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Abstract

NiO has a variety of applications, mainly in the production of electrochemical sensors and of metallic nickel. In addition, it is widely used
as catalysts to produce hydrogen from natural gas. In this work, hydrotalcites based on nickel-aluminum and nickel-zinc-aluminum were
synthesized, calcined at 500 °C and studied by different techniques. It was observed that nickel-aluminum hydrotalcites are thermally more
stable, collapsing at higher temperatures than hydrotalcites containing zinc. During calcination, aluminum is incorporated into NiO lattice,
leading to a decrease in crystallographic parameters. However, zinc decreases this effect, favoring the formation of NiO with lattice
parameters close to pure nickel oxide. Zinc also contributes to the formation of smaller NiO particles, which is very useful for its use as a
catalyst. In addition, aluminum led to a distortion in NiO lattice, an effect that is minimized by zinc, showing that it hinders the
incorporation of Al3+ in the NiO lattice.
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Caracteristicas del NiO presente en solidos obtenidos de
hidrotalcitas del tipo N1/Al y Ni-Zn/Al

Resumen

EI NiO es ttil en la produccion de sensores electroquimicos y para la obtencion de niquel metalico, el cual es usado como catalizador para
producir hidrogeno a partir de gas natural. En este trabajo, se sintetizaron hidrotalcitas a base de niquel-aluminio y niquel-zinc-aluminio,
las cuales fueron calcinadas a 500 °C y estudiadas por diferentes técnicas instrumentales. Se observo que las hidrotalcitas a base de niquel
y aluminio son mas estables térmicamente, colapsando a temperaturas mas altas que aquellas conteniendo zinc. Durante el proceso de
calcinacion el aluminio se incorpora en la red cristalina del NiO, disminuyendo los parametros cristalograficos de este 6xido. La adicion
de zinc disminuye este efecto, contribuyendo ademas con la formacion de particulas mas pequeiias del NiO. Adicionalmente el aluminio
distorsiona la red del NiO, efecto que es minimizado por el zinc, dificultando la incorporacion de AI** en la red cubica del NiO.

Palabras clave: hidrotalcitas; NiO; parametros de red; espectroscopia Raman.

1. Introduction

In recent years the development of nanotechnology has
contributed to important advances in areas such as catalysis,
electrochemistry, design of solar cells and mobile devices,
etc. In this context, nickel oxide (NiO) in the form of nano-
particles or nano-films has properties that allow its use in
heterogeneous catalysis, photocatalysis, manufacture of

photovoltaic cells, supercapacitors and gas sensors [1-8]. In
addition, nickel oxide has a band gap between 3.4 and 4.0
EV, which allows its potential use in the manufacture of
capacitors for electronic instruments [9-11]. The main
industrial use of NiO is related to its catalytic activity for the
production of hydrogen from natural gas through the
reactions of steam reforming and dry reforming with carbon
dioxide [12-16]. Because NiO has a low specific surface area,
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its use in heterogeneous catalysis requires a previous
dispersion in supports based on activated carbon, zeolites,
silica and especially alumina, which gives the final solids
greater surface area, thermal and mechanical resistance, also
allowing for the obtainment of small particles of NiO on the
support and greater catalytic activity [1,2,14-17]. The
chemical properties of metallic nickel particles obtained by
reduction reactions of NiO deposited on the surface of
alumina, depends on the degree of interaction of this oxide
with the support, which influences the crystallinity and the
size of the particles supported. In order to obtain nano-
particles of nickel oxide, several investigations have been
carried out in which the synthesis methods have been varied,
highlighting the sol-gel and co-precipitation methods, spray
pyrolysis, hydrothermal methods, etc., which aim to obtain a
good dispersion of NiO on the supports [1,7,9,12-18].

In the area of materials synthesis, there is a type of
compounds called layered double hydroxides (LDH) or
hydrotalcites (HTLc), which, when decomposed by the effect
of heat, give rise to mixtures of metal oxides with excellent
properties for use in catalysis [1,17,18]. The structure of
hydrotalcites and analogous materials is represented by the
general formula:[M(II);x M(III)x(OH)][A™ ]vn-mH,0, where
M(II) ) and M(III) are metal cations located in the center of
octahedral configurations and linked to six OH- groups that
share their sides with other octahedral centers, thus forming
infinite layers positively charged, separated from each other
by anions represented by A™ in the general formula and
whose function is to stabilize the charge generated by the
incorporation of cations with oxidation state 3+ in the
crystalline lattice of the hydroxide of a divalent metal, being
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Figure 1. General illustration of hydrotalcite structure, in which the positive
sheets formed by octahedrons, as well as carbonate anions, and interlaminar
water molecules are present.

Source: The Authors.
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the carbonate one of the anions that gives greater stability to
structures of the HTLc type, due to its relative low size and
high charge (2-) [17-20]. Additionally, in the free spaces
between the layers, water molecules (mH,0O) are deposited,
offering greater stabilization to the structure. Fig. 1 illustrates
the general scheme of the hydrotalcites containing the
carbonate as charge-compensating anion.

The hydrotalcites-like compounds, due to their chemical
properties, can originate a wide variety of products by effect
of thermal treatments, producing mixed oxides or mixtures of
oxides, with properties that allow them to be used for
different purposes, among which are the high specific surface
area, good thermal stability, high dispersion and basic
character, reasons why these materials have generated much
interest and application in catalysis and in other areas
[16,17,21,22].

This research work, by using thermogravimetry, studied
the process of formation of NiO by the effect of heating of
hydrotalcites based on Ni-Al and Ni-Zn-Al, which were
previously used in the preparation of catalysts for the WGS
reaction [1], which were highly selective to the production of
hydrogen due to the addition of zinc. This study also seeks to
expand the explanation of the effect of aluminum and zinc on
the cell parameters of the NiO formed from the hydrotalcites
and how this affects the crystalline lattice of the solids
obtained [1].

2. Experimental
2.1. Materials synthesis

The hydrotalcites were prepared by the salt-base method
and precipitation at constant pH. For the synthesis of nickel
and aluminum-based solids, saline solutions based on
Ni(NO3),-6H,O (98.5 %, Vetec-Sigma Aldrich, reactive
grade) and AI(NOs3)3-9H,O (98.0%, Vetec-Sigma Aldrich,
reactive grade) were previously prepared in the Ni/Al =3 and
2 molar ratios, and alkaline solutions based on KOH (85.0 %,
Merck, reactive grade) and KoCOs (99.0 %, Merck, reactive
grade), maintaining, between the saline and alkaline
solutions, Al/COs = 2 the molar ratio, in order to comply with
the (A™)xn factor of the structural formula of the
hydrotalcites. During this process, 200 mL of the two types
of solutions were added to 400 mL of deionized water using
a peristaltic pump, maintaining the system under agitation
and controlling the pH at 8.2. The precipitate formed was
filtered and dried at 60 © C for 24 h. Subsequently, the
materials were calcined at 500 ° C for 4 h, under air flow of
100 mL/min.

In the case of zinc-containing materials, the process
carried out was similar, with the difference of adding, in the
saline solutions, the compound Zn(NOs),-:6H,O (98.0%,
Vetec-Sigma Aldrich, reactive grade), in molar ratios Ni/Zn
=2and 1.

Two bimetallic hydrotalcites based on nickel-aluminum;
and four trimetallic hydrotalcites based on nickel-zinc-
aluminum were synthesized by using the method previously
described. The structural formulas and codes used for their
identification are shown in Table 1.

Additionally, a NiO sample was synthesized from the
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Table 1.
Basic structural formulas of the synthesized hydrotalcites and codes used for
their identification.

Structural Formula Code
[Nig.75Alo 25(OH),] (CO3*)o.125'yH2O No,75A0.25
[Nig,s6Al0.33(OH),] (CO5*)o,165'yH20 No.s6Ao033
[Nig,50Zn025Al0.25(0OH);] (CO32')0,125'yH20 No 50Z0.25A0,25
[Nio,37Zn037Al25(OH)2] (CO5™)o,125 vH0 No.37Z0.3780,25
[Nig.44Z10 Al 33(OH)2] (CO3™)o,165'yH2O No.44Zo 228033
[Nig,33Zn033Al0.33(OH),] (Cosz')o,ms yH,0 No.33Z033A033

Source: The Authors.

calcination of Ni(OH), at 500 °C, which was used as a
reference for X-ray diffraction studies.

2.2. Characterization of materials

Non-calcined materials were characterized by X-ray
diffraction (XRD) and thermogravimetry analysis (TGA and
DTG), while calcined solids were studied using X-ray
diffraction (XRD) and Raman spectroscopy techniques.

Thermogravimetry analyzes were performed in a TA
Instruments equipment, model SDT 2670. In this study, 15
mg of the samples were subjected to heating from 30 to 800
°C, using a heating rate of 10 °C/min, under air flow of 50
mL/min.

X-ray diffraction studies were obtained in a Shimadzu
equipment, model XDR-600, in the range 5-80 20, using Cu
Ko radiation generated at 40 kV and 30 mA. The equipment
was previously calibrated with a certified silicon standard.

In this study, through the integration of the peak
corresponding to the plane (2 0 0) of the NiO, using a
psdVoigt 1 type model, the values of cell parameter for the
cubic lattice of this oxide were obtained, as well as the
interplanar distance and particle size using the equations of
Bragg (Equation 1) and Scherrer (Equation 2), respectively.

nk = 2dsen(6) (1)
094 5
" Feos(®) ¥

Whereby A corresponds to the wavelength used (1.5406
A), d is the interplanar distance, 8 is the value of the angle at
which the diffraction peaks are centered and B is the full
width at half maximum of the selected peak.

Raman spectroscopy analyzes were performed on a
LabRAM HR-UV 800 / Jobin-Yvon, equipped with two He-
Ne (1 =632 nm) and Ar (1 =514 nm) lasers, with a resolution
of 1 mm? and focusing the sample in an optical microscope
with 10x; 50x; 100x lenses, and using a CCD detector at -70
C. For this analysis, pellets of the samples were prepared,
which were subsequently positioned in the equipment by
using the optical microscope and analyzed in the range of 200
to 1100 cm™,

3. Results and discussion

The X-ray diffractograms of the non-calcined solids are
shown in Fig. 2. The characteristic peaks of the hydrotalcite

type structure (JCPDS 89-0460) were observed in all
materials, where the ones corresponding to the planes (0 0 3),
(006),(012)and (I 10)stand out due to their intensity.

All the materials showed the superposition of the planes
(0 0 9) and (0 I 2), which appear at similar interplanar
distances, which is characteristic of hydrotalcites with a high
degree of purity. In diffractograms no peaks corresponding
to the hydroxides or carbonates of the metals present were
evident, nor of any other species, which indicates the
effectiveness of the synthesis method used. The main
difference was observed between the diffractograms with the
same aluminum content (x = 0.25 or 0.33) whereby it was
observed that, in the range of 59-63.5 ° (Figs. 2b and 2d), the
shift of the peak (/  0) occurred at values below 26 when the
zinc content increased in the materials, which leads to the
increase of the interplanar distance in the directions of the a
parameter (Fig. 1) of the HTLc type structure due to the
greater ionic radius of the Zn2" cation with respect to Ni*" and
AP [17].
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Figure 2. X-ray diffractograms of non-calcined solids: No75A02s,
Nos0Zo,25A0,25 Y No37Zo378025 (a) ¥ NogsAos3, NoaaZo 24033 Y No3aZos3Ao 33
(c). Figures (b) and (d) correspond to the 59-63.5 ° range.
Source: The Authors.
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The non-calcined solids gave rise to mass loss curves that
indicate the phenomena that occur during the decomposition
process of the hydrotalcites until the formation of the oxides
from the metals which are present in the starting materials.

Fig. 3 shows that bimetallic solids (No75A025 and
No.s6Ao.33) presented similar thermal behaviors. Such solids
registered an initial mass loss from 30 °C to approximately
250 °C, event attributable mainly to the exit of physisorbed
and interlaminar water molecules, as well as to the beginning
of the decomposition of the OH- and COs* species present in
the hydrotalcites [17].

These processes originated peaks in the DTG curve at 220
° C and 231 ° C for the bimetallic materials, which indicates
that, at these temperatures, the highest exit velocity for the
material in the solids previously described can be recorded.
Subsequently, an abrupt decrease in mass loss was observed
in the curve, which is attributed to the collapse of the
structure [17,19,23].

The initial mass loss was also reported by solids
containing zinc (Fig. 3); however, the presence and increase
of the content of this element leads to a decrease in the
temperature needed for the collapse to occur. Similarly, it
was observed that solids with higher aluminum content
showed greater thermal stability when compared to those in
which the Ni / Zn ratio does not vary.

After the collapse of the structure, all the solids displayed
a second stage of mass loss, which is attributed to the
decomposition of the hydroxide and carbonate groups,
starting the formation of NiO and ZnO [23]. This process was
extended to higher temperatures in solids containing higher
aluminum content, which confirms that this element provides
the materials with greater thermal stability, which is a fact
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Figure 3. Mass loss and temperature differential curves from hydrotalcites to
bimetallic based on nickel-aluminum and to trimetallic based on nickel-zinc-
aluminum.

Source: The Authors.
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Table 2.
Mass percentages associated with the events recorded in the
thermogravimetry curves of the hydrotalcites.
Sample 1% event 2" event 3" event Mass lost
(%) (0] (%) (%)
No.75A025 12,97 16,51 6,70 36,18
No.s6A033 14,92 17,51 4,53 37,06
No,50Z0.25A0,25 12,35 17,84 4,69 34,88
No.37Z0.3780,25 12,13 17,54 4,75 34,42
No,44Z022A033 13,67 17,23 4,10 35,00
No.3Zo33A033 12,35 17,84 4,69 34,88

Source: The Authors.

that may be related to the lower contact between Ni?* and/or
Zn*" species to form the particles of their respective oxides.
The DTG curves show, in the case of bimetallic solids, peaks
attributed to the formation of NiO at 329 ° C and at 359 ° C
for No.75A0.25 and No.esAo.33, respectively [23].

For trimetallic hydrotalcites, another peak or
superposition of peaks in the form of shoulders was observed
at temperatures close to 280 ° C. At higher temperatures, a
third event was recorded where the velocity of mass loss
decreases notably, which is possibly related to the formation
of transition alumina and the total decomposition of species
that could become occluded in the materials by effect of the
collapse. Table 2 contains the mass percentages associated
with the three main events observed in TGA and DTG curves,
noting that the second stage lost more mass and that the total
mass released by the heating effect is quite similar for all
materials.

X-ray diffractograms of calcined materials are shown in
Fig. 4. In all cases, peaks of the NiO phase were observed,
which, as previously evidenced by the thermogravimetry
curve, is formed at the 300-360 °C range, depending on the
composition of the starting solids.

Peaks that indicate the presence of ZnO were also
observed, as well as the absence of peaks attributable to the
presence of aluminum oxides, which can form phases with an
amorphous character that does not allow for their
identification by XRD.

Fig. 4 shows that the reference sample of NiO displays
differences with respect to the position, width and symmetry
of the peaks corresponding to the NiO present in the solids
obtained by calcining the hydrotalcites, which is evidence
that suggests the existence of particles of this species with
smaller dimensions and dispersed in the surface of the
materials obtained from hydrotalcites.

In the materials containing nickel and aluminum, the
peaks of the NiO phase appear at values of 20 higher than
those shown by the reference material, which indicates a
decrease in the dimensions of the nickel oxide cubic cell; this
fact is verified through the values of the interplanar distance
for the plane (2 0 0), shown in Fig. 5. This characteristic in
bimetallic solids can be explained by admitting the insertion
of AI** cations (0.69 A) in the NiO crystal lattice, which, due
to the lower ionic radius of aluminum, leads to the decrease
in the dimensions of nickel oxide cubic cells [16]. The
insertion of A" into the nickel oxide structure is possible
because the size of the aluminum cation does not differ by
more than 15% from that of the Ni?* cation (0.72 A), and it
crystallizes in the cubic system in the form of transition
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alumina that can be formed by calcination and also has an
electronegativity close to that of nickel, which complies with
three of the Hume-Rothery rules [24], decreasing the
interplanar distance in the nickel oxide due to the cationic
substitution.

The higher temperature observed for the formation of
NiO in nickel-aluminum-based solids may be related to the
presence of aluminum-based species in the initial particles of
NiO, which makes it difficult to approach the first nuclei and
the formation of agglomerates of the oxide described above.

In solids containing zinc, the peaks of the NiO phase shift
to values below 20, indicating that the presence of this
element leads to an event opposite to that induced by
aluminum, which suggests that zinc is also incorporated into
the NiO lattice, and that having Zn>* (0.74 A), an ion radius
greater than Ni** (0.72 A) leads to an increase in the
dimensions of the NiO cubic cell [1,16]. This fact is verified
by the data of the interplanar distance shown in Fig. 5, in
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Figure 4. X-ray diffractograms of materials calcined at 500 ° C. (a; x = 0.25),
(b; x = 0.33). The NiO diffractogram is used as a reference to verify peak
shift due to the presence of aluminum and zinc in the structure of the NiO.
Source: The Authors.
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which it can also be observed that, when the content of nickel
in the solids decreases, the particles formed are also smaller.
This may be related to the presence of particles of aluminum
and zinc species, which, exactly in the same way as within
bimetallic solids, also discourage the formation of large NiO
agglomerates. In the case of pure NiO particles, the registered
size was 19.6 nm, while, in the solids obtained from
hydrotalcites, the particles were less than 5 nm in all cases,
as shown in Fig. 5.

The incorporation of species such as aluminum or zinc led to
variations in the crystalline structure of the NiO present in the
materials. This also affected the vibrational modes of NiO,
which were monitored through the Raman spectra of solids.
The Raman spectrum of nickel oxide has five bands
originated from optical vibrations produced by one phonon
(1P) of the transverse optical types (TO-440 cm™') and
longitudinal optical (LO-560 cm™') and by two phonons (2P)
that are the result of the coupling of the TO + TO (730 cm™"),
TO+LO (930 cm™) and LO + LO (1080 cm™') modes [25-28].
The Raman spectra of the No.75A0.25 and No.esAo33 materials
(Fig. 6), mainly displayed the bands originated by the
vibrations of one phonon (1P), located at 442 and 548 cm™.
Small bands at 960 and 1030 cm™! were also noticed, which
were associated to the LO+TO and 2LO vibrations, whereas
bands related to the other modes of vibration were not
identified. The bands produced by one phonon are
characteristic of nickel oxide with alterations in its crystalline
structure, which may be due to vacancies produced by the
non-stoichiometric Ni;.xO oxide, or due to the presence of
some Ni*" cations in the structure, which was evidenced by
the dark gray tonality shown by the nickel-aluminum solids
[26-29]. This fact indicates the presence of crystalline defects
caused by the presence of aluminum in the crystal structure
of NiO, favoring the presence of type 1P vibrations, which,
by not interacting with each other, discourage the coupling of
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Raman intensity (a.u.)

600 800
Wavenumber (cm™)
Figure 6. Raman spectra of solids Ny 75A¢2s and NoeAg33 (a), the NiO (b)
spectrum was obtained from data imported from RRUFF Project Website
(rruff.info/R080121).

Source: The Authors.

200 1000

the modes that cause the type 2P vibrations. It was also
observed that the spectrum of the NogesAo33 solid shows a
more pronounced shoulder of the TO vibration (442 cm™)
and a sharper and more intense band, due to the LO vibration
(548 cm'), which confirms that this solid contains more
defects than the Ny 75A025 sample. This was also observed by
the lower value of a parameter of the nickel oxide cubic cell
of the sample NogsAoss (4,144 A, see Fig. 5) caused by a
greater number of Ni?* cations substituted by AI*".

The Raman spectra of the materials containing nickel,
aluminum and zinc are shown in Fig. 7. In all cases, signals
originated from the presence of NiO and ZnO in the
composition of the materials were observed. In these
materials, the ZnO produced in the spectra bands attributed
to optical vibrations in the range of 300-400 cm™!, as a result
of the superposition of the TO-E; (336 cm™) and TO-A; (381
cm’") modes, as well as bands at 413 cm™! and 588 cm™! due
to the TO-E; and LO-E; modes, respectively [30,31].

The addition of zinc led to the presence of bands of the
2P of the NiO (TO + TO, LO + LO and TO + LO) type,
caused by the coupling of vibrations in a more ordered
crystalline structure of NiO, which indicates that the Zn
decreases the effect of aluminum in the NiO crystal lattice,
mainly in the materials in which the amount of zinc moles is
half the content of Ni moles.

Fig. 8 illustrates in 2D how the vibrational modes of NiO
are affected by the presence of aluminum and zinc. The
incorporation of aluminum in the structure of the NiO
decreased cell parameters, keeping the longitudinal and
transverse modes from matching, thus making it difficult for
the modes to overlap (Fig. 8a). The addition of zinc leads to
a lower incorporation of aluminum in the lattice, which
increases the crystallinity and the possibility of the coupling
of the vibrational modes observed by Raman and illustrated
in Fig. 8b. This confirms that the addition of zinc decreases
the interaction, at a structural level, between the aluminum
species and nickel oxide, allowing for the obtainment of
particles with cell parameters close to that deployed by pure
NiO.
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4. Conclusions

The increase in aluminum leads to an increase in the
collapse temperature of structures of the hydrotalcite type
and to a decrease in the cubic cell dimensions of the nickel
oxide formed by calcining these materials at 500 °C. This
effect is counteracted by the addition of zinc to the starting
materials, resulting in NiO particles with larger crystalline
cell sizes. The solids with the highest zinc content had the
smallest particle sizes of NiO and a degree of crystallinity
that allowed for the observation of bands characteristic of the
coupling of the typical vibrational modes of nickel oxide with
a high degree of crystallinity and that, due to the presence of
the aluminum in the NiO lattice, were not clearly observed in
nickel-aluminum-based materials; this indicates that zinc
prevents or decreases the incorporation of AI** species in the
cubic cell of NiO, thus increasing the crystallinity of nickel
oxide particles.
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