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Abstract

In this study, different samples of nanoscale magnesium oxide (MgO) were synthesized using “aqueous wet chemical method (MgO-0X)”
and “surfactant method (MgO-BR: surfactant used Brij 56, MgO-TR: surfactant used Triton 100-X)”. The samples were then characterized by:
X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), diffuse reflectance infrared Fourier-transform (DRIFT) spectroscopy and
Thermogravimetric analysis (TGA). From the analyses performed, it was noticed that the amount of hydroxyl and carbonate groups differs as a
function of the synthesis procedure. The estimated dimensions of the particles are smaller in the MgO-OX sample (around 13 nm) compared to
the 16 nm of the MgO-BR samples and 18 nm of the MgO-TR samples. Studies on the reactivity of MgO nanoparticles were performed using the
DRIFT spectroscopy. Methanol and carbon monoxide were used to study the catalytic activity of MgO. At relatively low temperatures, methanol
dissociates to methoxide species. At higher temperatures, different oxidation products (formates and formic acid, CO and CO,) were observed to
form. MgO-OX showed more oxidative properties than the MgO-TR/BR samples. Moreover, the basic and acidic sites were investigated using

carbon dioxide and pyridine, respectively; the obtained results indicate a different distribution of acidic/basic sites in the different samples.

© 2007 Published by Elsevier B.V.
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1. Introduction

Magnesium oxide is considered one of the most important
compounds of magnesium industry. It is used in a variety of
applications (refractory materials, pharmaceutical, waste reme-
diation, glass industry and catalysis) [1,2]. MgO has a simple
sodium-chloride structure and is very stable thermally and stoi-
chiometrically. It has been reported that nanoscale MgO exhibits
different reactivities from conventionally prepared MgO [3].
Previous works [3-5] have shown that nanocrystalline MgO
exhibits remarkable reactivity and rates of adsorption primarily
due to two main properties:

(a) huge surface areas;

(b) unusual crystal shapes with a high amount of coordinatively
unsaturated edge/corner surface sites as well as defect sites
that are more reactive toward incoming adsorbates.
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This work presents a synthesis, characterization and reactiv-
ity study of nanoscale MgO samples synthesized using different
methods. Reactivity studies were carried out through interac-
tions with simple molecules (methanol and carbon monoxide).
Moreover, an investigation on the basic and acidic sites present
on the surface was performed by means of the chemisorption of
probe molecules (carbon dioxide and pyridine). The interaction
between MgO and several small molecules is an extensively
investigated topic [6-33]; nevertheless, few papers are con-
cerned with the influence of the preparation procedure on surface
reactivity and, to our knowledge, this is particularly true for
nanoscale MgO.

It is agreed that MgO prepared by different routes has dif-
ferent surface morphologies and properties and thus catalytic
activity and selectivity may vary; other factors, such as the heat-
ing temperature, treatment times, pH, gelling agent, and the
atmosphere in which the substance is heated affect greatly the
activity of the final product [34,35].

Many different synthetic routes provide nanoscale MgO
including sol-gel [2,36—41], hydrothermal [42], flame spray
pyrolysis [43], laser vaporization [44], chemical gas phase depo-
sition [45], combustion aerosol synthesis [46], aqueous wet


mailto:antonella.glisenti@unipd.it
dx.doi.org/10.1016/j.molcata.2007.04.039

138 F. Khairallah, A. Glisenti / Journal of Molecular Catalysis A: Chemical 274 (2007) 137-147

chemical [47] and surfactant methods [48]. . ., etc. The last two
methods, adopted in this work, were selected on the basis of their
simplicity and the relatively good control of the experimental
procedure.

Methanol is a simple molecule commonly used as a
probe. In addition, methanol is usually highly reactive toward
metal oxides [49] and may be involved both in acid—base
and redox equilibria generating different products (formalde-
hyde, formic acid, CO, CO,, H;0O), depending on the nature
of the active catalytic sites. Moreover, methanol is con-
sidered a promising combustible in fuel cell technology
[49].

In basic research work carbon monoxide is frequently used
as a model gas in adsorption and oxidation reactions on metal
oxide surfaces [33,50]. CO is a very selective probe due to its
weak interaction energy [51-53]; moreover, the C—O stretching
frequency can give valuable information concerning the active
sites. Earlier works [52,53] demonstrate that CO adsorption on
MgO generates different species depending on the type of active
sites present on the surface. Moreover, CO is important from the
environmental point of view and for its use as a useful resource
in chemical industries [54].

Carbon dioxide and pyridine (py) are considered probe
molecules for the investigation of basic and acidic sites respec-
tively. The CO, molecule has long been used as a probe
for surface basicity of metal oxide powders [55-57]. The
chemisorption of CO;, on the surface of basic oxides leads
to different compounds. This depends primarily on whether
it interacts with hydroxyl groups (formation of hydrogen car-
bonate species) or with surface oxygen (formation of mono
or bi-coordinated carbonates) [55,57-58]. The py adsorption is
considered a complementation to CO, adsorption for the study of
acid-base sites on the surface being adsorbed on both Brgnsted-
and Lewis-acid sites [59-61].

2. Experimental

2.1. “Aqueous wet chemical method” procedure [47]:
MgO-0X

MgO was precipitated from a magnesium nitrate solution
by means of ammonium hydroxide (pH 8-9). Tetraethylammo-
nium hydroxide was added to facilitate gelation/precipitation.
The obtained precipitate was dried and calcined in air at 550 °C
for 4 h.

2.2. “Surfactant method” procedure [48]

The magnesium oxide samples prepared using “surfactant
method” are denoted by MgO-BR (surfactant used: Brij 56,
Aldrich) and MgO-TR (surfactant used: Triton X-100, Acros
Organics).

A magnesium nitrate solution was added slowly to the
surfactant liquid (80°C) while stirring. The gel obtained
at room temperature (RT) was then calcined for 4h at
550°C.

2.3. Characterization and reactivity

The DRIFT spectra were collected using a Bruker IFS 66
spectrometer by using a low temperature reaction chamber
(CHC) installed in the Praying Mantis™ accessory for dif-
fuse reflection spectroscopy (HARRICK Scientific Co.). For
the adsorption experiments, the sample was exposed to the
reactive species at a flow rate of 100 cm?® min~! using the spec-
trum obtained before the exposure as a background spectrum.
By means of this procedure only the species derived from the
exposure are visible.

The CHC chamber was filled with the CO (Air Liquide,
99.997%) and CO» (Air Liquide, 99.998%) by connecting the
gas outlet directly to the reaction chamber. On the other hand,
methanol (Carlo Erba 99.8%) and pyridine (Carlo Erba, 99.7%)
were introduced by bubbling with a nitrogen flow situated in a
special glass apparatus.

XP spectra were recorded using a Perkin-Elmer & 5600ci
spectrometer with a standard Al-Ka source (187.85eV pass
energy, 0.4eV step, 0.05sstep~! for surveys; 11.75eV pass
energy, 0.1 eV step, 0.1 sstep™! for detailed spectra.).

XRD patterns were obtained using a Bruker “D8 Advance”
diffractometer with Bragg-Brentano geometry using a Cu Ka
radiation (40kV, 40 mA, A =0.15406 nm).

Thermogravimetric analysis (TGA) was carried out in
a controlled atmosphere using the simultaneous differential
techniques (SDT) 2960 of TA Instruments. The thermo-
grams were recorded at 5°Cmin~! heating rates in air and
in nitrogen flow. The temperature range was from RT to
800°C.

BET surface area values were determined using a Gemini
2375 by Micromeritics Instrument Corporation.

3. Results and discussion

3.1. Characterization: nanoscale MgO by “aqueous wet
chemical method” and “surfactant method”

In the samples prepared by the two methods, the peak posi-
tions of Mg 1s and Mg 2p (Table 1) and their shape (Fig. 1a and
b, respectively) coincide and are consistent with the presence
of Mg (II) in oxides [62—66]. The fitting procedure allows to
observe in the Mg 1s signal, the presence of two contributions
due to magnesium carbonate species (1304.6-1304.7eV) and
to magnesium oxide/hydroxide (1303.2-1303.3 eV) whereas in
the Mg 2p peak (49.3-49.5eV), only the contribution due to
magnesium oxide/hydroxide is evident [62,63,66] thus suggest-
ing the surface character of the carbonate species. Magnesium
carbonate species are more evident in the samples obtained by
means of the “surfactant method” (MgO-BR and MgO-TR, see
Table 3).

In the O 1s spectra (Fig. 1c), two contributions at about
530.0 and 531.4-531.8eV (Table 1) are evident; the fitting
procedure reveals the presence of three contributions, one
(529.6-529.8eV) is attributed to the MgO and the others to
magnesium hydroxide (531.1-531.3 V) and carbonate species
(532.2-532.3eV) [62,63,65].
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Table 1

XPS data (binding energy in eV) obtained for the MgO nanoscale samples prepared by different methods, compared with the reference values

Sample Mg Is oxide/hydroxide Mg Is carbonates

Mg 2p O Is oxide O Is hydroxide O Is carbonates

MgO-0X
MgO-TR
MgO-BR

1303.2
1303.3
1303.3

1304.7
1304.6
1304.6

532.3
5322
532.2

493
49.4
495

529.7
529.8
529.7

531.3
531.2
531.1

MgO-OX: prepared by “aqueous wet chemical method”’; MgO-TR: prepared by Triton X-100 “surfactant method”’; MgO-BR: prepared by Brij 56 “surfactant

method”.
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Fig. 1. XP spectra obtained at RT for the MgO powder samples; MZO-OX (),
MgO-BR (ssse ), MgO-TR ( ). (a) Mg 1s (b) Mg 2p (c) O 1s.

The atomic compositions derived from the XP spectra are
summarized in Table 2. The O/Mg atomic ratios are always
higher than the stoichiometric values confirming the surface
contamination; moreover, the O/Mg atomic ratio is always lower
when obtained from Mg 2p peak, hence the presence of hydrox-
yls and carbonate species is prevalent on the surface [67]. It has
also to be observed (Fig. 1, Tables 2 and 3) that the oxygen due
to contaminants is more evident in the sample MgO-BR.

The XRD analysis shows only the presence of cubic MgO;
using Scherrer’s formula, [62,68] the mean crystallite dimen-
sions were evaluated to lie between 13 nm (MgO-OX sample)
and 16-18 nm (MgO-BR, MgO-TR samples).

The DRIFT spectra (Figs. 2 and 3), obtained as a function of
temperature, show some differences between the MgO samples.
First, in the MgO-OX sample spectra (Fig. 2a), between RT and
300 °C there is a strong, sharp absorption peak at ca. 3700 cm ™!
characteristic of single vVOH of Mg(OH),, [69-71]; this peak
disappears at 350 °C and is almost insignificant in the samples
obtained by means of the “surfactant method” (Fig. 3a). A rela-
tively small peak at 3736 cm ™! is observed in all samples at high
temperature (400 °C) and could be attributed to isolated OH-
groups [70-72]. A broad band ranging from 3600 to 3000 cm ™!
is evident in all the samples and particularly on MgO-OX. This
band is most likely due to water molecules adsorbed on the sam-
ple surface [70] and to hydrogen-bound hydroxyl groups. This
band is more evident at low temperatures and diminishes with
increasing temperature. At RT the adsorbed moisture is less in
the MgO-BR sample (Fig. 3a), but disappears more slowly than
in the MgO-OX sample, thus indicating a stronger interaction.
This result is consistent with XPS data that indicate a higher
contamination under UHV conditions.

In Figs. 2b, 3b, a broad intense band between
1640-1300cm ™! characteristic of mono- and bi-coordinated
carbonate species (generated from the interaction with atmo-
spheric CO;) is observed [73]. In the MgO-BR sample,
carbonate species tend to disappear at a lower temperature
(350°C), compared to the disappearing of these species at
400°C in the MgO-OX sample. The aspects found in the
samples and the behaviour observed at increasing temperatures
suggest a different distribution of active sites.

The XPS and IR results indicate that the sites active toward
the interaction with moisture are less numerous but stronger
on the MgO-BR sample: in fact the corresponding IR signals
are less intense in this sample but their decrease as a function of
temperature is slower; moreover this is confirmed by XPS results
indicating that the MgO-BR contaminants are more resistant
at the UHV conditions. The site active toward the interaction



140 F. Khairallah, A. Glisenti / Journal of Molecular Catalysis A: Chemical 274 (2007) 137-147

Table 2
XPS data (atomic compositions) obtained for the MgO nanoscale samples prepared by different methods
Sample Mg 1s (%) Mg 2p (%) O/Mg

Mg (0] C Mg (6] C O/Mg 1s O/Mg 2p
MgO-0X 30.2 56.6 13.2 335 53.9 12.6 1.8 1.6
MgO-TR 26.6 57.5 15.9 33.7 51.0 153 2.1 1.6
MgO-BR 17.9 554 26.7 26.3 49.7 24.0 3.0 1.9

MgO-OX: prepared by “aqueous wet chemical method”’; MgO-TR: prepared by Triton X-100 “surfactant method”’; MgO-BR: prepared by Brij 56 “surfactant

method”.

with carbon dioxide, in contrast, seems weaker: the carbonate
species are removed at slightly lower temperature. The IR results
concerning MgO-TR sample (not reported for sake of brevity)
are almost identical to those obtained for MgO-BR.

The thermogram of the MgO-OX sample (Fig. 4) shows three
thermal steps. The first step between 37 °C and 180°C (6.5%
loss) is attributed to the elimination of adsorbed moisture. The
second step (12.3% loss), between 205 °C and 410 °C, is due
to the conversion of some residual Mg(OH), as well as to the
elimination of carbonate species [73]. These results are consis-
tent with the DRIFT analysis shown before. The third relatively
small step (1.1% loss) at 500—600 °C is probably due to the elim-
ination of some residual carbonate species. The smaller percent
weight loss in the MgO-BR sample (first step: 2.6% and second
step: 6.8%) (Fig. 4) confirms the suggestion of a different distri-
bution of hydroxyl groups and active sites and particularly of a
less relevant presence. The MgO-TR sample showed a relatively
slight difference in the thermal analysis pattern compared to the
MgO-BR sample such that the percent weight loss is higher in
the two steps (first step 5.3% versus 2.6%; second step 9.0%
versus 6.8%).

Finally, the specific surface area is influenced by the prepa-
ration procedure: the MgO-BR surface area (22.62m?/g) is
lower than MgO-OX and MgO-TR surface areas (65.10 and
67.85 m?/g).

3.2. Reactivity: interaction with methanol

The DRIFT analysis was carried out both in methanol flow
and after successive evacuation with nitrogen. Fig. 5 displays the
IR spectra obtained after exposing the samples to methanol (for
3 min). In Figs. 6 to 8, the spectra collected after the nitrogen flow
(for 5-10 min) are shown; this last procedure allows to avoid the
contributions due to gas phase methanol and to better observe
the signals due to the species that are rather strongly bonded to
the surfaces.

As a general consideration, the IR spectra obtained at RT in
methanol flow show a rather complex shape corresponding to
the presence of several species. The spectral region correspond-
ing to O—H stretching (Fig. 5a) suggests a severe perturbation of
hydroxyl groups; in particular, new mono-coordinated hydrox-
yls are evident after exposure (signal at 3765-3770cm™!)
thus indicating a dissociative chemisorption of methanol. This
phenomenon is particularly evident for the MgO-OX sample
suggesting the presence of more acidic/basic sites in MgO-OX.
Signals attributed to the stretching of OH groups were already
revealed after exposure to methanol; Tench et al., as an exam-
ple, observed two contributions at 3740 and 3557 cm~! [74].
Besides dissociated methanol, molecularly adsorbed and gas
phase methanol are revealed by the broad bands in the C—O
and C—H stretching regions (Fig. 5b and c) [75,76]. Moreover,
the comparison between the spectra obtained in this region for
the three samples suggests a more significant presence of gas
phase and molecularly chemisorbed methanol in MgO-BR; this
result is in agreement with a lower dissociation of methanol, as
resulting from the IR region of OH stretching (Fig. 5a).

Note that a theoretical study by Branda et al. [22] postulated
the possibility of a H-bond type interaction between surface oxy-
gen anions and the hydrogen belonging to methanol. Moreover,
oxygen and magnesium ions characterized by different coor-
dinative insaturation exhibit different reactivity with respect to
methanol: these sites are the only responsible of the methanol
proton abstraction [22,25,26].

At RT (Fig. 5a) and 100°C, the partial dissociation of
methanol is also revealed by the C—O stretching signals around
1050-1060cm~"! [77]. The comparison with literature data
[78] suggests that the methoxy species are predominately bi-
coordinated. It is also evident the C—O stretching contribution
in this band at 1033 cm™! corresponding to liquid-like methanol.
As a general consideration, several methoxy species were
observed after exposing MgO; at increasing temperature these
species, whose C—O stretching frequencies range is around

Table 3
XPS data (from fitting procedure) obtained for the MgO nanoscale samples prepared by different methods
Sample Mg 1s (%) O 1s (%)
Mg 1s oxide/hydroxide Mg 1s carbonates O 1s oxide O 1s hydroxide O 1s carbonates
MgO-0X 74 26 32 24 44
MgO-TR 65 35 30 24 46
MgO-BR 56 44 30 21 49

MgO-OX: prepared by “aqueous wet chemical method”; MgO-TR: prepared by Triton X-100 “surfactant method”; MgO-BR: prepared by Brij 56 “surfactant

method”.
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Fig.2. DRIFT profiles of the MgO-OX powder sample; RT (wms), 100 °C (s a4 s),
200°C (- = =), 300°C (—.7.7),350°C (-..-..- ), and 400 °C (—). (a) Spectral
range: 4000-2600 cm™!, (b) spectral range: 1700-1300cm™".

1060-1150cm™! (depending on the exposure conditions and
on the MgO preparation procedure), show a different behaviour
with respect to temperature [74,77,78]: in particular the signals
characterized by higher stretching frequency can be observed
until high temperature.

All the species except methoxy groups, are removed by N»
evacuation (Fig. 6a); the position of the obtained signal (at about
1045 cm™!) confirms its attribution to bi-coordinated methoxy
groups.

At high temperatures, 300—400 °C, the dissociation leads to a
new type of interaction where strongly bound mono-coordinated
methoxy species (bands between 1120 and 1070 cm™ 1 (Fig. 6b),
prevail on the bi-coordinated ones. In particular a single signal at
1105 cm™! is observed for MgO-OX whereas at least three con-
tributions at 1115-1110, 1100-1090 and at about 1080 cm ™! are
evident for MgO-BR and MgO-TR. This could suggest that at
high temperatures “new” active sites (coordinatively unsaturated
species) form probably as a consequence of the dehydroxyla-
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Fig.3. DRIFT profiles of the MgO-BR powder sample; RT (mm= ), 100 °C (s 2 v +),
200°C (- = =), 300°C (—.7.7),350°C (-..-..- ), and 400 °C (—). (a) Spectral
range: 4000-2600 cm™!, (b) Spectral range: 1700-1300cm™~".

tion or the decomposition of carbonate species. The formation
of these new sites is more evident in the surfactant samples
in agreement with the DRIFT characterization results observed
before where in practise, the MgO-BR and MgO-TR samples
are observed to have less but relatively stronger active sites (as
demonstrated by the presence of hydroxide groups at relatively
high temperatures).

100 —
95 —
S
£ 90 a
R
QO
g 85
b
80 —
c

| | | | | | |
100 200 300 400 500 600 700
Temperature (°C)

Fig. 4. TGA spectra of MgO samples obtained by different methods in air; (a)
MgO-BR, (b) MgO-TR and (c) MgO-0X.
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As far as the oxidation products are concerned, methanol
oxidation was observed to occur on MgO-BR/TR at rather low
temperature (165 °C) giving rise to formaldehyde [79] or to
formates [77] depending on the sample history, the exposure
conditions, etc. Our IR data indicate that the samples form
formic acid at RT [80]. This result is suggested by an intense
signal centred at about 1670cm™"! (Fig. 7a) as well as to the
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Fig. 6. DRIFT profiles of the MgO samples obtained after the exposure to
methanol (in nitrogen flow) and successively to Np; MgO-OX (mm= ), MgO-
BR (+e.. ), MgO-TR ( ); (a) RT, spectral range: 1100-1000 cm~!, (b)
300°C, spectral range: 1150-1050cm™!.

C—H stretching signal at around 2800 cm ™! (Fig. 7b). At higher
temperature the exposure to methanol gives rise to different
products depending on the preparation procedure. The peaks
at about 1603 and 1625 cm™! observed after exposing the sam-
ples to methanol at 300-400 °C and successively to N» (Fig. 8a),
agree with the formation of bi-coordinated formates when con-
sidering the surfactant samples [77,81,82]. This is confirmed
by the signals due to formates observed in the C—H stretching
region (Fig. 8b). IR data indicate that the formation of formates
is favoured at high temperatures. These formates are probably
formed through the oxidation of methanol with reticular oxygen
present on the surface and are rather stable because they persist
after N, evacuation.

It is important to observe the absence of the C—H stretch in
the MgO-OX sample suggesting the attribution of the peak at
about 1600 cm™! to bi-coordinated carbonates. This points out
that at higher temperatures the MgO-OX sample possesses a
different typology of sites with respect to the surfactant MgO
samples and confirms that the preparation method greatly affects
the properties of the active sites.

The CO and CO; are also noticed to form. The correspond-
ing signals, in fact, are observed at high temperatures. In the
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MgO-OX (= ), MgO-BR (+2+. ), MgO-TR ( ). (a) Spectral range:
1750-1600 cm™!, (b) spectral range: 3100-2700cm™!.

MgO-OX sample, the CO starts to appear from 200 °C while
CO; appears from 300 °C. On the other hand, in the “surfac-
tant method” samples (MgO-BR and MgO-TR), both CO and
CO; contributions start to be evident from 400 °C (Fig. 9). From
Fig. 9 also, it could be noticed the more intense signals relative
to the presence of CO; in the MgO-OX sample; moreover, at
400 °C MgO-0X induces only the formation of carbon dioxide.

The decrease in the formate and methoxy signals suggests
that the possible mechanism for the formation of CO; is the
oxidation of formate or CO with oxygen active sites. CO could
be formed from methanol decomposition on the surface. Another
interpretation comes from the reduction of CO, in which oxygen
vacancies present on the surface of oxides takes away an oxygen
from CO; to form CO indicating the relative high reactivity of the
surface. This behaviour was already observed in several oxides
[83-85].

Taking into consideration the surfactant samples, the CO; or
CO produced does not generate any carbonates through the inter-
action with basic sites. This is particularly important for catalysis
applications such that undesired products do not occupy the sites.
After N, evacuation, these formed species are eliminated.
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Concerning the surfactant samples and from the observations
of methanol interaction with the surface, it could be said that at
high temperatures, 300—400 °C, new active sites appear which
favor the methanol dissociation and in a less extent oxidation.
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Fig. 9. DRIFT profiles of the MgO samples obtained after the exposure to

methanol for 3 min at 400 °C; MgO-OX (mm= ), MgO-BR (+s.. ), MgO-TR
( ). Spectral range: 2400-2000 cm™".
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The different distribution of active sites could be responsible
for the different reactivity with respect to methanol at high
temperatures.

3.3. Reactivity: interaction with carbon monoxide (CO)

The interaction between CO and MgO is a very complex and
investigated topic. This complexity originates from the forma-
tion of several different types of adsorbed species and from the
great influence of the preparation procedure on the MgO surface
and thus on the active sites.

The exposure of the samples to CO gives rise to several
observations. At RT and 100°C a small peak at 2057 cm™! is
observed in all cases (Fig. 10a); this signal is slightly more evi-
dent in the MgO-TR sample thus suggesting a higher presence
of the active site responsible for this CO interaction. Earlier
studies attributed the red-shifted signal to the formation of
ketenic species through the interaction of a CO molecule with
a (0—C—0)>" site originated by the adsorption of CO on a
low-coordinated oxygen ion, OZ_LC [33,50,52,53,86]. On the
other hand, a complex interaction with the surface metal cations
and the oxygen anions near neighbours was already hypothe-
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Fig. 10. DRIFT profiles of the MgO samples obtained after the exposure to
CO; MgO-0X MgO-OX (mmm= ), MgO-BR (¢ e+ ), MgO-TR ( ). (a) RT
spectral range: 2250-2020 cm™!; (b) MgO-0X 300 °C (continuous line), 400 °C
(dotted line); spectral range: 2250-2050 cm ™.

sized to explain a similar behaviour for several oxides [87-89].
At elevated temperatures (300-400°C) and in the MgO-OX
sample only, it is noticed a blue shifted signal (2189 cm™")
(Fig. 10b). At 400°C, it is noticed a broadening of this peak
suggesting different kinds of interactions with the surface. This
last interaction is expected through coordination with Lewis
acidic sites via a o-donor bond [33,52,53] and suggests the
formation of strong Lewis acidic site on the MgO-OX sample
surface as a consequence of the heat treatment. In particu-
lar literature data suggest that the signal position agrees with
the interaction with four-coordinated Mg?* cations, Mgyc>*
[33,50,52].

The obtained data suggest a significant influence of the sam-
ple history on the amount and distribution of the active sites,
Mgpc?* and Mgy c2*—Oy %~ pairs, responsible of the interac-
tion with CO [19]; moreover, the different distribution of active
sites could be responsible for the different reactivity observed
with respect to methanol.

The CO oxidation is revealed by the signals between 2300
and 2400 cm™~! due to carbon dioxide formation (Fig. 11). CO
oxidation is not inconsistent with the proposed mechanism for
CO interaction [33,50] in which O 2~ play an important role.

In the MgO-OX sample, the CO; starts to show up from
200 °C. The intensity is noticed to increase as temperature rises
(200-400°C), whereas for the MgO-TR and BR samples the
CO; merely starts to appear at 300 °C. This suggests that MgO-
OX has a higher reactivity towards oxidation. In all the samples,
the obtained carbon dioxide is removed by a nitrogen flow and
no formation of carbonate species was observed. This is a par-
ticularly important feature in catalysis where in most catalysts
there is a tendency to be poisoned by the presence of CO. The
MgO in this case interacts with CO forming “less” poisoning
species, and supports the idea that MgO could be considered
as a promising catalyst for decreasing the concentration of CO
in exhaust gases. Another feature concerning CO oxidation is
the formation of formates and formic acid [80]. These species,
characterised by the bands at 1672 and 1625cm~! and by the
peaks of CH stretching at 2830 cm ™!, are observed evidently at
400°C (Fig. 11) and their formation is hypothesized to occur
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Fig. 11. DRIFT profiles of the MgO samples obtained after the exposure to CO
at 400 °C; MgO-OX (s ), MgO-BR (224« ), MgO-TR ( ). (a) Spectral
range: 2500-1400 cm™!, (b) spectral range: 3000-1400 cm™".
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via the interaction of CO with surface hydroxyl groups. Also in
this case, the MgO-OX sample exhibits the most intense peaks
confirming the higher reactivity of MgO-0OX.

3.4. Reactivity: interaction with carbon dioxide (CO;) and
pyridine (py)

In order to better understand the different aspects of MgO
samples reactivity, it was intended to investigate the basic and
acidic sites present through the interaction with CO; and py,
respectively. Acid—base behaviour was already observed to be
influenced by the sample history: mono- and bi-coordinated
carbonate species and hydrogen carbonates were observed to
form after exposing to carbon dioxide samples prepared and
treated with different procedures [56-59,61,71]; moreover, it
was observed that the reaction of carbon dioxide with MgO is
rather limited, CO, only interacting with defect sites [57,90].
The active role of coordinatively unsaturated magnesium cations
was already confirmed [6,7,12].

The DRIFT spectra obtained after exposing the MgO-OX and
MgO-TR samples to CO, are shown in Fig. 12. The reactivity
of MgO-BR does not differ significantly with respect to that of
MgO-TR and thus the corresponding data are not reported.

In the MgO-OX sample at RT, two rather weak contribu-
tions at about 1620 cm™! and 1680 cm™~! and a relatively small
peak at 1387 cm™! (Fig. 12a) agree with the presence of bicar-
bonates species [56,59,71]. The absence of C-H stretching of
formate species allows excluding their contribution to the peaks
in the range 1700-1600 cm™!. Bicarbonates could be the result
of CO, interaction with residual free OH groups present on
the surface. No peaks for mono-coordinated carbonate were
detected. This result indicates the absence of coordinatively
isolated oxygen anions and is in accordance with the high
hydroxylation observed for this sample. With increasing temper-
ature the signals due to carbonates get more intense; moreover,
two signals at 1615cm™" and 1297 cm™' suggest the forma-
tion of bi-coordinated carbonate species and thus of complex
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Fig. 12. DRIFT profiles of the MgO samples obtained after the exposure to CO,:
MgO-OX RT (red continuous line), MgO-OX 400 °C (red dotted line); MgO-TR
RT (green continuous line), MgO-TR 400 °C (green dotted line). Spectral range:
1800-1150 cm™". (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of the article.)

sites constituted by a coordinatively unsaturated cation and a
coordinatively unsaturated oxygen anion near neighbour.

At RT the MgO-TR sample shows a behaviour similar to
MgO-OX but the peaks are more intense and mainly centred
around 1650—1700 cm™", consistently with a higher presence of
active hydroxyl groups.

At increasing temperature, a tail at about 1580—1600 cm ™!
is consistent with the formation of bi-coordinated carbonate
species. The formation of bi-coordinated carbonates (and thus
of complex acidic-basic sites) became prevalent at high tem-
peratures (300—400 °C); bicarbonate species, however, never
disappear (Fig. 12b). It is noteworthy observing that MgO-
OX sample shows a more evident presence of bicarbonate and
bi-coordinated species at 300—400 °C. Moreover, at high temper-
atures some mono-coordinated carbonates appear, as evidenced
by the shoulder at about 1520 cm~! [59]. The interaction of
carbon dioxide with coordinatively unsaturated oxygen anions
(obtained as a consequence of the surface dehydroxylation)
is a possible interpretation for the formation of the mono-
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Fig. 13. DRIFT profiles obtained after a prolonged (15 min) exposure to pyridine
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Spectral range: 1800-1400cm ™.
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coordinated carbonate species. In comparison between the two
samples, the carbonates formed on the MgO-TR tend to remain
after N, evacuation. This indicates a relatively stronger CO»
interaction. The presence of basic sites on MgO is commonly
attributed to surface O>~ anions: differently coordinated O>~
sites must be responsible for basic sites of different strengths
[59]. No significant differences have been observed between the
two samples prepared by using different surfactants.

Finally, it is important to note that the CO, conversion to
CO was never observed thus suggesting that the formation of
CO after exposure to methanol cannot be attributed to this phe-
nomenon.

Regarding the Py adsorption experiment, several studies
claimed that MgO samples obtained by different preparation
procedures are characterized by different acidity [40,59,61].
The DRIFT experiments were performed at RT under N, atmo-
sphere.

In the MgO-OX sample after a prolonged exposure to py
(Fig. 13a), two major peaks at 1585cm~! and 1439cm™!
attributed to liquid-like py are noticed [60-61,91]. It is also
noticed the presence of a broad band at 1661 cm™! attributed
to the interaction with strong acidic sites [92] however the for-
mation of oxidation products could not be excluded [93]. The
sharp peak at 3724 cm™~! (Fig. 13b), is attributed to the vOH as
aresult of a possible rearrangement of the hydroxyl groups after
the adsorption of py [60]. On the other hand, in the TR sample
(Fig. 13c), much less intense peaks are noticed at 1586 cm™!
and 1439 cm™! suggesting that pyridine is merely in liquid-like
form; a weak and broad signal around 1550cm™! is in agree-
ment with the formation of traces of pyridinium ion and thus
with the presence of Brgnsted acidic sites (similar results have
been obtained on the MgO-TR sample). From these results, it
could be deduced that the acidic/basic sites distribution is influ-
enced by the preparation procedure. It is noteworthy saying that
in all the investigated samples the interaction with py is a slow
process as the peaks are seen only after a prolonged exposure.

4. Conclusions

To study the influence of the synthesis procedure, nanoscale
magnesium oxide was prepared by two different procedures:
“aqueous wet chemical method” and “surfactant method”’; more-
over, the effect of the surfactant was investigated taking into
consideration two different surfactant (Brij 56 and Triton 100-
X).

XRD patterns indicate the presence of cubic MgO. The mean
crystallite sizes evaluated by means of Scherrer’s equation are
around 13-18 nm.

XPS analysis showed that the samples are homogeneous and
with a certain hydroxylation on the surface. On the other hand,
the samples showed differences in the interaction with the atmo-
sphere (CO; and moisture) as evidenced by the DRIFT analysis.
These differences suggest the presence of different sites and
hence a different reactivity.

The influence of the preparation procedure on the reactiv-
ity was confirmed through the interaction with probe molecules
(methanol and carbon monoxide).

At low temperatures (RT-200 °C), methanol interacts molec-
ularly and dissociatively with all the samples; dissociative
interaction increases with increasing temperature. IR data sug-
gest that the sample obtained by “aqueous wet chemical method”
is relatively more active in the dissociation of methanol espe-
cially at RT. At higher temperatures (300-400°C), different
oxidation products (formates and formic acid, CO and CO,)
were observed. Moreover the sample prepared by “aqueous wet
chemical method” is the most active in oxidation.

All the samples interact with CO at RT causing a red-shift of
the signal characteristic of carbon monoxide; this interaction is
more evident in the MgO-TR sample. A blue-shifting interac-
tion is observed, at high temperature, on the sample obtained by
“aqueous wet chemical method”. CO oxidation produces CO»,
formic acid and formates starting from 200 °C in the “aqueous
wet chemical method sample” and at relatively higher tempera-
tures in the “surfactant method” samples.

The interaction with CO, and pyridine revealed a different
distribution of acidic/basic active sites for the samples syn-
thesized with “aqueous wet chemical method” and “‘surfactant
method”. No significant difference, in contrast, has been marked
between the samples prepared from different surfactants.
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