency of the layered double hydroxides
produced using the novel approach as nanocontainers was demonstrated by
electrochemical impedance spectroscopy results via corrosion protection
effect of dihydrogen phosphate released from these LDH on cast iron substrate
in a NaCl solution.
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IVADAS

Sluoksniuoti dvigubi hidroksidai (SDH), taip pat Zinomi kaip hidrotalcito
tipo (HT) junginiai, priklauso anijoniniy molzemiy Seimai, kuriy kristaliné
struktiira sudaryta i§ brusito, Mg(OH).. SDH teigiamg kriivi turintis misriy
metaly katijony hidroksidy sluoksnis yra kompensuojamas tarpsluoksnyje
esanciais anijonais A™, kordinuotais vandens molekulémis. Nors yra Zinomi
M'-M'"' SHD, ta¢iau dauguma sluoksniuoty dviguby hidroksidy yra M"-M"!
tipo. Bendriné SDH cheminé formulé gali buti iSreiksta taip: [M'.
ML (OH) ] (A™)wm-zH20. Dazniausiai M" katijonas yra magnis (Mg) arba
kiti 4-0jo periodo pereinamieji metalai, nuo geleZies iki cinko, o M katijonai,
kaip taisyklé, yra Al, Ga, Fe arba Cr. Naujausi darbai parodé jog M"" katijonai,
esantys SHD, gali bati iki 10mol% pakeisti didelio joninio spindulio
lantanoidais. DazZniausiai naudojamuose sluoshiuotuose dvigubuose
hidroksidduose katijony M"/M"" santykis yra tarp 2 ir 3, nors jis gali kisti ir
nuo 1 iki mazdaug 5. Skirtingi sluoksniy kriiviy santykiai, sukurti dél katijony
MM santykio ir kristalinés struktiros labilumo, leidzia formuoti didelj
kieki SDH su tarpsluoksnyje esancia didele organiniy ir neorganiy anijony
Jvairove.

Sluoksniuoti dvigubi hidroksidai placiai taikomi jvariose srityse, tokiose
kaip korozijos inhibitoriai, katalizatoriai, vaistiniy medziagy neSikliai,
adsorbentai, energijos saugojimo ir iSskyrimo medziagos. Dauguma SHD
gaminamy pramoniniu bidu yra sintetinami bendro nusodinimo,
hidroterminiu arba kombinuotu (bendras nusodinimas ir hidroterminis)
sintezés metodais. Sie sintezés metodai leidzia nuolat paruosti auksto
kristaliSkumo medziagas, taciau tokios sintezés trunka labai ilgai bei
reikalauja didelio kiekio vandens. Todél naujy SDH sintezés metody paieska
§iuo metu yra itin svarbus uzdavinys medzagotyrininkams.

Siame moksliniame darbe pateikiami tobulesnio SHD junginiy sintezés
metodo iSvystymo rezultatai ir atskleistos naujos susintetinty junginiy
fizikinés ir mikrostrukturinés savybés. Naujy SDH cheminiy sudéciy paieska,
keic¢iant magnj ir aliuminj kitais katijonais ir/arba jvedant skirtingus anijonus,
yra nemazas indelis | §iy medziagy mokslo teorinius pagrindus. Minéti
moksliniy tyrimy ir gauty rezultaty ypatumai ir yra Sios daktaro disertacijos
naujumas ir originalumas.

Sios daktaro disertacijos tikslas buvo istirti, kaip katijony ir anijony
pakeitimas Mg-Al sluoksniuotose dvigubuose hidroksiduose veikia junginiy
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formavimasi ir savybes. Siam tikslui jgyvendinti buvo suformuluoti §ie

disertacijos uzdaviniai:

1. Istirti magnio pakeitimo kobaltu Co-Mg-Al sluoksniuotame
dvigubame hidrokside, kuris buvo susintetintas naudojant mazy
koncentracijy bendro nusodinimo metoda, galimybes bei susintetinty
ir rekonstuoty SHD skirtingose rekonstrukcinése terpése pavirSiaus
savybes.

2. Pirmg kartg susintetinti bismutu (Bi**) pakeist3 Mg-Al SDH
tiesioginiu bendro nusodinimo ir nauju netiesioginiu vandeniniu
zoliy-geliy metodais ir istirti jvairiy parametry jtaka Bi-Mg-Al
sluoksniuoty dviguby hidroksidy susidarymui.

3. Istirti Bi-Mg-Al SHD, susintetity bendro nusodinimo ir vandeniniu
zoliy-geliy metodais, dielektrines savybes.

4, Istirti ultragarso poveiki Mg-Al SDH, sintetinto zoliy-geliy metodu,
rekonstravimo ir anijony pakeitimo galimybéms.

5. Istirti chemiskai modifikuoty Mg-Al SDH junginiy antikorozines
savybes.

Gauti eksperimentiniy tyrimy rezultatai yra aptarti disertacijos Rezultaty ir
ju aptarimy dalyje. Disertacijos 3.1. dalyje istirtos magnio pakeitimo kobaltu
Co-Mg-Al sluoksniuotame dvigubame hidrokside, kuris buvo susintetintas
naudojant mazy koncentracijy bendro nusodinimo metods, galimybés bei
susintetinty ir rekonstuoty Co/Mg/Al SHD skirtingose rekonstrukcinése
terpése pavirsiaus savybeés. Sio disertacinio darbo 3.2. ir 3.3 dalyse pateikti
bismutu (Bi**) pakeisty Mg-Al SDH junginiy, susintetinty tiesioginiu bendro
nusodinimo ir nauju netiesioginiu vandeniniu zoliy-geliy metodais, tyrimy
rezultatai. Disertacijos 3.4. dalyje istirtas ultragarso poveikis Mg-Al SDH,
sintetinto  zoliy-geliy metodu, rekonstravimo ir anijony pakeitimo
galimybéms, o 3.5. dalyje buvo istirtos chemiskai modifikuoty Mg-Al SDH
junginiy antikorozinés savybés. Visi daktaro disertacijos rezultatai yra
apibendrinti 5-iuose moksliniuose straipsniuose, kurie pateikti disertacijos
pabaigoje. Gauti duomenys yra apibendrinti iSvadose.

ISVADOS

1. Co/Mg/Al sluoksniuoti  dvigubi hidroksidai buvo sékmingali
susintetinti Zemos koncentracijos bendro nusodinimo metodu,
termiskai suskaidyti ir rekonstruoti vandenyje arba magnio nitrato
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terpéje. Dalinis magnio pakeitimas kobaltu jtakojo SHD sintezés —
terminio skaidymo — rekonstravimo ciklag. Kambario temperatiiroje
naudojant vandening terpg¢ patebétas nepilnas sluoksniuoty dviguby
hidroksidy  rekonstravimas, taCiau pakélus  rekonstravimo
temperatirg, SHD rekonstravimo procesas buvo uzbaigtas s¢kmingai.
Irodyta, jog rekonstrukcijos terpé daro didele jtaka misriy metaly
oksidy (MMO) morfologijai. Nustatyta, kad termiskai apdoroto SDH,
turin¢io kobalto, N adsorbcijos-desorbcijos izotermos buvo 1V tipo
su H1 histereze, kuri yra biidinga mezoporinéms medziagoms.
Kobaltg turin¢iy SDH méginiy specifinis pavirSiaus plotas juos
rekonstuojant ir termiskai skaidant atitinkamai sumazéjo nuo 170 m?
g! Co/Mg/Aley iki 94 m? gt ir 131 m? g Co/Mg/Alwzes ir
Co/Mg/Alwsss. Taip pat nustatyta, kad méginiy, rekonstruoty magnio
nitrato tirpale, specifinio pavir$iaus ploto vertés padidéjo.

Bismutg turintys MgsAl,—Bix (Xx<0.2) SDH buvo susintetinti mazy
koncentracijy bendro nusodinimo metodu i$ karbonatus turinciy
tirpaly ir pirmg karta vandeniniu zoliy-geliy metodu. Rentgeno
spinduliy difrakcijos rezultatai parodé, jog Mg/Al/Bi SDH abu a ir ¢
parametrai padidéjo didinant jvedamo bismuto kiekj. Tai rodo, jog
jvyko dalinis aliuminio pakeitimas bismutu, nes Bi** joninis spindulys
yra didesnis nei AI**. Zoliy-geliy gauti Mg/Al/Bi SDH buvo sudaryti
i$ didesniy Sesiakampiy formos daleliy, kuriy dydis svyravo nuo
mazdaug 200 iki 500 nm.

Siame darbe taip pat istirta skirtingais sintezés metodais susintetinty
MgszAl:1xBix SDH méginiy dielektrinio laidumo priklausomybé nuo
temperattros. IS esmés €' padidéjimas nevakuumuotuose méginiuose
buvo rySkensis esant aukStesnei temperattrai ir Zemesniam dazniui.
Dielektrinés savybés nepriklausé nuo MgsAli«Bix SDH méginiy,
pagaminty dviem skirtingais sintezés budais, pavirSiaus morfologijos.
Jdomu pazyméti, kad bismutu legiruotuose SDH meéginiuose nebuvo
pastebéta jokiy struktiiriniy virsmy.

IStirta didelés galios ultragarso jtaka hidroksidy, chloridy ir fostaty
anijony interkaliacijai (jterpimui j tarpsluoksnj) zoliy-geliy metodu
susintetintuose  magnio-aliuminio  sluoksniuotuose dvigubuose
hidrosiduose ir gauty interkaliaty struktiirai. Rentgeno spinduliy
difrakcijos duomenys parodé, jog ultragarsu vykdoma reakcija be
mechaninio maiS§ymo vyko daug grei¢iau nei reakcija kuri buvo
vykdoma 80 °C vandenyje, intensyviai mechaniskai maisant.

Ultragarsu vykdytos reakcijos metu vienfazis MgzAl:1-OHsonicix) SDH
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buvo gautas jau po 30 min. Chlorido anijono interkaliacija kambario
temperatiiroje vyko 15 min., o ultragarsu vykdytas anijono visiskas
pakeitimas jvyko per 4 min.

Naudotas ultragarso metodas taip pat pagreitino ir fostaty jterpima i
SDH tarpsluoksnj. Bazalinio sluoksnio skai¢iavimo rezultatai parodé
tarpsluoksnio atstumo padidéjima (nuo ~24 A Mg,Al;-OH ir Mg,Al;-
Cl SDH iki ~30-32 A Mg,Al;-PO, SDH). FT-IR, ISP-OES ir TG
rezultatai tai pat patvirtino sékminga jterpimo reakcijos atlikima.
SEM ir SPEM tyrimais gauti duomenys atskleidé budingy
SeSiakampés formos ploksciy daleliy, kuriy dydis 0.5-2 pm,
susidarymg. Mg,Al:-Cl ir Mg.Al:-PO4s SDH atveju buvo nustatytas
mazesnis SeSiakampés formos ploksciy daleliy kristalisSkumas.

Taip pat istirtas ceriu (Ce") legiruoto sluoksniuoto dvigubo
hidroksido su tarpsluoksnyje jterptu dihidrofosfatu (Mg.Al-10%Ce-
H,PO,) apsaugos nuo korozijos funkcionalumas. Sluoksniuoty
dviguby hidroksidy, gauty taikant nauja sintezés metoda, 0 tiksliau -
naudojant juos kaip nanokonteinerius, efektyvumas buvo jrodytas
elektrocheminés varzos spektroskopijos rezultatais, panaudojus
dihidrofosfato, issiskiarian¢io i§ $iy SDH, apsaugos nuo korozijos
efektg ketaus padéklui NaCl tirpale.
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