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Abstract

Nickel-aluminum layered double hydroxide with aluminum ions partially substituted by samarium ones was successfully
synthesized via coprecipitation followed by hydrothermal treatment. X-ray diffraction data showed that the obtained sample
is single-phase material with hydrotalcite-like structure. The presence of samarium in the sample was confirmed by elemen-
tal analysis. Electron microscopy demonstrated that the compound consists of very small plate-like particles with a shape
similar to hexagonal. The study of thermal transformations of the material revealed that it decomposed upon heating above
300 °C with the formation of mixed oxide, and spinel-type oxide was formed while the heating temperature was increased up
to 1000 °C. The rehydration ability of the sample was rather limited: no reconstruction of layered structure took place after
mixed oxide was formed. The “memory effect” was observed only after heating the hydroxide at a temperature not higher than
300 °C. The thermal properties of samarium-containing samples resemble closely those of nickel-containing hydrotalcites.
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Introduction

Layered double hydroxides (LDHs), also called hydrotalcite-
like compounds or anionic clays, are inorganic compounds
consisting of positively charged metal hydroxide layers
and charge-balancing interlamellar anions. LDHs can be
described by the general formula [M(II),_, M(IIl), (OH),]**
[A"" - yH,0]*", where M(II) and M(III) are divalent and
trivalent metal cations, respectively, and A"~ is n-charged
anion. One of the main features of LDHs is a variation of
cationic and anionic composition, which makes it possible
to synthesize compounds with predetermined properties.
Calcined forms of LDHs possess other unique property —
“memory effect” — the ability to reconstruct damaged lay-
ers upon contact with water solutions containing anions [1].
The fields of application of layered double hydroxides can
be rather extensive due to remarkable properties of LDHs.
LDHs have potential use in catalysis [2], energy storage [3],
drug delivery [4], waste treatment [5], etc.
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Transition metals in LDHs have been studied for dec-
ades, while the majority of the studies devoted to hydrotal-
cites containing rare earth metal cations have appeared in
recent years. These compounds and their derived materials
may demonstrate some specific properties, e.g., optical,
electrical, and magnetic ones. For example, nickel-con-
taining LDHs possess photochromic [6], catalytic [7, 8],
and magnetic properties [9—11], they can be used to obtain
electrode materials [12—14]. In [15] cerium-containing
Ni/Al layered double hydroxide was used as a matrix to
obtain material with enhanced luminescence properties.
At the same time, incorporation of samarium provided an
enhancement of properties in various compounds. Bellar-
dita et al. [16] prepared samarium loaded titanium diox-
ides — rutile, brookite, and anatase. Photocatalytic activ-
ity for all loaded powders was higher than that of pristine
TiO,. The improvement of photoactivity was attributed
to an increased charge separation of the photogenerated
electron—hole pairs. The introduction of Sm>* cations
allowed to enhance luminescence properties of phosphors
based on phosphates [17] and sulfides [18]. Singh et al.
[19] successfully synthesized samarium substituted spinel
nanoferrites MSm Fe, O, (M =Ni, Co; x=0, 0.02, 0.06,
and 0.1), which were used as recoverable photocatalyst for
the removal of organic pollutants from wastewater. The
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presence of samarium was monitored by energy-dispersive
X-ray spectroscopy and X-ray photoelectron spectroscopy.
Higher surface area and reduction in the band gap values
were demonstrated to improve significantly the catalytic
activity of samarium-doped materials as compared to orig-
inal ferrites. It is worth noting that spinel-like compounds
can be formed as a result of calcination of layered double
hydroxides. Thus, hypothetically, LDHs can be precursors
for similar materials.

Currently, samarium-containing LDHs are characterized
insufficiently. Only a few publications are devoted to them,
some of which have appeared quite recently. Typically, these
publications comprise 3—4 different rare earth dopants. In
[20] Mg/AlSm hydrotalcites with 1, 5, 7.5, and 10 mol%
were synthesized using the sol-gel method and examined by
X-ray diffraction. Samples containing 1 and 5 mol% Sm are
reported to be single phase ones. However, an investigation
of luminescence properties of samarium-containing LDH
showed the absence of light emission. Other studies describe
catalytic properties of Ln-Mg—Al-O (Ln=Ce, Sm, Dy, Yb)
mixed oxides obtained by calcinations of corresponding
LDHs, which contain 5 mol% Ln in case of samarium. Lan-
thanide content was confirmed by energy-dispersive X-ray
spectroscopy. These oxides were used for propane dehydro-
genation [21] and oxidation of methane [22]. It was shown
that rare earth additives had a positive impact on catalytic
performance. However, the most of the original LDH precur-
sors are not single phase, and the samarium-containing one
is among them. Taherian et al. [23] report the synthesis of
hydrotalcite-like NiMgAlISm (3 wt% Sm) catalyst for dry and
steam reforming of methane with significant coke-resistance
properties. The authors state that the presence of samarium
ions, which was proved by energy-dispersive X-ray spectros-
copy, resulted in greater CO, adsorption and high thermal
and time stability without nickel aggregation due to carbon
deletion from the catalyst surface. Shen et al. [24] success-
fully synthesized single phase Sm-doped NiAl LDHs via
hydrothermal-assisted coprecipitation method. The electro-
chemical effect of samarium doping was investigated. The
predetermined molar ratios of Sm/Al were 0.05, 0.1, 0.2, and
0.3. Energy-dispersive X-ray spectroscopy confirmed the
presence of samarium, although in smaller quantities: in the
best case, it reached up to 21.5%. Such content of lanthanide
is an achievement, since the significant difference in ionic
radii between M(II) and M(III) is a problem for synthesis of
monophase LDHs [1]. The data on lanthanide-containing
LDHs are incomplete and the limit of lanthanide quanti-
ties is also not fully defined. It may be individual for each
element. Also, it is worth to mention the study of sorption
of radionuclides onto binary MgLn (Ln=Ce, Pr, Sm, Gd)
layered double hydroxides [25]. Presented diffractograms
do not look quite similar to hydrotalcite-like compounds,
although authors inform about the formation of LDHs.
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In our previous studies, we have already obtained cerium-
containing nickel-aluminum [26] and cobalt-aluminum [27]
layered double hydroxides by coprecipitation followed by
hydrothermal treatment. Cerium appeared to be incorporated
into the crystal lattice despite its rather large ionic radius,
though the amount of incorporated cerium was limited. The
objective of the current study was the synthesis and charac-
terization of well crystallized monophase samarium-contain-
ing LDH and to track its thermal transformations in detail.

Experimental

The Ni/AlSm hydrotalcite-like compound was synthesized
via coprecipitation method followed by hydrothermal treat-
ment. Ni(NO;),06H,0 (NevaReaktiv), AI(NO;);09H,0
(NevaReaktiv), and Sm(NO;);06H,0 (ZRM) were used as
metal precursors, and aqueous solution of sodium hydrox-
ide NaOH (NevaReaktiv) was applied as precipitating agent.
Molar ratio M?*/M>* and trivalent cations molar ratio Sm>*/
(AI** +Sm>") were predetermined as 3 and 0.05, respec-
tively. These values were selected on the base of our previ-
ous successful synthesis of Ni/AlCe LDH [26]. The aqueous
solution of nitrates with a total cationic concentration of
1 mol'1=! was mixed under vigorous stirring with 2 mol1~!
precipitant solution. The resulting mixture was transferred
into 50 ml autoclave reactor (Parker autoclave Engineers) for
30 h at 120 °C. The synthesized material was separated from
the mother liquor (pH~8) by centrifugation, then washed
with distilled water and dried at 110 °C for 8 h.

The phase composition of the sample was verified by
powder X-ray diffraction (PXRD). PXRD patterns were
recorded on Rigaku Ultima IV diffractometer using CuK,
radiation (1=1.54056 A) with 2 deg/min from 20 =5° to
75° and steps of 0.02. The identification of peaks was made
using the PDF database. Lattice parameters were deter-
mined by PDXL program. The elemental composition of
the obtained material was investigated by the energy-dis-
persive X-ray spectrometry (EDX) using the QUANTA 200
3D scanning electron microscope equipped with an energy-
dispersive analyzer at the operating voltage of 20 kV. The
morphology of the sample was examined by transmission
electron microscopy (TEM) using JEM-2100 at 200 kV with
0.2 nm resolution and scanning electron microscopy (SEM).
For TEM research, the single-layer non self-supporting sam-
ple was prepared. Copper grid with a sprayed thin carbon
film was covered with a drop of a suspension of the sam-
ple in anhydrous isopropyl alcohol, pretreated in an ultra-
sonic bath for 30 min. The prepared sample was air-dried
to remove isopropyl alcohol for 30 min. For SEM analysis,
powder material was fixed to a specialized object stage using
conductive double-sided carbon tape. To avoid the surface
charge, the study was carried out in low vacuum mode.
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The behavior of the obtained samples upon heating was
studied using SDT Q 600 combined thermal analyzer able to
carry out simultaneously thermogravimetric (TGA) and dif-
ferential scanning calorimetric (DSC) analyses. The inves-
tigation was performed in an inert atmosphere in a range of
temperatures of 25—-1000 °C at a rate of heating of 10 °C/
min. Weighted amounts of hydrotalcite-like material were
calcined in air in the microwave muffle furnace Phoenix
(CEM) during 1 h at 200, 300, 400, 500, 600, 700, 800, and
1000 °C and their decomposition products were analyzed by
PXRD. Annealed samples were rehydrated to estimate the
“memory effect” of obtained material. Rehydration proce-
dure consisted in adding 25 ml 0.05 mol1~! sodium nitrate
NaNOj; aqueous solution to calcined forms (m~0.1 g) and
storing for 5 days at ambient temperature. After that, they
were washed, dried, and also investigated by PXRD.

Results and discussion

The powder X-ray diffraction pattern of the obtained mate-
rial looks absolutely typical for hydrotalcite-like compounds
(Fig. 1). Basal reflections (003) and (006) as well as reflec-
tions (012), (015), (018) and a doublet with reflections (110)
and (113) are observed as it is usually for the structures
of this type [1]. Calculated by Scherrer equation, crystal-
lite diameter is approximately 5 nm. The broad peaks give
evidence to the moderate crystallinity of the sample. It
could either be related to the lack of ageing time or to result
from the incorporation of samarium into the lattice since
the ionic radius of samarium is much larger than aluminum
one (0.097 +0.005 nm for Sm** versus 0.051 +0.003 nm
for AI’* with coordination number of 6 [28]). No evident
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Fig.1 PXRD pattern of as-synthesized Ni/AlSm hydrotalcite-like
compound

reflections of impurity phases are observed, but their pres-
ence cannot be completely excluded. Another possible rea-
son for broadening and asymmetry of the reflections can be
polytypism, which is common for layered double hydrox-
ides, as well as structural disorder. The simulations of dif-
fractograms affected by interstratifications, turbostraticity,
and stacking faults were carried out in [29-31]. The result-
ing patterns demonstrate the features, which are quite similar
to those observed for our Sm LDH.

Determined lattice parameters are the following:
a=3.065 A and c=23.865 A. Parameter a depends on ionic
radii of cations and corresponds to cation-cation distance in
brucite-like layers. Parameter ¢ mainly depends on electro-
static interaction between brucite-like sheets and interlamel-
lar anions and corresponds to the thickness of the layers.
According to [32], lattice parameters of nitrate form of Ni/
Al LDH with M**/M** =3 are: a=3.01 A and c=24.91 A.
Mahjoubi et al. [33] for the compound with the same M?*/
M3+ ratio received values 3.02 A and 23.47 A for a and c,
respectively. One can notice that in these cases, parameter
a is less than that for our sample. This is in good agree-
ment with the assumption of isomorphic substitution of alu-
minum ions by samarium ones, since Sm>* radius is almost
twice as much as AI’* radius. Samarium-containing Ni/Al
LDH with almost the same exchange degree for samarium
(Sm/A1=0.057) obtained by Shen et al. has a=3.045 A
and ¢=23.595 A [24]. As for rare earth containing Mg/Al
LDHs presented in [20], it is reported that lattice parameters
increase from about 3.065 to 3.076 A (a parameter) and from
about 23.699 to 23.899 (¢ parameter) with an increase of the
amount of lanthanide elements though without any com-
ments. Considering that ionic radii of Nd, Sm, and Eu are
quite close as well as ionic radius of Mg?* is close to Ni>*
[28], these parameters correspond well to our values.

The presence of nickel, aluminum, and samarium
is clearly visible on the EDX spectrum of the sample
(Fig. 2). Contents of metals in the precipitated mate-
rial are as follows: Ni — 23.70 at%, Al — 7.52 at%,
and Sm — 0.37 at%. Thereby, cations molar ratio M?+/
M3* equals to 3, which is the same as predetermined
value. The molar ratio of triply charged cations Sm>*/
(AI** +Sm>*) amounts to 0.047 which is very close to a
predetermined value of 0.05. Generally, the set of PXRD
and EDX data allows to assert that the synthesized mate-
rial is samarium-containing single phase layered double
hydroxide. The assumed ideal formula for this compound
is [Nig 75Al) 5358Mg,912(OH), 1" [(NO3) 7 55*yH,01% 7.
However, the synthesis was not carried out in an inert atmos-
phere; therefore, carbonate anions are definitely present in
the sample.

The study of morphology with transmission electron
microscopy (Fig. 3) showed that the sample consisted of
very small (about 8 nm in diameter) plate-like particles with
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Fig.2 EDX spectrum of as-
synthesized Ni/AlSm hydrotal-
cite-like compound

Fig.3 TEM image of as-synthesized Ni/AlSm hydrotalcite-like com-
pound

a shape similar to hexagonal. The average particle size was
determined using Digimizer software. This morphology is
generally typical for hydrotalcite-like compounds and was
observed for LDHs of other composition [10, 13, 34, 35].
SEM image (Fig. 4) shows that these particles form agglom-
erates of different shape and size. This pattern is quite simi-
lar to the one obtained in the previous work [24].
Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were used to study the thermal
behavior of Ni/AlSm layered double hydroxide (Fig. 5). It
can be seen on the TGA curve that weight loss occurs in two
main stages, which correspond to two endothermic effects.

@ Springer
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Fig.4 SEM image of as-synthesized Ni/AlSm hydrotalcite-like com-
pound

This picture is quite typical for hydrotalcite-like structures
[36, 37]. Removal of physically absorbed and crystallization
water matches the first stage (100-250 °C). The calculation
based on the weight loss at this stage gives the value for y in
the formula of the compound, it is equal to 0.62. The second
process (300-500 °C) can be related to the destruction of
brucite-like layers and loss of interlamellar anions.

For the study of thermal transformations of Ni/AlSm
LDH portions of the material were calcined in microwave
muffle furnace at different temperatures and then decom-
position products were analyzed by PXRD (Fig. 6). At
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temperatures up to 300 °C, the sample keeps layered struc-
ture, although its crystallinity significantly reduced. After
heating above 300 °C, brucite-like layers entirely collapse
with the formation of NaCl-type mixed metal oxide with the
assumed composition of Ni(AL,Sm)O,. Analysis of TG data,
namely weight loss at the second stage, allows to suppose

30 40 50 60 70 80
20 (degree)

that the mixed oxide is oxygen-deficient and in its general
formula, x is close to 1. Further increase in calcination tem-
perature to 1000 °C leads to crystallization of spinel-type
oxide NiAl,O,. These data correlate well with results of
TGA-DSC analysis. It was expected that samarium should
crystallize in a separate oxide phase, but it was not registered
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Fig.7 PXRD patterns of rehydrated Ni/AlSm hydrotalcite-like compound calcined at different temperatures

on the PXRD pattern. The sample calcined at 600 °C was
examined via EDX analysis, which confirms the presence of
samarium. Thus, samarium is most likely incorporated into
mixed oxide structure after calcinations, or it can be con-
tained in some amorphous phase. The absence of differenti-
ated lanthanide-containing phases after annealing of layered
double hydroxides was observed earlier in [38]. It is worth to
note that the color of decomposition products changes with
calcination temperatures. Original green powder turns black
when it is heated up to 400-500 °C, but at a higher calcina-
tion temperature, it starts to turn green again. Such color var-
iations can be explained as follows. Nickel (II) oxide NiO,
which has NaCl-type structure, changes its color depending
on stoichiometry: non-stoichiometric NiO is black, while
stoichiometric is green [39]. Moreover, NiAl,O,, which
crystallizes at high temperatures, is also green.

The thermal behavior of the sample is comparable with
that for other Ni/Al hydrotalcites. According to [9, 40],
annealing of nickel-aluminum LDH at 400 °C and above
leads to the formation of NaCl-type mixed metal oxide.
Below 400 °C, the layered brucite-like structure still exists.
As the temperature increases to 1000 °C, spinel-like nickel
aluminate NiAl,O, starts to crystallize [40].

Samples calcined at 200-600 °C were placed in sodium
nitrate water solution to test their rehydration ability (Fig. 7).
It was found that the procedure led to a slight improvement
in crystallinity for samples annealed at 200 °C and 300 °C.

@ Springer

At higher calcination temperatures when the mixed oxide is
formed, layer reconstruction does not occur expectedly, only
aluminum hydroxide appears as a separate phase. Appar-
ently, samarium remains incorporated in oxide structure or
in amorphous phase. Thus, the rehydration ability of Ni/
AlSm LDH is moderate. The fact is in substantial agreement
with the results obtained by Sato et al. [40] for nickel-con-
taining hydrotalcites. The authors reported that it was pos-
sible to reconstruct the layered structure from mixed oxide
only under hydrothermal conditions at 250 °C and 4 MPa for
12 h. This complexity is associated with thermodynamic dif-
ficulty of the hydration reaction of metal oxide in the matrix.

Conclusion

A successful attempt to incorporate triply charged samarium
cation into the lattice of hydrotalcite-like layered double
hydroxide is reported. Based on PXRD and EDX data, we
claim that we have obtained samarium-containing nickel-
aluminum layered double hydroxide with molar ratio Sm**/
(AP +Sm*)=0.047 by coprecipitation followed by hydro-
thermal treatment. Electron microscopy shows that it con-
sists of very small (about 8 nm) plate-like particles with a
shape similar to hexagonal. The compound withstands heat-
ing up to 300 °C. Thermal decomposition proceeds with
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the formation of NaCl-type mixed metal oxide. When this
mixed oxide is formed (400 °C and above), no subsequent
reconstruction of layers is observed. The obtained infor-
mation on thermal properties and “memory effect” are in
a substantial agreement with previously received data for
nickel-containing hydrotalcites.
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