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Magnesium-aluminum-bismuth layered double hydroxides (Mg3zAl;_xBix; LDHs) were prepared using both co-
precipitation and sol-gel methods. For the preparation of Mg/Al/Bi LDH by the co-precipitation method, the appropriate
amounts of dissolved starting materials (AI(NO3)3 - 9H,0, Mg(NO3); - 6H,0O and Bi(NO3)3 - SH,O) were mixed with a so-
lution of NaHCO3:NaOH. In the sol-gel processing, the precursor Mg—Al-Bi-O gels were synthesized using the same starting
materials and ethylene glycol as complexing agent. The mixed-metal oxides obtained by subsequent heating of Mg—Al-Bi—O
gels at 650 °C were reconstructed to Mgz Al|_xBix LDHs in water at 80 °C. All the synthesized products were characterized

by X-ray diffraction (XRD) analysis, scanning electron microscopy (SEM) and dielectric measurements.
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1. Introduction

In the known MM LDHs, MU is a cation
of magnesium or a 4"-period transition metal from
iron to zinc, and M is, as a rule, Al, Ga, Fe, or
Cr [1]. Some authors declared preparation of M!'-
M LDH, where M is Bi [2, 3] but the respec-
tive XRD patterns were either not presented or very
doubtful. Recently, the preparation of LDH com-
pounds with M'"" = Bi using a novel alkoxide-free
sol-gel method has been reported [4].

The Bi-containing LDH could be of a great in-
terest, since Bi'll has a stereochemically active lone
pair of electrons. This feature of bismuth is associ-
ated with the onset of unusual dielectric relaxation
in oxygen octahedral phases that contain Bil! co-
ordinated by twelve (8 4+ 4) oxygens [5, 6]. Be-
sides, polar (antipolar) orderings in oxygen octa-
hedral multiferroics typically result from parallel

(antiparallel) displacements of Bi' [7, 8].
P P

In LDH structure, the octahedra M"Og and
MM"Qg in hydroxide layer are face-linked [4].
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Therefore, the LDH containing relatively small di-
valent cations and relatively large trivalent cations
are stable at the cation ratio of M'/M! = 3:1 with
the ordered arrangement, when every MOy octa-
hedron is coordinated by the M'Og octahedra only
(Fig. 1) [4].

It is well known that structural features of such
type of compounds are very dependent on the
used fabrication method [9, 10]. The main aim of
this study was to compare dielectric properties of
MgsAl;_«Biy LDHs prepared by co-precipitation
and sol-gel methods.

2. Experimental

For the synthesis of LDHs the following ma-
terials have been used: AI(NO3);-9H,O (98 %,
POCH S.A.), Mg(NO3);-:6H,0 (99 %, Fluka);
Bi(NO3)3-5H,0 (98 %, Fluka), HNO3 (66 %,
REACHEM s.r.0.), ethylene glycol Co;HgO; (99 %,
Sigma-Aldrich), CH;COOH (99 %, REACHEM
s.r.o.), NaHCO3 (99 %, REACHEM s.r.o.) and
NaOH (66 %, REACHEM s.r.0.). Deionized water
was used in all syntheses, preparation of solutions
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Fig. 1. A schematic representation of LDH structure of
a 3R polytype [4], where the lattice parameter ¢
and the basal spacing d are related to each other
as c = 3d.

and washing of final compounds. MgzAl;_«Biy
LDHs (x = 0, 0.1 and 0.2) were synthesized by
co-precipitation method by mixing aqueous solu-
tions of AI(NO3)3 - 9H,0 and Mg(NO3), - 6H,O in
a molar ratio of Mg:Al = 3:1, appropriate amount
of Bi(NO3)3 - 5SH,O dissolved in 1 M HNO3; and
a solution of NaHCO3:NaOH in a molar ratio of
1:2 [4]. The solution of metal nitrates was slowly
poured into the solution of NaHCO3; + NaOH
(pH =~ 12) under vigorous stirring. After mixing,
the obtained slurry was aged at 80 °C for 6 h, fil-
tered, washed with distilled water and dried in an
oven at 60 °C. MgsAl;_«Bix LDHs (x = 0, 0.1
and 0.2) were also obtained by sol-gel processing.
The magnesium and aluminum nitrates were dis-
solved in 50 mL of distilled water with addition of
50 mL of 0.2 M acetic acid and mixed in a mo-
lar ratio of Mg:Al = 3:1. Next, appropriate amount
of Bi(NO3); - SH,O dissolved in 1 M HNOs3 and
2 mL of ethylene glycol as complexing agent were
added under continuous stirring for 4 h at 80 °C.
After slow evaporation of the solvent, the obtained
Mg-Al-Bi-O glycolate precursor gel was dried at
120 °C for 10 h. The mixed-metal oxides (MMO)
were obtained by subsequent heating of the precur-
sor gels at 650 °C for 3 h. These MMO were used
for the successive reconstruction of Mgz Al;_xBix

LDHs in water at 80 °C for 6 h, at pH ~ 8.5. After
the restoration processes, the samples were washed
with water and dried in air.

The X-ray powder diffraction (XRD) patterns
of the samples were recorded with a conven-
tional Bragg-Brentano geometry (0 to 20 scans)
on Rigaku MiniFlexII diffractometer using CuK«x
radiation (A = 1.541838 A). The patterns were
recorded from 8° to 80° 20 angle at a step size of
0.02° and at a speed 5°/min. Morphology of syn-
thesized compounds was investigated by scanning
electron microscopy (SEM) using scanning elec-
tron microscope Hitachi SU-70. Dielectric mea-
surements were performed using HP4284A preci-
sion LCR meter in 1.2 kHz to 1 MHz frequency
range during cooling at a rate of 1.5 K/min to
2 K/min. The samples were in a form of 1.6 mm
thick tablets, with silver paste used to produce con-
tact areas of 49.3 mm?. Temperature ranges were
30 K to 290 K for vacuumed samples and 70 K to
390 K for non-vacuumed samples.

3. Results and discussion

It is known, that formation of layered structure
becomes problematic when the amount of bismuth
exceeds 20 % in Mgz Al;_xBix [4]. Therefore, the
Mgs Al _xBix with lower substitutional level of Bi
were synthesized and investigated in this study. The
XRD patterns of bismuth-substituted Mgz Al; _xBix
LDH samples (where x was from 0 % to 20 %)
synthesized by co-precipitation method are shown
in Fig. 2. As seen, with introduction of Bi’*
to the LDH structure, the side phase BiyO,COs
(PDF [41-1488]) along with Mg3Al;_«Biy LDHs is
forming. With increasing substitutional level of bis-
muth up to x = 0.2 the intensity of the reflections
of Mg3Al;_«Biyx phases decreased and Bi;O,COs
phases increased, respectively. The XRD patterns
of LDH samples obtained after the reconstruction
process of sol-gel derived mixed-metal oxides are
presented in Fig. 3. As seen, Mg/Al/Bi mixed-
metal oxides synthetized by sol-gel method were
successfully reconstructed to the layered struc-
ture since the single phase MgzAl; LDH was ob-
tained. Intense and narrow diffraction peaks at
about 11° and 22°, ascribed to (0 0 3) and (0 0 6)
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planes, respectively, are clearly seen in the XRD
patterns of sol-gel derived Mg3Al; LDH. In case of
Bi-containing LDHs, negligible amount of Bi;O3
(PDF 41-1449) have formed during the sol-gel
processing.
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Fig. 2. XRD patterns of Mg3Al;_xBix LDHs synthe-
sized by co-precipitation method. The amount
of Bi: x =0 (1), x = 0.1 (2) and x = 0.2 (3).
The characteristic diffraction reflections of the
LDH phase are indexed.

Lattice parameters a and ¢ of the synthesized
LDH samples were calculated from XRD patterns.
The obtained cell parameters of Mg/Al LDH pre-
pared 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 the literature data [11]. In
case of Mg/Al/Bi samples fabricated by both syn-
thesis methods both a and ¢ parameters increased
with increasing substitutional level of bismuth from
a=3.065 A and ¢ = 23.555 A (Mg3AlyoBig.;) to
a=3.074 A and ¢ = 23.829 A (Mg3Al( gBi») for
co-precipitated samples and from a = 3.066 A and
¢ =23.521 A (MgzAlyoBig 1) to a = 3.068 A and
c = 23.908 A (Mg3AlygBig ) for sol-gel derived
samples. This is not surprising since the ionic ra-
dius of Bi*t (1.03 A) is much larger than that of
AT (0.535 A). The results of XRD analysis prove
the existence of partial substitution of aluminum by
bismuth in the LDH samples.

The SEM micrographs of the represen-
tative MgsAl;_xBix LDH samples prepared
by co-precipitation and sol-gel methods are
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Fig. 3. XRD patterns of Mg3zAl;_xBix LDHs synthe-
sized by sol-gel method. The amount of Bi:
x=0(),x=0.1(Q2)and x = 0.2 (3). The
characteristic diffraction reflections of the LDH
phase are indexed.

shown in Fig. 4. The characteristic microstruc-
ture of MgszAl;_«Bix LDHs synthesized by
co-precipitation method could be determined
from the SEM micrographs. The formation of
plate-like particles 0.5 ym to 1.5 um in size is
evident. The surface morphology of sol-gel derived
Mg;Al;_xBix LDH samples also consists of the
metal hydroxide sheets with the plate-like shaped
particles varying in size from approximately
200 nm to 500 nm. Thus, the nanocrystalline
nature of the sol-gel derived Mg3Al;_xBix LDH
powders with the narrow size distribution of
crystallites was observed.

It was previously determined for pure Mg3Al;
LDH dry sample that at temperatures above
200 K, Maxwell-Wagner relaxation could be ob-
served [12]. At lower temperatures, very small
losses were observed confirming the lack of
conductivity in this material at studied frequen-
cies. Temperature dependencies of real and imag-
inary parts of complex dielectric permittivity
of Mg3zAl;_«Biy LDH samples prepared by co-
precipitation method are shown in Fig. 5. The
real part of complex permittivity €’ is almost con-
stant (5.5 to 6.5) for vacuumed and non-vacuumed
samples. Only non-vacuumed Mgz Alp9Big | sam-
ple shows frequency dispersion at higher temper-
ature (>200 K). The dispersion can be explained
on the basis of complex structure of synthesized
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Fig. 5. Temperature dependencies of real € and imaginary €” parts of complex dielectric permittivity of
Mgz Alp9Big; (top) and Mgz Alg gBig» (bottom) LDH samples prepared by co-precipitation method. The
results for vacuumed samples are presented on the left.

LDH having bismuth as dopant that forms intrin-
sic electric moments [13]. Both parts of the com-
plex dielectric permittivity decreased with increas-
ing measurement frequency.

The temperature dependence of real and imag-
inary parts of complex dielectric permittivity of
Mgz Aly9Big; LDH sample prepared by sol-gel

method is very similar (Fig. 6). 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 orienta-
tional polarization [14]. Evidently, the dielectric
properties of MgzAl;_xBix LDH samples do not
depend on surface morphology, consequently on
the preparation technique [15].
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Fig. 6. Temperature dependencies of real € and imaginary €’ parts of complex dielectric permittivity of
Mg3Aly9Big.; LDH prepared by sol-gel method. The results for vacuumed samples are presented on the
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Fig. 7. Temperature dependencies of real € and imaginary €” parts of complex dielectric permittivity of
Mgz Al gBig, LDH prepared by sol-gel method. The results for vacuumed samples are presented on the

left.

Fig. 7 reveals the temperature dependence of di-
electric permittivity of Mgz Alp gBig.» LDH synthe-
sized by sol-gel route.

With increasing temperature, permittivity
plateau is observed for the studied frequencies
and shifts only slightly with further increasing
of temperature. Evidently, structural transition
is not observed for all bismuth-doped LDH
samples [16, 17]. Moreover, the increase of €’
with increasing temperature indicates the semi-
conducting behavior of our MgsAl;_«Bix LDH
samples [18].

4. Conclusions

Bismuth containing magnesium-aluminum
layered double hydroxides LDH Mg3zAl;_«Biy

(x < 0.2) were synthesized by co-precipitation
and sol-gel methods. According to the XRD
results, the single phase Mg3Al;_«Bix has formed
in the sol-gel processing. However, the side
Bi,0,CO3 phase has formed during the synthesis
by co-precipitation method. The both a and c
lattice parameters of Mg3Al;_«Bix increased
with increasing substitutional level of bismuth
indicating the existence of partial substitution
of aluminum by bismuth in the LDH samples.
The temperature dependence of dielectric permit-
tivity of MgsAl;_xBix LDH samples prepared
by different methods was also investigated in
this study. In general, the increase in €’ was
more pronounced at higher temperatures and
at lower frequencies for non-vacuumed sam-
ples. The dielectric properties were independent
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of surface morphology of Mg3Al;_xBiy LDH sam-
ples fabricated by two different synthesis routes.
Finally, no structural transitions were observed for
all bismuth-doped LDH samples. The real part of
complex permittivity €’ was almost constant (5.5
to 6.5) for Mgz Al;_«Biy LDH samples prepared by
co-precipitation method, however, it was slightly
dependent on the amount of Bi in case of sol-gel
derived Mg3Al;_«Bix LDH samples.
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