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Abstract: Using DFT calculations, we have considered different adsorption configurations of water
molecules on MgO surfaces. In some cases, we have observed a chemical reaction between water and
the surface, with the formation of hydroxyl groups. We have systematically compared the calculated
Raman spectra of the final optimized structures with the measured spectra from MgO nanoparticles.
Our results confirm the high reactivity of MgO surfaces with water. Some obtained structures can
be considered precursors for the transformation of MgO into Mg(OH)2. We suggest that some of
them could be identified using Raman spectroscopy. Our study confirms the high potentiality of
Raman spectroscopy, associated with numerical calculations, for the study of chemical reactivity of
nanoparticles.
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1. Introduction

Nanoparticles often possess properties deviating from the bulk phase and, for that
reason, also offer perspectives for novel applications [1,2]. The bulk form of magnesium
oxide is primarily used for refractory cement [3] and flame retardants [4] due to its excellent
temperature resistance, as well as food supplement [5], as a buffer for acids in mining
industries [6], and occasionally as an electric insulator [7]. In contrast, MgO nanoparticles
have paved the way for additional applications in the production of functional ceramics [8],
the catalytic remediation of wastewater [9], carbon dioxide capture [10], gas sensors [11],
antibacterial coatings [12], and their use in therapeutics [13] and drug delivery [14].

The high surface-to-volume ratio and the increase in sites with low coordination on
the surface of nanoparticles, in particular on facets with high Miller indices, make them
particularly efficient when it comes to catalytic activity [15,16]. Moreover, MgO nanoparti-
cles, being chemically very stable, show excellent stability against catalyst poisoning: being
highly reusable makes them eco-friendly.

And while the surface-related properties are often associated with the nominal surface
of MgO, it has been reported for some time that these surfaces are also extremely sensitive
to ambient humidity. The presence of water (as well as solid contaminants and various
gases) can strongly affect the nominal MgO surface: what is considered a clean surface
is not always so clean, in particular when the nanoparticles are stored under ambient
conditions. MgO nanoparticles are particularly susceptible due to their extremely large
surface-to-volume ratio.

MgO is a large band gap ionic oxide crystallizing in a face-centered cubic structure.
Its surface chemistry has been extensively studied [17] as it is commonly used for hetero-
geneous catalysis and as a substrate for the growth of epitaxial films. MgO nanoparticles
have recently attracted much attention [18]. The precise chemical control of its surface is
thus a key point.
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Syrlybekov et al. [19] have demonstrated that for a clean (001) single crystalline
MgO bulk left for 8 months in ambient conditions, magnesium hydroxyl and carbonate
are present on the surface. The preparation of a clean MgO surface is not simple, as
this compound is hygroscopic [20]. Of course, in the case of nanoparticles, chemical
transformations can occur much faster: Thomele et al. [21] have reported the formation of
Mg(OH)2 for MgO nanoparticles in the presence of water.

To get a better understating of the water-MgO interaction, numerical calculations
have been performed [22–24]. Ončák et al. [25] have confirmed using DFT that a fully
hydroxylated topmost MgO(001) is not stable and have proposed a surface reconstruction
with Mg2+ ions above the surface. The pulling out from the surface of Mg atoms was
proposed by Jug et al. [26] as a possible first step of Mg(OH)2 layer formation on the MgO
surface. It appears that the reactivity of MgO with water is high, and it should even be
higher in the specific case of nanoparticles for which the surface-to-volume ratio is big. The
question of the chemical mechanisms involved in the interaction between water and MgO
remains open.

Raman spectroscopy is a powerful technique for the study of nanostructure sur-
faces [27]. For symmetry reasons, MgO has no first-order Raman mode [28]. Neverthe-
less, Ishikawa et al. [29] have reported four Raman modes for MgO microcrystals in the
200–1200 cm−1 spectral region. They proposed different hypotheses for the origin of these
unattended modes: relaxation of selection rules and phonons at the zone boundary. They
suggested that these modes result from the MgO itself and have not considered the possible
chemical reactivity of nanoparticles with species present in the ambient air. In particular,
they have not paid attention to the OH spectral region (around 3600 cm−1), a key spectral
region in the case of water adsorption.

In this article, we propose to focus on the Raman spectrum in the specific -OH region
of MgO surfaces in interaction with water molecules. We performed DFT calculations
for different water adsorption configurations and compared them with the experimental
spectrum of MgO nanoparticles stored in ambient air. Our results clearly confirm the
high reactivity of MgO with water. This feature should be taken into account for the
interpretation of the Raman spectrum of MgO nanoparticles.

2. Methods

DFT calculations have been performed with Crystal Software [30,31]. Firstly, a two-
dimensional slab of 4 layers of MgO crystal (space group 225, fcc structure and lattice
parameter of 4.21 Å) has been cut at atomic planes (001), (011) and (112). For the low-density
water coverage (1 adsorbed water molecule per 2 MgO unit cell on the top layer), three
different configurations have been simulated: H2O on MgO(001) slab, H2O on MgO(011)
slab and H2O on MgO(112) slab. For high-density water coverage (2 adsorbed water
molecules per unit cell of 17 Å2), only one configuration consisting of H2O over MgO(001)
surface has been simulated. Those configurations offer a good compromise between
efficiency and calculation cost. The final optimized atoms coordinates can be found in the
supplementary information. We have used the hybrid B3LYP Hamiltonian [32,33] plus
D3-dispersion [34], associated with a double-zeta plus polarization atomic orbital basis
set adapted for periodic systems [35]. Basis sets were directly chosen from the Crystal
library [36] for Mg [37], O [38,39] and H [40]. We have also reported the results obtained
with the same basis set but adding a d-orbital on Mg (0.4 bohr−2) and O (0.5 bohr−2).

Firstly, a self-consistent field (SCF) calculation is performed in order to obtain the
unperturbed energy and electron density after geometry optimization, and then the Cou-
pled Perturbed Hartree—Fock and Kohn—Sham (CPHF/CPKS) method implemented in
Crystal is used to determine the Raman intensities [41,42], followed by the harmonic calcu-
lation of the vibrational modes with their frequency [43,44]. Anharmonic correction of the
Raman spectrum will also be conducted using the vibrational self-consistent field (VSCF)
plus vibrational configurational interaction (VCI) models implemented in the CRYSTAL
code [45–47].
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For the Raman experiments, high-purity MgO nanoparticles (99+%) of nominal size of
20 nm (US Research Nanomaterials Inc.) have been used. Raman spectra were performed
on a Horiba spectrometer (iHR320) system with a 473 nm laser, an objective of 50× and a
grating of 2400 L/mm (1 cm−1 typical spectral resolution). The exposition time was 120 s,
with 3 spectra acquired for averaging in order to obtain the best signal-to-noise ratio. The
spectrometer was calibrated with the spectral lines of a xenon lamp.

3. Results and Discussion

The water molecule has three Raman active modes: one symmetric bending mode (A1
symmetry), observed at around 1600 cm−1, and two stretching modes (symmetric A1 and
antisymmetric B2), giving rise to a broad experimental band between 3000 and 3600 cm−1.
MgO has no first-order Raman active modes.

In ambient air, water is easily adsorbed on the surface of MgO nanoparticles. Figure 1
shows the experimental Raman spectrum of MgO nanoparticles in the OH stretching region,
and at least four modes are observed (3650, 3670, 3710 and 3730 cm−1), confirming the
presence of water on the MgO surface. Compared to the standard Raman spectrum of free
water, those modes are shifted towards higher wavenumber due to the specific interaction
between water and the MgO surface. Surprisingly they are also much thinner than what is
observed with free water, typically 10 cm−1 for the 3650 cm−1 peak.
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Figure 1. (a) Typical Raman spectrum of MgO nanoparticles in the OH stretching region. (b) Raman
spectrum of liquid water in the same spectral range.

Those experimental measurements prove the interaction of water with the MgO
surface. It also demonstrates that Raman spectroscopy is a powerful method for the study
of nanoparticles’ surface reactivity.

Nevertheless, the exact origin of those modes remains unclear. To push forward the
analysis of Raman spectra of MgO nanoparticles in the OH region, we performed DFT
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calculations of water molecules on MgO with different configurations. We have studied the
effect of the crystallographic surface of MgO, the density of water molecules adsorption, and
the possible chemical reactions between water and MgO. For each situation, we calculated
the Raman spectra and compared them with what was experimentally reported.

MgO has three simple surfaces: (001), (011) and (111). Due to charge surfaces, the
(111) surface is unstable and cannot be considered. We first performed DFT calculations
of harmonic Raman modes of a water molecule adsorbed on a (001) MgO surface, a
configuration that has already been reported in many publications [48–50]. The optimized
geometry and the calculated spectrum are shown in Figure 2 for the smallest basis set
(without d-orbital on O and Mg).
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The oxygen atom is above an Mg atom, whereas one of the two hydrogen atoms tends
to point towards surface oxygen with a hydrogen bond of ~1.8 Å. The water molecule
does not lie flat on the surface but is slightly tilted. Those results are in good accordance
with what was reported by Gardeh et al. [51] with the Vienna ab initio simulation package
for DFT calculations and Alessio et al. [52] with a hybrid quantum mechanics approach.
The top layer of Mg and O atoms is also slightly deformed by the presence of the water
molecule. Jong Wan Lee [53] has also reported the top layer deformation of MgO surfaces
in interaction with carbon and hydrogen using a first-principles quantum mechanical code.
From our simulation, one can also notice that the H2O molecule is not dissociated. The mode
at 3709 cm−1 is the Raman O-H stretching mode of the hydrogen that is tilted away from
the MgO surface, while the mode at 3107 cm−1 is the O-H stretching mode of the hydrogen
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that is pointing towards the MgO surface. One can notice that the former frequency value
is much higher than that of the hydrogen pointing towards the MgO surface, which is due
to the fact that the hydrogen pointing away from the surface is more free than the one
pointing towards the MgO surface. The hydrogen that is pointing toward the MgO surface
probably forms a weak hydrogen bond with the oxygen of the MgO surface (see the view
from the top on Figure 2). Therefore its stretching mode (3107 cm−1) is lower. We can safely
assume that there is physisorption of H2O on the MgO(001) surface, and thus no chemical
reaction with MgO(001). Anyway, the two reported modes at 3107 and 3709 cm−1 cannot
explain the four modes shown in Figure 1.

Another possibility is to consider a higher coverage of water molecules on the MgO(001)
surface. In the configuration shown in Figure 2, the density of water molecules (1 adsorbed
molecule per unit cell of 17 Å2) is too low for interaction between adsorbed molecules
themselves. Thus, the final geometry of the system is purely governed by the molecule-
surface interaction. Figure 3 shows the calculated configuration with a double density of
water molecules on the MgO(001) surface.
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Figure 3. Calculated configuration and Raman spectra for a higher density of water molecules on a
(001) MgO surface. Green balls corresponds to Mg atoms, red balls to O atoms and white balls to
H atoms.

This time, due to higher intermolecular interactions, water molecules adopt different
orientation angles towards the MgO surface. Therefore, the doublet of OH modes is split
into four modes. Nevertheless, even if we observe four modes, their splitting is greater
than what is experimentally measured. In addition, several peaks appear below 3500 cm−1,
not observed in experimental Raman spectra. This configuration leads to Raman spectra
that are quite different from what is measured.

The last situation is the chemical reactivity of MgO with water. Due to their high
surface-to-volume ratio, nanoparticles are much more reactive than bulk materials. Thus
water molecules can react with MgO surfaces to form Mg(OH)2. Jug et al. [26] have
proposed a process for the Mg(OH)2 formation based on a pulling-out mechanism of Mg
atoms from the surface. In our previous calculations, we have not observed such a feature:
the stability of the (001) surfaces is very high towards reactivity with water.

As mentioned above, we thus considered the more reactive (011) and (112) surfaces.
After energy optimization, we observed dissociation of the water molecule with bridge Mg-
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O(H)-Mg and (Mg)O-H covalent bonds, as can be seen in Figure 4. This result confirms the
higher reactivity of (011) and (112) surfaces, in comparison with the (001), independently
from any pulling-out mechanism. This dissociation can be considered as a first step towards
the transformation of MgO into Mg(OH)2 as both the OH and H resulting react with the
MgO surface. The MgO surface itself is highly deformed.
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Figure 4. Energy optimization of the MgO(011) and (112) surfaces in interaction with water molecules.
Green balls corresponds to Mg atoms, red balls to O atoms and white balls to H atoms.

We have then calculated the harmonic Raman spectrum of both surfaces, and the
obtained spectra are shown in Figure 5 (small basis set, without d-orbitals on O and Mg).
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Figure 5. Calculated Raman spectrum of the MgO(112) and (011) surfaces in interaction with water
molecules after energy optimization. Green balls corresponds to Mg atoms, red balls to O atoms and
white balls to H atoms.

Two vibrational modes are present in the OH region, for both surfaces, with wavenum-
bers very close to what is experimentally observed (Figure 1). Those two modes are the
stretching O-H modes of the dissociated water molecule. For the MgO(011) surface, the
highest mode, 3795 cm−1, corresponds to the O-H stretching mode of the OH that is at-
tached to the Mg of the surface, while the 3460 cm−1 corresponds to the O-H stretching
mode of the hydrogen that is bound to the oxygen of the MgO surface. One can observe
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that the same goes for the MgO(112) surface: the highest mode, 3780 cm−1, corresponds to
the stretching mode of the hydroxyl that is attached to the MgO surface, and the lowest
mode, 3633 cm−1, is the stretching of the hydrogen that is bound to the surface oxygen.

To push forward our calculations, we have now considered the anharmonicity. Calcu-
lations of Raman modes for free H2O are reported in Table 1 for both the smallest basis set
and the basis set with d orbitals. It appears clearly that an anharmonic treatment of the
modes is necessary to be conducted for a better agreement with the experiment. For the
clarity of the discussion, we have also considered Mg(OH)2 (brucite) in its P-3m1 space
group (164).

Table 1. Wavenumber (in cm−1)/Raman intensities (in Å4 amu−1) of water, brucite and H2O on
MgO. Values in parentheses are obtained with the smallest basis set without d-orbitals on Mg and O.

Configuration Frequencies/Intensities

Harmonic Anharmonic

H2O 3846/30, 3731/86
(3778/28, 3649/87)

3684/31, 3603/86
(3619/29, 3527/87)

1 H2O/MgO(001) 3768/103, 3321/67 3672/108, 3182/67

2 H2O/MgO(001) 3753/104, 3618/245
3378/242, 3126/122

3654/106, 3481/270
3182/228, 2947/138

H2O-MgO(011) 3805/102, 3584/114 3701/106, 3397/112

H2O-MgO(112) 3816/125, 3696/68 3724/130, 3603/70

Mg(OH)2 (brucite) 3805/459
(3746/405)

3676/455
(3611/391)

Indeed, as reported in Figure 2 of Ref. [54] for water and in Table 2 of Ref. [55] for
brucite, differences between harmonic and experimental frequency values can be larger
than 150 cm−1, showing the important anharmonic red-shift effect on frequencies.

The anharmonic results reported in Table 1 have been obtained from the VSCF/VCI
method leading to the following frequency/intensity: 3684 cm−1/31 Å4 amu−1 and
3603 cm−1/86 Å4 amu−1 for the two highest frequency peaks of water with d-orbital
on O (3619 cm−1/29 Å4 amu−1 and 3527 cm−1/87 Å4 amu−1 without d-orbital on O) and,
3676 cm−1/455 Å4 amu−1 for the highest frequency peak of the brucite Raman spectrum
with d-orbitals on O and Mg (3611 cm−1/391 Å4 amu−1 without d-orbitals), in much better
agreement with experimental results.

However, even if the anharmonic correction is important on the Raman frequencies of
water and brucite, red-shifting the highest Raman frequency by around 130 cm−1 for brucite,
the Raman intensities are less affected by it. For water adsorption on the (001) MgO surface,
peaks below 3500 cm−1 remains present and cannot be retained in the interpretation of the
experimental Raman spectrum (Figure 1). It appears that the Raman modes calculated with
the more reactive (011) and (112) surfaces are much closer to the experimental ones, as can
be seen in Figure 6.

Now that we have calculated the Raman spectra in the OH region for different inter-
actions of water with MgO surfaces, we can make a hypothesis for the explanation of the
experimental spectrum of MgO nanoparticles, as shown in Figure 1. Mg(OH)2 (brucite) has
a single Raman mode [56] around 3650 cm−1, as reported in Figure 6. We can reasonably
assume that a part of MgO has reacted with water from the ambient air and has been trans-
formed into brucite, giving rise to the intense Raman mode at 3650 cm−1. This chemical
transformation has been reported by Leung et al. [57], and our study proves that it can be
easily identified through Raman spectroscopy. This result confirms the high potentiality of
Raman spectroscopy for the characterization of nanoparticles.
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Figure 6. Final comparison of calculated Raman modes for brucite and water on MgO(011) and (112)
surfaces. Anharmonicty and d-orbitals on Mg and O are taken into account. The experimental modes,
as observed in Figure 1, are also reported.

However, this feature is not enough to explain the observed higher frequency modes.
Based on our calculations on the (112) and (011) surfaces, we assume that those modes
are associated with intermediate species formed during the adsorption and dissociation of
water molecules. For the (011) surface, a mode is still present below 3500 cm−1. This surface
is stable, with rather low reactivity, and the Raman signature of its chemical reaction with
water is not experimentally observed. However, for the (112) surface, in addition to the
3603 cm−1, surely masked by the intense brucite mode in the experimental spectra, we also
observed a mode at 3724 cm−1, very close to the measured one at 3730 cm−1. This mode
can reasonably be attributed to the chemical species formed on this surface, as shown in
Figure 4.

In conclusion, we propose to attribute all the modes higher than 3650 cm−1 to those
chemical species resulting from the reaction between water and MgO surface. This suggests
that the dissociation of water is the first step towards the transformation of MgO into
Mg(OH)2. The intermediate species formed are stable enough to be observed by Raman
spectroscopy. Our study proves that:

• The reactivity of MgO nanoparticles with water present in the ambient air is very high.
Brucite (Mg(OH)2) is rapidly formed.

• The first step for the transformation of MgO into Mg(OH)2 is the dissociation of water.
• Intermediate species resulting from this dissociation can be identified through Raman

spectroscopy.

As MgO is extensively used for various applications (see the introduction part), its
surface reactivity, demonstrated here with water, should be systematically considered.
When it is stored in ambient air, MgO reacts rapidly with water to form various surface
species. In the specific case of nanoparticles, for which the surface-to-volume ratio is very
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high, those reactions lead to the formation of brucite. Of course, the chemical properties of
the formed species are different from the standard MgO surface and will affect its efficiency,
in particular for catalytic applications. To avoid this problem, we strongly recommend
paying attention to the storage conditions of MgO, ideally in dry air, in particular in its
nanoparticle form.
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