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Abstract: Unstable oxidation state +3 of nickel can be stabilized in the structure of layered double
hydroxides, the resulting crystallinity and properties being dependent on the synthesis method.
Three different wet chemical methods (co-precipitation at variable pH, co-precipitation followed
by hydrothermal treatment, co-precipitation with microwave treatment) were used to synthesize
Mg /Ni-Al layered double hydroxides containing triply charged nickel cations. Lattice parameters of
the samples synthesized by various methods were found to differ from each other by about 1.5%.
The most crystallized sample was obtained by hydrothermal synthesis. The oxidation state of nickel
in the LDH samples was confirmed by XPS. TEM mapping gave evidence of the uniform distribution
of nickel in all the samples. The LDHs’ reduction with hydrogen and thermal transformations of the
phase composition and morphology of LDHs were studied in detail. The properties of the samples
synthesized by the different methods were shown to be quite similar.

Keywords: layered double hydroxides; nickel(Ill); co-precipitation; hydrothermal treatment; mi-
crowave treatment; XRD; XPS; TPR-H,

1. Introduction

Layered double hydroxides (LDHs) or hydrotalcite-like compounds are layered basic salts.
The general formula for this class of compounds is [M3" M3+ (OH), " [(A"), /n - mMH20,
where M?* and M3* are metal ions located in octahedral positions of brucite-like layers,
and A"~ stands for inorganic or organic anions that compensate the positive charge of
brucite-like layers [1,2]. The structural features of hydrotalcite-like compounds give them
a number of specific ion-exchange [3-5], sorption [6-8], electrical [9-11], catalytic [12-14],
and magnetic properties [15-17].

The properties of LDHs are known to be significantly affected by cation—anion com-
position. Due to the easily reconstructed structure, it is possible to introduce cations of
various metals into brucite-like layers, which makes it possible to regulate the properties
of layered double hydroxides [18-21]. From the other point of view, LDHs are able to
influence the properties of cations, changing them or, on the contrary, preserving them. The
typical example is the stabilization of the unstable oxidation state of metals in a matrix of
layered double hydroxides. Previously, our scientific group synthesized and characterized
layered double hydroxides with unstable Ce(III) [22], Sn(II) [23], or Ni(IIl) [24] incorporated
into brucite-like layers of LDHs.

Compounds containing trivalent nickel, however exotic they seem to be, are consid-
ered to be promising catalysts for the carbonation of polypropylene [25], the hydrocarboxy-
lation of acetylene [26], the photocatalytic generation of hydrogen from water [27], and the
electrocatalytic production of biodiesel [28].

The current study was aimed at the optimization of the synthesis method for obtaining
nickel(IlI)-containing LDHs and the characterization of the effect of the synthesis method
on the properties of the materials, in particular the degree of crystallinity, morphology,
uniformity of element distribution, etc.
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2. Materials and Methods
2.1. Materials and Preparation

The synthesis of Mg/ AlNi layered double hydroxides was carried out by three dif-
ferent wet methods: co-precipitation at variable pH, co-precipitation with hydrothermal
treatment, co-precipitation with microwave treatment. The preset degree of substitution of
nickel for aluminum was about 25 at.%.

The following salts were used as sources of metal cations: Mg(NO3),-6H,O, Ni(NO3), -6H,O,
Al(NO3)3-9H,0. All reagents were of analytical grade.

Aqueous solution of a mixture of NaOH and Na,CO3 with a molar ratio of reagents of
8:1 was used as a precipitant solution, and sodium hypochlorite NaOCl was applied as an
oxidizer for nickel. The sodium hypochlorite solution was taken in a 1.5-fold molar excess
with respect to the nickel content set during the synthesis.

Co-precipitation at variable pH was carried out by adding dropwise a precipitant
solution to a solution containing the required amounts of salts. The total concentration of
ions in the initial reaction mixture was 1 M, and the molar ratio of cations M2*:M3* = 3:1.
During the synthesis, the pH of the mixture was kept approximately equal to 9-10. The
precipitate was aged for 48 h under mother liquor. The sample obtained by this method is
designated as Mg/ AINi25-c.

Hydrothermal synthesis of LDH was carried out in an Autoclave Engineers Parker
autoclave at a temperature of 120 °C and excessive pressure of about 1 atm for 8 h. The
volume of the autoclave was 50 mL, and 90% of it was filled with the reagents. The process
was performed under stirring at 350 rpm. The ratio of the components in the reaction
mixture and the pH value were identical to those described above for the co-precipitation
synthesis procedure. The sample obtained by this method is designated as Mg/ AINi25-ht.

Co-precipitation with microwave treatment was carried out in a MARS-6 reactor for
10 min at a power of 700 W. The composition of the reaction mixture was similar to that
used in the co-precipitation method. The sample obtained by this method is designated as
Mg/ AINi25-mw.

In all cases, the precipitated products obtained by various methods were separated
from the mother liquor, washed with distilled water, and dried at 120 °C.

To obtain the oxide forms, the samples were calcined at a temperature of 600 °C for
2 h (Mg/AINi25-0x).

2.2. Apparatus and Procedures
2.2.1. X-ray Diffraction (XRD)

The phase composition was identified by powder X-ray diffraction (XRD). XRD
was performed on a Rigaku Ultima IV diffractometer (CuKa—radiation) (Rigaku Co.,
Tokyo, Japan) in measurement range 20 5-80° with a scanning step of 0.02°, at a speed
of 3°/min. XRD patterns were registered using Bragg—Brentano reflection geometry. Be-
fore the measurements, the powders of LDHs were ground in agate mortar for 30 min.
Phase identification was performed using PXRD base PDF-2 (2014) with PDXL software
(Rigaku Corporation). The cell parameters were calculated by Rietveld method using PDXL
software (version 1.8.0.3, Rigaku Corporation) as well.

2.2.2. Transmission Electron Microscopy (TEM)

The morphology of the synthesized LDHs was studied by transmission electron
microscopy on a JEM-2100 microscope (JEOL, Tokyo, Japan) at an operating voltage of
200 kV. Sample preparation was carried out by grinding the samples to a powder state
with further dispersion in acetone under the action of ultrasound and deposition on a
carbon film.

2.2.3. Scanning Electron Microscopy (SEM) Combined with EDXA

The elemental composition of the synthesized samples was determined using
high-resolution scanning electron microscope QUANTA 200 3D FEI (FEI Company,
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Mahwah, NJ, USA), equipped with an energy dispersion analyzer of chemical composition
at an operating voltage of 20 kV.

2.2.4. X-ray Photoelectron Spectroscopy (XPS)

The chemical state of atoms on the surface of synthesized layered double hydroxides
was studied by X-ray photoelectron spectroscopy (XPS). The purpose of this analysis was
to confirm oxidation of nickel(II) to nickel(III). The XPS measurements were carried out on
a Thermo Fisher Scientific ESCALAB 220iXL spectrometer (VG Scientific, West Sussex, UK)
with an energy range of 0-5000 eV and a monochromatic Al Ko X-ray source (E = 1486.6 eV).
The spot size on the sample was adjusted from 200 to 900 um.

2.2.5. Textural Characteristics

Textural characteristics were studied by low-temperature nitrogen adsorption on
a Microtrac BELSORP-mini (Microtrac Bel Co., Osaka, Japan) specific surface area and
porosity analyzer II at a temperature of 77 K. In order to remove physically sorbed water
and carbon dioxide, the samples were heated at a temperature of 100-110 °C. The values of
the specific surface area of the samples were calculated using BET equation.

2.2.6. Temperature-Programmed Reduction (TPR-H;)

The reducibility of LDHs and the products of their thermal destruction were studied
by temperature-programmed reduction (TPR).

Temperature-programmed reduction with hydrogen was carried out in an 8-channel
stationary reactor system with a continuous flow, operating in parallel. Each quartz reactor
(i.e., 6 mm) was filled with 50 mg of the corresponding sample with a particle size of
250-315 um, which had been pretreated at different temperatures: LDH at 200 °C and
thermal degradation products at 500 °C in Ar flow (80 mL/min) at a heating rate of
10 °C/min. The reduction was carried out in an H, /Ar flow (5:95) with a temperature
interval of 10 °C/min. Hydrogen consumption and water formation were monitored using
OmniStar quadrupole mass spectrometer (Pfeiffer Vacuum, Asslar, Germany).

2.2.7. Thermogravimetric and Differential Thermal Analysis

Thermogravimetric and differential thermal analysis were performed on the NET-
ZSCH STA 449 F3 Jupiter synchronous thermal analysis device (Netzsch, Selb, Germany).
Measurements of changes in mass and thermal effects were carried out in the temperature
range between 30 °C and 950 °C. The samples were heated in nitrogen atmosphere.

3. Results

The structure and phase composition of the synthesized samples were determined
using X-ray diffraction. Powder XRD patterns of LDHSs synthesized by various methods
are shown in Figure 1. For all samples, the presence of five reflexes corresponding to basal
reflections (003), (006), (009/012), (015), and (018) was recorded, and also the presence of
two reflexes (110) and (113) forming a doublet at 26 of 60° was detected. Based on the
results obtained, one can conclude that all three methods give rise to single-phase samples
with a well-crystallized layered structure.

The most intense and narrow reflexes are observed in the X-ray patterns of the
Mg/ AINi 25-ht sample synthesized under hydrothermal conditions. This indicates that
the sample has the highest degree of crystallinity. A well-split doublet at 26 = 60° is also a
confirmation of this fact.

For a sample obtained by co-precipitation followed by microwave treatment, the
intensity of reflexes is significantly lower.
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Figure 1. Powder XRD patterns: 1—Mg/AINi 25-ht, 2—Mg/ AINi 25-c, 3—Mg/ AINi 25-mw.

The elemental composition of the obtained samples was determined using energy
dispersion analysis. Figure 2 shows typical EDAX spectra of synthesized materials. Only
those elements that were introduced during the synthesis were detected in the spectra.

There are no signals of extra elements.
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Figure 2. EDX spectra of samples: (1) Mg/ AlNi 25-c, (2) Mg/AINi 25-ht, (3) Mg/ AINi 25-mw.
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Table 1 shows the atomic fractions of metal cations calculated from EDAX. According
to the data obtained, the molar ratio M2+ /M3* and the degree of substitution of aluminum
cations for Ni(III) correspond to those set during the synthesis.

Table 1. Elemental composition, crystal lattice parameters and textural characteristics of LDHs synthesized by different methods.

Metal Ion Content, Atomic Fraction

2 3 R R 2

Sample Mgz*' AP NG M=+ /M>+ c, A a, A S, m“/g
Mg/AINi 25-c 1.224 0.325 0.124 2.72 24.01 £+ 0.05 3.06 £ 0.01 61
Mg/ Al Ni 25-ht 1.235 0.333 0.121 2.72 23.77 £ 0.05 3.08 £ 0.01 72
Mg/Al Ni 25-mw 1.201 0.329 0.134 2.61 24.06 £+ 0.05 3.06 4+ 0.01 70

For all the samples, mapping analysis was conducted to confirm the uniformity of
element distribution (Figure 3). From the data presented, it can be seen that atoms of all
metals are present in the sample and are evenly distributed throughout its volume. For
samples obtained by different methods, the pictures are similar.

I 4
e e a—
600 nm Ni Kal

600 nm

I
" 600nm  AlKal " 600nm  MgKal

Figure 3. TEM mapping of Mg, Al and Ni for Mg/AINi 25-ht sample: (a) TEM image, (b) nickel
space distribution, (c¢) aluminum distribution, (d) magnesium distribution.
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The experimental XRD in R-3m symmetry cell parameters is also presented in Table 1.
The parameters c and a of the crystal lattice correlate with the size of the interlayer space
and the distance between neighboring cations in the brucite-like layer, respectively. The
difference in the parameters for various samples is not more than 1.5%.

The specific surface area of the layered double hydroxides is also included in Table 1.
The values are comparable for the three samples.

The morphology of the obtained samples was studied by transmission electron
microscopy (TEM) (Figure 4). For the Mg/AINi25-c and Mg/ AINi25-ht samples, well-
crystallized aggregates of lamellar hexagonal particles dominate. For the Mg/ AINi25-mw
sample, crystals of a different shape are observed along with hexagonal particles.

(b) (©)
Figure 4. TEM micrographs of: (a) Mg/ AINi 25-c, (b) Mg/ AINi 25-ht, (c) Mg/ AINi 25-mw.

The thermal stability of the samples was studied by TG-DSC analysis. Figure 5 shows
the TG-DTA curves for the Mg/ AlINi25-c sample. There are two main stages of mass loss on
the thermogravimetric curve. Two endothermic effects were recorded on the DTA curves,
which were consistent with the TG data.

100 - . - 0.1
L 0.0
90
| 0.1 o
: ; E
58 : ' F-0.2 3
© . 801 ! : n >
2 | | =
: : __0.3 n
70 0.4
: Nk-ws
60- : : '
! 400 | F-0.6
200 400 600 800
Temperature,®

Figure 5. TG-DTA curves of Mg/ AINi-25-c.
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Typically for LDHs, the first stage of mass loss is caused by the loss of both sorbed
(20-130 °C) and crystallized interlayer (130-240 °C) water [29]. However, the additional
effect for Ni(Ill) is hidden in this range. Nickel(III) is known to transform easily into a more
stable divalent state at a temperature exceeding 138 °C [30]. This process is accompanied
by the release of molecular oxygen and a change in color from black to green. It can be
assumed that in the range of 130-240 °C, a loss of mass partially results from the release of
oxygen during the reduction of Ni(III) to Ni(II).

The second stage of mass loss is associated with the dehydroxylation of brucite-like
layers and the removal of carbonates from the interlayer space.

For all samples synthesized by different methods, the TG-DTA curves have the same
appearance. However, for sample Mg/ AINi-25-mw, a 5-6-degree shift of the minima of
endothermic effects towards lower temperatures was recorded.

For the sample Mg/AINi-25-c, the thermal behavior and phase transitions were
studied in detail. Figure 6 presents the XRD patterns of the sample calcined at different
temperatures. It can be seen that up to the temperature of 300 °C, the structure of hydrotal-
cite is preserved though a decrease in the intensity of recorded peak starts, which is likely
to originate from the water removal from the interlayer space. At 350 °C, diffractograms
contain only two reflections belonging to the class of hydrotalcites.
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Figure 6. Powder XRD patterns of Mg/ AINi-25-c calcined at different temperatures.
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An increase in temperature above 400 degrees leads to the complete destruction of
the LDH structure and the formation of a mixture of oxides, which at a temperature of
500-600 °C are converted into spinel phases.

Figure 6 also shows the change in the color of the LDH depending on the heating
temperature. At room temperature, the sample is black; further heating to 250 °C leads to
a change in the color of the sample to gray-blue, which is most likely associated with the
onset of the reduction of nickel. Further heating leads to the complete transformation of
Ni(III) into Ni(II).

The thermal transformations for two other LDH samples were demonstrated to be
essentially the same.

The change in the morphology of LDHs upon heating was studied using transmission
electron microscopy. In Figure 7, it is clearly seen that with heating the hexagonal flakes
gradually cease to be distinguishable. After calcination at 200 °C, they are still clearly visible
in micrographs, and it is almost impossible to distinguish them after calcination at 400 °C.
Oxides are formed at 400 °C, and at 600 °C oxides are agglomerated into spinel phases.

Figure 7. TEM micrographs of Mg/AINi 25-ht heated at different temperatures: (1) RT, (2) 200 °C,
(3) 400 °C, (4) 600 °C.

The specific surface area of the Mg/ AINi 25-c sample calcined at 600 °C is 150 m?/g.
In the current research, the determination of the oxidation state of nickel in the LDH
samples was the most challenging. XPS permitted us to obtain information about the nickel
oxidation state. Binding energies for Ni(Il) and Ni(II) have close values, and this fact causes
difficulties in the identification of nickel species. In the publication of Haoyan Liang et al.,
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it was shown that the peak at 854.7 eV corresponds to Ni(Ill), and the peak at 856.1 eV
corresponds to Ni(II) [31]. These values were taken as references. The binding energy for
nickel from NiO obtained by calcining LDHs acted for a comparison.

Figure 8a shows overview X-ray photoelectron spectra of the samples of Mg/ AINi-25
synthesized under different conditions, as well as the spectrum of the sample Mg/ AINi-25-
ox after calcination at 600 °C. The survey XPS spectra for all LDH samples have an identical
form, and the signals of all elements have comparable intensities with the exception of the
signal corresponding to the energy O 1s.
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Figure 8. (a) XPS survey spectra and (b) spectra of the levels of Ni 2p atoms of the Mg/ AINi-25 sample, synthesized under
different conditions: 1—Mg/ AINi-25-c, 2—Mg/ AINi-25-ht, 3—Mg/ AINi-25-mw, 4—Mg/ AINi25-ox.

Figure 8b shows the XPS spectra of the Ni2p in LDH samples and mixed oxides. The
presence of two main lines (Ni2p1/2 and Ni2p3/2) and two satellites was recorded for all
samples. The difference between binding energies of nickel in LDHs and in the calcined
sample gives evidence of the different oxidation states of nickel in the LDHs and in calcined
samples. Ni(IIl) is definitely present in all the LDH samples.

Unfortunately, the content of nickel(Ill) in the materials could not be determined
quantitatively because of the presence of aluminum cations and the overlapping Al and Ni
lines in XPS spectra.

Oxidative properties of Ni(Ill) in LDH were studied by hydrogen TPR. Figure 9a shows
the TPR profiles of Mg/ AINi-25-c, 2—Mg/ AINi25-ox. The TPR profile of LDH contains
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weak signals of hydrogen absorption at low temperatures in the range of 100-400 °C, a
signal at 400-550 °C and the beginning of a very broad signal in the high-temperature
region (above 750 °C).
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Figure 9. (a) H,-TPR profiles of 1—Mg/AINi-25-c, 2—Mg/ AINi25-0x; (b) X-ray diffraction patterns for Mg/ AINi-25-c:

1—original, 2—reduced.

It was already mentioned that nickel(Il) oxide, when heated above 138 °C, is reduced
to NiO. However, nickel(III) in layered double hydroxides seems to be stabilized. The low-
temperature signals are so weak that they can be attributed to the reduction of nickel ions
located on the surface. The peak located in the temperature range of 400-550 °C is likely to
refer directly to the reduction of the majority of Ni(Ill) located inside brucite-like layers.

The appearance of a signal in the region of high temperatures is probably due to the
reduction of Ni(II) to Ni°.

Figure 9b shows X-ray diffraction patterns for the Mg/ AINi-25-c sample after thermal
destruction and temperature-programmed reduction. According to the XRD results for the
Mg /AINi-25 sample after TPR-Hj, the presence of peaks corresponding to both nickel
oxide NiO and metallic nickel Ni® is observed, which signifies the incomplete reduction
of nickel.

4. Discussion

Nickel(III) is known to be quite unstable. Only a few publications concerning com-
pounds of trivalent nickel appear each decade. The successful synthesis of the single-phase
hydrotalcite-like layered double hydroxide with Ni(III) via co-precipitation and the primary
characteristics of this material were described in our previous publication [24]. However, it
was not obvious that nickel could be incorporated in brucite-like layers of LDHs under con-
ditions other than slow co-precipitation with subsequent long-term ageing. The efficiency
of an application of a short-term microwave procedure was especially doubtful. Never-
theless, the XRD data described above demonstrate the formation of the LDH structure
as a result of three different synthesis methods—co-precipitation, hydrothermal synthesis
and microwave-assistant synthesis. Hence, one can conclude that the location of Ni(III)
in the brucite-like layers stabilizes this non-typical oxidation state of nickel regardless of
the route of synthesis. This may be owing to either steric protection inside the layer or the
higher stability of the state of the ion located in the layer.

Nickel(III) stabilization in the structure of the brucite-like layer of the LDH is unam-
biguously confirmed by X-ray photoelectron spectroscopy (XPS). According to the XPS
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data presented above, nickel cations are in a trivalent state in all LDH samples synthesized
by different methods.

The main difference between the three samples was observed in their crystallinity.
Obviously, the sample synthesized by the microwave-assistant method has lower and
broader reflexes in the XRD pattern (Figure 1) and more obscure morphology of particles
in TEM images (Figure 4). In addition, TG-DSC results correlate with the other data since
the sample in question starts thermal transformation at slightly lower temperatures than
others. This might be caused by the relatively disordered lattice of the sample. However,
no extraneous phases were detected in this sample. Moreover, the results of TEM mapping
(Figure 3) confirm the uniform distribution of nickel in the samples. It is worth noting that
the microwave-assistant method of LDH preparation has significant advantages due to its
short time and relatively low energy consumption, which in some cases may play a more
important role than the high crystallinity of LDHs.

The parameters of the crystal lattice for the three samples have a slight distinction,
while the chemical composition is essentially the same (Table 1). It is necessary to take
into account that the parameters of the LDH lattice may depend on the amount of water
in the interlayer space and on the order of the brucite-like layer. Most likely, the lowest
c value for the sample synthesized under hydrothermal conditions is due to its highest
crystallinity. The obtained results on parameter values, in general, indicate a successful
isomorphic substitution of aluminum in the hydrotalcite structure for Ni(III) ions with
a larger radius compared to Al(III). The evidence of the incorporation of nickel into the
hydrotalcite structure is an increase in the parameter ¢, which for all synthesized samples

exceeds the value of 22.9 A typical for aluminum magnesium hydrotalcite.

The synthesis of layered double hydroxides is known to result in materials replete with
stacking faults [32,33]. This kind of disorder is due to LDH polytypism and the stacking
faults are an intergrowth of 3Ry and 2H; polytypes [32]. The fault formation can be detected
by the analysis of XRD patterns. In particular, a comparison of the diffractograms of our
samples with the examples given in [32,33] permits us to suppose that the XRD patterns
correspond to the 3R; polytype with 2H; stacking faults. It is noteworthy that all three
samples synthesized by different methods demonstrate quite similar XRD patterns with
comparable shape and asymmetry of peaks. Apparently, this leads to the conclusion that
the synthesis method used does not greatly affect the order-disorder in the LDHs.

Thermal transformations of LDHs containing Ni(IlI) are quite usual for this class of
compounds. The only unexpected fact was the hindered reducibility of the samples by
hydrogen. This fact could be considered as an additional example of Ni(III) stabilization
in the LDH lattice. Perhaps it is an argument in favor of the assumption concerning
hindered access of the reagents towards the Ni(IIl) located in the structure of the metal
hydroxide layer.

Thus, the efficient methods of LDH synthesis are not restricted to classical co-precipitation.
The application of different approaches was demonstrated not to significantly affect the
structure and properties of LDHs.
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