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Abstract

The influence of aluminum atoms on the surface and structural properties of distinct mixed oxides MgAl-x (x=Al/(Al+Mg)=
0, 0.20, 0.25, 0.33 and 1.0) was studied. Hammet titration results showed that the isomorphic substitution of Mg by Al atoms
induced a basicity character decrease. Theoretical DFT studies of MgAl-x oxides basicity through the oxygen Mulliken charges
showed a similar trend to that observed experimentally. The effect in the textural properties as a function of the Al content was
reflected directly in the surface area and pore size distributions. Noteworthy was to observed the morphological modification on
the mixed oxides with the Al content, passing from nanorods in pure MgO to hexagonal platelets in the binary oxides.
Keywords: DFT studies, magnesia-alumina, acid-base oxides, isomorphic substitution, nanostructures.

Resumen

Se estudio la influencia de los dtomos de Al sobre las propiedades de diferentes 6xidos MgAl-x (x=0, 0.20, 0.25, 0.33 and 1.0).
Los resultados de titulacién con indicador de Hammet mostraron que la sustitucién isomorfa de Mg por Al induce reduccién
de la basicidad. El estudio teérico por DFT de la basicidad a través de cargas de Mulliken en el dtomo de oxigeno mostr6 una
tendencia similar a la observada experimentalmente. El efecto en las propiedades texturales en funcién del contenido de Al se
observé reflejado directamente en el drea superficial y las distribuciones de tamafio de poro. Interesantemente, la modificacién
con Al en los 6xidos binarios cambio la morfologia pasando de nanorodillos en MgO puro a platos hexagonales en los 6xidos
binarios.

Palabras clave: estudios DFT, magnesia-altimina, 6xidos dcidos-bdsicos, sustitucion isomorfica, nanoestructuras.

and AIP*-02%, and mainly of 02~ isolated anions
(Di Cosimo et al., 1998). The catalytic performance
of MgO in different reactions involves primarily
the rupture of a heterolytic bond where the basic

1 Introduction

The MgO-Al,O3 mixed oxides have been used
as humidity sensors, catalysts, photocatalysts, gas
adsorbents, in anionic exchange, as a drug carrier
systems, among others (Klym ef al., 2015; Gomes
et al., 2016; Lee et al., 2016; Ramos-Ramirez et al.,
2017). The MgO-Al,O3 binary oxides usually were
used as catalysts by themselves or as a supports in
diverse reactions, i.e., alcohols decomposition (Corma
et al., 1994), biodiesel synthesis (Xie et al., 2006;
Stewart et al., 2015), or fossil fuels hydrotreatment
(Zhao et al., 2003; Coelho et al., 2015). These
binary oxides exhibit basicity due to its surface OH-
groups, electron pairs from oxygen in Mg”*-O%~

* Corresponding author. E-mail: noejd@cnyn .unam.mx

property of an O~ anion prevails over the acid
property of AIP* or Mg?* ions. The MgO-Al,O3
oxides may form a wide variety of nanostructures
such as nanosheets, nanorods, nanocubes, among
others. (Yan & Xue, 2005). From experimental and
theoretical observations, small-MgO clusters prefer
nanorod shape morphology instead to the bulk-like
structure. One- or two-dimensional structures like
nanorods or nanosheets are of paramount importance
due to its potential applications in optical and
electronic devices (Zhao et al., 2014), bio-inorganic
sensors (Klym, Hadzaman et al., 2015), solid-basic
catalysts (Nasibulin et al., 2010; Bagheri & Moradi,
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2014), and as a supports (Zhang et al., 2015).

The isomorphic atomic-substitution is a well-
known feature of clay materials like zeolites or
hydrotalcites. In the oxide mixtures of hydrotalcites,
their metallic composition determines its acid-
base properties and its catalytic performance
(Kraushaarczarnetzki et al., 1993; Corma et al., 2001;
Sanderson et al., 2013; Morales-Zarate, 2018). In
that sense, many experimental and density functional
theoretical studies (DFT) have been successfully
correlated in the case of zeolites and MgO materials
(Deka et al., 2000; Petitjean et al., 2014; Begum &
Deka, 2017) trying to estimate and understand its
properties.

In the current work, we explore the effects of
aluminum ion isomorphic substitution on the MgO-Al
synthesized oxides materials. The crystalline structure,
morphology, textural properties, and basicity of these
materials are reported as a function of the Al/(Al+Mg)
ratio. Also, the isomorphic atomic-substitution of Mg
by Al will be examined through DFT calculations
based on Mulliken charge analyses, and partial density
of states (DOS).

2 Materials and methods

All materials were synthesized by a modified
coprecipitation method (Cavani et al., 1991), varying
the Al/(Al+Mg)=x atomic ratio with x=0, 0.20, 0.25,
0.33 and 1.0 and labeled as MgAl-x. The Al and
Mg nitrates (Al(NO3)3-9H,0 and Mg(NO3),- 6H,0)
were used as metal oxide precursors according to the
Al/(Al+Mg) atomic ratio of each intended preparation.
The precipitation solution of NaOH-Na;CO3 (3.15
M and 2.86 M), was added to the metal precursor
solution at 2 mL-min~'. The pH was kept at 12, and the
synthesis temperature was set it at 90 °C. The resulting
solution was kept under stirring (550 rpm) for 48 h.
Then the obtained gel was aged for 48 h. The obtained
white powder was neutralized with deionized water
and then dried at 80°C overnight. The pure MgAl-0
(MgO) was prepared similarly to the other samples
without the aluminum precursor addition in the case of
MgAl-1 (y Al,O3) the Mg precursor was not included.
All samples were calcined at 500°C for 4 h.

The chemical composition was determined
by inductively coupled plasma optical emission
spectroscopy (ICP-OES) using a Vista-MPX Varian
with CCD detectors. The surface basicity was
determined by Hammet-titration method with benzoic

acid in benzene solution using bromothymol blue as an
indicator (Tanabe, 1970). For the thermogravimetric
(TG) analysis, the uncalcined samples (~30 mg) were
analyzed by heating from 30 to 700°C at 10°C-min~!
in the airflow of 10 mL-min~!' in a TA Instruments
SDT-Q600 (1S). X-ray diffraction (XRD) was done
using a Philips X’ pert diffractometer (2S), with CuKa
radiation (1.541 A), at 45 kV and 40 mA. The
microstructural features were studied by transmission
electron microscopy (TEM) using a JEOL JEM-2010
microscope with 200 kV accelerating voltage. X-ray
photoelectron spectroscopy (XPS) was performed
in a SPECS spectrometer with a PHOIBOS WAL
analyzer, using monochromatic Al-k, radiation
(1486.6 eV). The textural properties were measured
by N, physisorption in a Tristar-1I 3020 Micromeritics
analyzer through the BET equation for specific surface
area (Sing, 2014), and the BJH method for pore size
distribution approximations (Barrett et al., 1951).

Theoretical calculations were based on DFT
method to obtain the Mulliken charges (MC) and
partial density of states (PDOS) considering the
Perdew-Burke-Ernzerhof (PBE) gradient-corrected
functional (Perdew et al., 1996; Antinez-Garcia et
al., 2015). Simulation started with the unit cell of
bulk MgO (group Fm-3m), and it was adjusted by
isomorphic substitution of Mg atoms by Al atoms to
build the distinct solid solutions. Also, for comparison,
the MgAl,O4 spinel type compound was calculated
(35).

3 Results and discussion

The bulk composition of calcined materials was
measured by ICP and listed in Table 1. The chemical
analysis confirmed that samples were successfully
prepared with the nominal ratios intended with no
more of 10% deviation.

The textural properties are given in Table 1. The
MgAIl-0 and MgAl-1 materials exhibited areas higher
than 200 m?- g~!. However, the MgAl-x binary oxides
displayed smaller surface areas c.a. 120 m?- g~!. The
pore volume decreased as follows: 0.84, 0.51 and 0.24
cm?- g~! for MgAl-0.20, MgAl-0.25 and MgAl-0.33
respectively. The N; adsorption-desorption isotherms
for the samples are presented in Fig. 1. For MgAI-0
and MgAl-1 samples, the isotherms resulted in type
IV with hysteresis cycles type H2 and H4, respectively
(see Fig. 1a).
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Table 1: ICP Composition, textural properties, basicity and XPS quantification for the MgAl-x materials.

b

c

MgAl-x ICP X SBET Py P, Basicityd XPS X
xt . %Al %Mg ICP (m*g™') (mm) (cm® g7') (mmolg™!) %Al %Mg XPS
0.00 00 266 0.00 200 17.0 1.14 0.30 - 21.1 0.0
0.20 46 165 022 133 223 0.84 0.17 44 111 028
0.25 63 179 0.26 127 12.8 0.51 0.23 48 109 0.30
0.33 94 176 035 119 17.9 0.24 0.17 6.3 93 04
1.00 308 0.0 1.00 262 5.4 0.46 0.12 25.6 - 1.0
a,b,c

x = Al/(Al+Mg) nominal and surface compositions, Titration with benzoic acid.
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Figure 1. N, adsorption-desorption isotherms of pure a) MgAl-0 and MgAl-1, and b) mixed materials. Average pore
size distribution of ¢) MgAl-0 and MgAl-1, and d) mixed oxides.

The hysteresis for MgAl-0 means a distribution
of small mesopores (2-5 nm), generally associated
with ink-bottle pores. The hysteresis type H4 was
observed for MgAl-1, this kind of hysteresis loop is
associated with microporosity, which is reflected in
the appearance of a horizontal plateau at low relative-
pressures (P/P°). In the case of the binary mixed
oxides, the isotherms revealed to be type II (Fig. 1b)
and H3 type hysteresis loop. This kind of loop revealed
a non-uniform porosity of slit-shaped pores.

Fig. 1c shows the pore size distributions for MgAl-
0 presenting mainly mesoporous pore-size distribution

WWW.rmiq.org

near to 17 nm. Otherwise, the MgAl-1 presents two
peaks centered at 3.8 and 4.7 nm. Similarly, to the pore
size distribution for MgAl-1, binary oxides displayed
the presence of pores with a diameter close to 3.8
nm, and with a sharp pore-size distribution. Binary
oxides present mesopores and macropores (Fig. 1d),
the MgAI-0.20 sample present smaller pores and a
narrower pore size distribution than the other two
materials. The MgAl-0.25 sample presents a broad
range of pore sizes. The MgAl-0.33 solid exhibits
a pore-size distribution mainly in the macroporous
region with a maximum of ~78.5 nm.
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Figure 2. XRD patterns of materials calcined at 500 °C a) MgAl-O and MgAl-1, b) mixed oxides. The MgO and
MgAl,O4 structures are indicated in the figure with a blue circle or with a pink star, respectively.

This effect could be related with the synthesis
procedure, specifically to the calcination process
in which the wall structure can collapse. Our
TG experiments provided in the supplementary
information (1S) suggested that when the Al/(Al+Mg)
ratio increases the mass loss increases as well.
Therefore the water molecules, interlayer carbonates
(CO%‘) and nitrates (NO3_ ) that stabilize the global
structure where removed almost 20% more in the
MgAl-0.33 in comparison to the MgAl-0.20 and
MgAl-0.25 samples. Also, the XRD results of the
uncalcined samples (2S) revealed that the formation
of the hydrotalcite structure with JCPDS No. 00-022-
0700 decrease with the increase in the Al/(Al+Mg)
ratio.

Hence, the isomorphic substitution of Mg by Al
decreases, inducing the formation of an amorphous
bulk material with the observed decrease in the
textural properties.

The diffraction patterns of calcined materials are
shown in Fig. 2. The mixed MgAl-x samples obtained
at the calcination temperatures of 500 °C present
diffraction peaks at 42.74°, 42.95°, 43.19°, and 43.38°
with FWHM of 1.46, 2.25, 2.17 and 2.13, respectively
(Gaussian fitting of the highest peak). The obtained
average crystallite size by the Scherer’s formula was
6.10, 3.97, 4.12 and 4.20 nm for MgAl-0, MgAl-0.20,
MgAl-0.25, and MgAIl-0.33 materials respectively.
The mixed oxides also presented structural changes
as the aluminum concentration increases. The (200)
plane of MgO periclase phase was shifted from 42.7°
to 43.9° probably due to the cation size difference
(Mg?*=0.65 A, AP* = 0.50 A). This is in good
agreement with a previous report where it was showed
that progressive isomorphic replacement of Mg by

Al decreases the MgO crystallographic cell (Corma,
Fornes et al., 1994). In the case of single oxides,
the diffraction pattern for MgAl 1 (Fig. 2a) is
characteristic of y-Al,O3 with typical diffraction lines
at 20 = 32° 39° 46° and 67° corresponding to the
JCPDS No. 47-1308 card. The MgAl-0 and the mixed
oxides present a cubic type structure associated with
MgO periclase (JCPDS No. 45-0946) with reflections
at 260 = 36.5, 42.9°, 62.7°.

The basicity was determined experimentally by
Hammett-titration method and theoretically through
oxygen Mulliken-atomic charges analysis. The basic-
strength results obtained by the Hammet-titration
method are shown in Table 1. The observed trend
resulted as follows: MgAI-0 >MgAl-0.25 >MgAl-
0.33 ~MgAIl-0.20 >MgAl-1. The binary oxides
basicity decreased with aluminum content reaching a
maximum at x=0.25. The low basicity of MgAI-0.20
may be explained either as a moderate dispersion of
A* jons in MgO or by the formation of segregated
MgAl,O4 spinels type structures (Di Cosimo, Diez
et al., 1998). The further decrease observed for
the MgAl-0.33 material corresponds well with the
instability of the material due to a defective structure
with high aluminum content (Fishel & Davis, 1994).
Our results agreed with reports showing that the
function of aluminum in binary oxides is to decrease
the basic properties forming medium basic-sites
(H>7.1) (Navajas et al., 2010). The MgAl 1 basicity
value agreed with that early reported by Tanabe
(Tanabe, 1970).

(2000), the
negative  charge
Therefore, the analysis
MC) for the

According to Deka et al
oxygen atoms with partial
behave as basic sites.
of the Mulliken Charges
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O atoms in the materials can be used to determine the

-0.98 o basic strength. General trends of MC for all atoms

[ o A involved in the materials were calculated, although

50-1.02 + ; only the values obtained for oxygen atoms charges

% E\ ° are presented in Fig. 3. This Figure shows that all

5106 _ 1,066 -1.025 R oxygen atoms in magnesia (MgAl-O) presents the

4 : e N same MC values. However, for these mixed oxides,

E; r o -1.070 the O atoms charge presents a dispersive behavior as

= -1.10 S 4 a function of the Al/(Al+Mg) ratio. For these oxides,

[ o it should be noted that, at x=0.25, the average lowest
—-1.128 . . L. o

14 P e negative charge occupation occurs. This implies that

0.00 0.05 0.10 0.15 020 025 030 035 the oxygen atoms become more reactive due to the

Al/(Al+Mg) charge deficiency at the valence shell. Then, the

observed trend basicity for this case is MgAl-0.0
(-1.128) >MgAl-0.33(-1.070) ~MgAl-0.20 (-1.066)
>MgAl-0.66 (-1.056) >MgAl-0.25 (-1.025) >MgAl
1.0 (-0.376). A similar MC trend was observed for Al
and Mg atoms (see 3S).

Figure 3. MC for oxygen atoms as function of atomic
ratio x for MgAl-x mixed oxides. Average MC values
are indicated by red symbols.
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Figure 4. s and p-orbitals contributions (PDOS) at the Fermi level for: distinct MgAl-x mixed oxides (A and B) and
MgAl,O4 spinel and pure y-Al,O3 (C and D). Labels for distinct atomic species are described in each Figure.
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CPS

binding energy [eV] binding energy [eV]

Figure 5. XPS analysis of Mg 2p and Al 2p orbitals for a) 0, b) 0.20, ¢) 0.25, d) 0.33 and e) 1 for the MgAl-x
materials.

Figure 6. Micrographs showing a) small MgAI-0 rods and semi-hexagonal nanostructures, and b) isolated nanorod.
MgAl-x mixed oxides with semi-hexagonal nanostructures at ¢) x=0.20, d) SAED pattern for MgAl-20 sample, e)
x=0.25, and f) x=0.33.
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Fig. 4 A-D displays the partial density of states
(PDOS) contributions at the Femi level for s and p
orbitals corresponding to Mg, Al, and O atoms for
distinct compositions. The Figs. 4 A-B show that
for pure MgO (x = 0), the oxygen atoms from the
2p orbital are responsible for electronic conduction.
Contrarily in mixed oxides, oxygen atoms present s
and p orbitals hybridization with considerably lower
s-orbital participation. The mixed oxides also present
orbitals hybridizations for Mg and Al atoms, but
mainly at x = 0.25, the lowest rate of hybridization
is reached for all Al, Mg, and O atoms.

It should also be noted that at this x-value the
Mg PDOS orbitals participation is the lowest in the
mixed oxides, according to the basicity trends above
discussed. As a result, there is a promotion of Al,
the inhibition of Mg participation at the Fermi level
and the hybridization of s and p orbitals (for Al and
O atoms) in mixed oxides. For spinel and y-Al,O3
(Fig. 4 C and D) the following was observed: a) both
compounds present preferential participation of Al
atoms and b) mainly y-Al, O3 presents p and s orbitals
hybridization of both Al and O atoms.

The difference in the basicity trend observed
experimentally through the Hammet-titration method
(Table 1) versus the theoretical trend described by
MC, could be attributed to differences on the surface
chemical composition. To get insight into this matter,
the surface composition for MgAl-x samples was
analyzed by XPS. The XPS spectra for all samples
in the core emission region of Mg 2p and Al 2p are
presented in Fig. 5 and the results are listed in Table 1.
The Al/(Al+Mg) experimental ratios were 0.40, 0.30
and 0.28 corresponding to MgAI-0.33, MgAl-0.25,
and MgAl-0.20 respectively. Those values indicated
surface aluminum enrichment, which is consistent
with the formation of MgAl,O4 spinel-type structures
(Cantrell et al., 2005; Diaz de Le6n, 2016). The MgAl-
0.20 and MgAI-0.33 oxides presented a higher Al
surface enrichment than the MgAl-0.25 sample that is
in agreement with the basic sites measurements.

Fig. 6a displays representative micrographs for
MgAIl-0 material showing MgO with semi-hexagonal
nanoplates and nanorods morphologies with diameters
of 3.3 to 7.1+0.1 nm and lengths up to ~71+1 nm.
The micrograph in Fig. 6b shows clear nanorods
lattice-fringes with an interplanar spacing (ds) of
0.208 nm corresponding to (200) plane. The electron
diffraction (SAED) pattern in Fig. 6b confirmed the
nanorods crystalline structure with (111), (200), (220),
(222), (400), (420) and (422) planes diffractions.
Micrographs for MgAl1-0.20, MgAl-0.25, and MgAl-
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0.33 binary oxides were very similar to each other
(Figs. 6¢-f). On these samples, MgAl-nanoplates with
wormhole-like mesoporosity arrangement (Harshad R.
Patil, 2016) were observed (4S-a). Those structures
presented hexagonal shape in the range of 5 nm and are
associated with the hydrotalcite precursor (Hickey et
al., 2000; Zhao, Zhang et al., 2014; Zarazia-Aguilar,
2018). The SAED pattern of mixed oxides showed
only (111), (200), (220), and (222) planes (Fig. 6d).
The MgAl-1 material (4Sc-d) presents a sheet type
structure with folds. The inset SAED-pattern for this
sample showed diffraction corresponding to (311),
(400), and (440) planes of y-Al,O3.

Conclusions

The present study showed that the isomorphic
substitution of Mg?* by AI’* cations in the MgO
nanostructure, induce a modification in the general
characteristics of the materials, i.e. textural, structural
and basicity properties. Theoretical DFT-based studies
showed that this substitution promotes the Al atoms
participation at the Fermi level and decreases that
of Mg atoms. This effect allowed the s and p
orbitals hybridization (for Al and O atoms) in these
binary mixed oxides. These DFT studies showed
that for the mixed oxides MgAl-x the optimal Al
concentration resulted in x = 0.25, consistently
with the experimental results. On the other hand,
the XPS data indicated an aluminum enrichment
on the surface of binary oxides that induced a
reduction on its basicity properties. Textural and
TGA analysis of binary oxides confirmed that high
aluminum concentration modified the pore size from
mesoporosity to macroporosity. The TEM analysis
also exhibited a change in morphology from rod-
shape to plate-shape nanostructures as a function of
Al addition.
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