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A B S T R A C T

Single-atom catalysis is the ultimate approach in catalysis science which implies the utilization of a catalyst is as
efficient as it gets.

In this paper we suggest a new type of a single-atom (or single-defect) catalyst – MgO with periodic defects on
the (0 0 1) surface – which possesses noticeable non-linear optical properties. Periodicity of these defects leads to
the significant extensive increase in the activity of a catalyst by growth of the concentration of active sites.

In this work we showed the presence of diffuse electride-like multicenter bonds inside every periodic F-center.
We also discovered that MgO with periodic defects on the surface gains non-linear optical properties due to
electride-like polarizable bonds inside every defect. And most importantly, such defective structures are stable
up to 1500 K opening wide range of applications even in extreme conditions.

We considered both multiple (50% surface defects) and rare defects (12.5% surface defects) which are po-
tential single-defect catalysts similar to ones that are reffered as single-atom catalysts.

1. Introduction

From the ancient times humanity was driven by the idea that all the
Universe is built of diminutive invisible particles and the time com-
pletely proved that wild guess. Centuries after we learned how to op-
erate not only molecules but even to work with single atoms. The uti-
lization of atomic precision looks extremely prospective, especially in
the field of catalysis because one could not imagine more efficient
catalysts than ones in which every atom or almost every is active.
Indeed, such species were recently reported, and single-atom catalysts
opened a new frontier in the catalytic science [1–10]. Conventional
heterogeneous catalysts are essential to many important industrial
chemical processes, but their efficiency is extremely low on a per metal
atom basis because only active-site atoms on the surface are involved.
Therefore, catalysts with single-atom distribution on the surface are
extremely needed to maximize atom activity, but design and fabrication
of them is challenging. Recent works report [1–10] on the synthesis of
single-atom catalysts that consist of only isolated single catalyst atoms
anchored to the surfaces of nanocrystallites. Such single-atom catalysts
have extremely high efficiency and show excellent stability and high
activity.

At the same time, magnesium oxide is a well-known catalyst
[11–20] and supporting surface of catalytic nanoparticles [21–27] for
many reactions. Highly reactive defect sites at the surface are mostly
responsible for the catalytic activity of this metal oxide [28]. Recently
Popov et al. [29] showed that F-center defects – defects with oxygen
atom missing – contain doubly occupied electron orbital which can be
interpreted as 5-centered bond. These excess electrons can be trans-
ferred to the particle or molecule making mentioned F-centers pro-
mising catalytic sites on the surface. Interestingly, these 5-centered
bonds can be classified as electrides – extraordinary compounds in
which electrons are localized in space distinct from atoms and act like
anions. There is a number of investigations where electrides were
proven to be efficient catalysts and electron conveyors [30–36].
Moreover, electrides are capable of boosting nitrogen dissociation
which facilitates the process of ammonia synthesis [30–35]. In addition,
many recent theoretical works are devoted to the investigation of mo-
lecular electrides, [37–39] and one of them is represented by a defec-
tive unitcell of MgO – Mg4O3 [40].

Recently we showed that this defective unit cell Mg4O3 possesses
diffuse electride orbital which is responsible for significant non-linear
optical (NLO) properties of this molecule. NLO materials attract
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significant interest because of their wide applications in optical com-
puting, optical communication, laser devices, and dynamic image
processing [41–49].

In the present work we would like to focus on catalytic and non-
linear properties of MgO crystalline surface (001) with superstructures
built out of F-centers containing diffuse electride-like bonds. These
bonds consist of electrons coming from Mg atoms and the entire system
remains neutral since neutral oxygen atoms are detached from the
surface. We made these defects in a periodic fashion with different
types of periodicity – multiple and rare. Being periodic, these sites ex-
tensively increase the catalytic activity and non-linear optical response
of the MgO surface which is of great importance for efficient catalyst
utilization and second harmonic generation (SHG).

Using quantum chemistry tools we managed to show that magne-
sium oxide with periodic voids missing oxygen atoms on the surface is a
stable structure even at the temperature of 1500 K. And most im-
portantly, these voids possess electride-like doubly occupied diffuse
bonds which makes them potential candidates for single-atom catalytic
sites. In the science of heterogeneous catalysis, many efforts were de-
voted toward the downsizing the catalytic sites and one may consider
these sites on MgO surface as the smallest possible single-defect catalyst
sites (or single electron pair site since there are actually two electrons in
every void). At the same time, possessing diffuse polarizable bonds,
these sites are responsible for the non-linear optical response. Fast de-
velopment of modern experimental methods, including individual atom
removal techniques, gives us hope that creation of such species is just a
matter of time.

2. Computational methods

Geometry optimization of the MgO crystalline with periodic F-
centers was performed within the DFT approach using the generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzerhof ex-
change–correlation functional revised for solids (PBEsol) [48] and the
projected augmented wave approach, as implemented in the Vienna Ab-
initio Simulation Package (VASP) [50]. The following lattice constants
were used for the pristine MgO unit cell (Fig. 1): a = b = c = 4.16 Å.

The non-stoichiometric MgO with multiple defects was modeled as
1x1x2.5 (six layers) MgO pristine supercell (Fig. 1) with one O atom
removed from the surface, i.e., every second oxygen is missing on the
surface (Fig. 1). For the MgO slab a vacuum gap of 15 Å was added in
the z direction to eliminate interactions between cells. In this case, the
lattice parameters are a = b = 4.16 Å, c = 20 Å. The Brillouin zone
was sampled with a 13 × 13 × 1 Г-centered Monkhorst-Pack [51] k-
point grid.

The non-stoichiometric MgO with rare defects was modeled as
2 × 2 × 2.5 MgO pristine supercell with one O atom removed from the
surface, i.e., every eighth oxygen is missing on the surface (Fig. 1). The
same vacuum gap was added. In this case, the lattice parameters are
a = b = 8.31 Å, c = 20 Å. The Brillouin zone was sampled with a
6 × 6 × 1 Monkhorst-Pack k-point grid.

Large kinetic energy cutoff of 450.0 eV was used alongside with the
tight electronic convergence criteria of 10−8 eV and forces threshold of
10−4 eV/Å for optimization within quasi-Newton ionic relaxation al-
gorithm. Since MgO is known as insulator, we used Gaussian smearing
for determining partial occupancies of orbitals and converged occupa-
tion threshold of 0.05.

Periodic NBO [52,53] and SSAdNDP [54–57] calculations were
performed using the same parameters within VASP. Periodic NBO, like
the standard NBO code, allows the recognition of 1c-2e bonds (lone
pairs) and 2c-2e bonds (2-centered 2-electron bonds). SSAdNDP code,
which is an extension of original AdNDP [58–63] for solid state cal-
culations, enables the identification of multicenter delocalized chemical
bonds (nc-2e, n > 2). Both NBO and AdNDP codes work within the
concept of occupation numbers (ON), which represent the amount of
electron density localized in a certain bond. The closer these values to

2, the more trustworthy bonding picture is. User-Directed Search pro-
cedure implemented in SSAdNDP (UD-SSAdNDP) enables solving tricky
bonding cases. Guidelines to UD search and comprehensively described
examples can be found in supplementary information of the following
references [64,65].

We chose the cc-pVTZ [66] basis set for representing the projected
PW so, electron density matrix used for SSAdNDP calculations is in
precise agreement with the initial PW results.

Phonon spectra (Fig. 2) calculations were performed using finite
displacements method implemented in Phonopy code [67].

Molecular dynamics (MD) simulations were performed within VASP
software using 1 fs time step and 6000 steps. Temperature control was
performed using Nose-Hoover method [68].

The work functions were calculated using dipole interaction cor-
rections along z-directions corresponding to the vacuum gap.

The NLO properties of defective MgO surface were explored by
ABINIT [69] software within Random-Phase Approximation (RPA)
[70].

The electron pair inside the F-center is highly diffuse and, hence,
more “flexible”. Therefore, even week electric field can cause high
polarization which is no longer linear against the applied field. In this
work we investigate the second order polarizability which is usually
referred as first hyperpolarizability. This property is used, for example,
for second harmonic generation when two photons of frequency ω
cause the emission of the photon with frequency 2ω.

The optical responses are driven by electron state transitions, ex-
citonic effects, and phonon effects. The electron state transitions have
the biggest contribution and, hence, RPA usually gives reasonable
picture of NLO spectra. The expressions in Eqs. (46), (49), and (50) in
reference [70] give linear and second-order nonlinear susceptibilities
within the RPA. Position matrix elements rmn are determined by re-
sponse wavefunctions which are computed by density functional per-
turbation theory [71]. Since LDA and GGA approximations tend to
underestimate band gaps [72], we used the G0W0 [73,74] method to
calculate defective MgO quasiparticle band structure. The G0W0 cor-
rected gap was used as scissor shift to calculate the nonlinear optical
properties. To get reasonable optical spectrum, a large number of bands
(280) and dense sampling of k-points (24 × 24 × 1) are used for NLO
response calculations. Kinetic energy cutoff of 20 Ha was chosen. To be
unbiased on the geometry used, we performed structural optimization
within ABINIT as well. The geometry obtained via Broyden-Fletcher-
Goldfarb-Shanno optimization algorithm [75] is essentially the same as
used in the abovementioned calculations. LDA-PAW pseudopotentials
provided by ABINIT database [76,77] were used.

3. Results and discussion

3.1. Electronic properties

Although the symmetry of a system with multiple defects decreases
after the removal of oxygen atom, the lattice still possesses a rotational
axis along z direction (4) and reflection planes (m) containing this axis.
That is why we did not observe any displacements in comparison with
salt structure: Mg-O bond length is 2.08 Å in every layer.

The same situation can be observed in a system with rare defects,
though some Mg-O distances differ by the value of 0.07 A. We consider
such differences as negligible and not deserving a special discussion.

To understand the bonding nature of both systems we performed
periodic NBO and SSAdNDP analysis. As for multiple defects case, the
unit cell contains 12 Mg atoms and 11 O atoms giving us 45 valence
pairs in sum. The bonding analysis gave us quite classical picture for 44
of them: they are distributed as s, px, py and pz lone pairs (LPs) on
oxygen atoms with ONs of 1.77–1.90 |e| supporting the conventional
ionic Mg2+O2– representation. Using Direct Search implemented in
SSAdNDP code we revealed that the remaining valence pair could not
be localized in Lewis-like fashion. It is delocalized over five Mg atoms
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around the surface defect like σ bond with the ON = 1.84 |e| (Fig. 3).
When including Mg atoms from both 1st and 2nd coordination spheres
(9c-2e bond), the ON slightly increases up to 1.90 |e|.

The same technique was used for bonding analysis in slab with rare
defects and approximately the same ONs (1.83 |e| for 5c-2e and 1.90 |e|
for 9c-2e bonds) were obtained (Fig. 3).

Band structure analysis (Fig. 4) of slab structures with and without
defects revealed that the removal of oxygen atom from the surface in-
duces the noticeably higher in energy band which, in turn, significantly
lowers the optical surface band gap from 3.1 to 1.6 eV. However, DFT
calculations usually underestimate band gaps. By means of more so-
phisticated G0W0 approximation we obtained corrected band gap of
5.2 eV for pristine slab and 2.9 eV for the periodically defective slab.

The work function decreased from 5.0 (which is quite close to experi-
mental values)[78] to 3.3 eV, according to our calculations. These ob-
servations indicate the increase in reactivity of the system upon the
removal of every second oxygen from the surface.

Calculation of pristine bulk MgO within the same approach in-
cluding G0W0 corrections gave band gap of 7.10 eV which by about
10% less than experimental value of 7.77 eV [79], indicating the re-
liability of our level of theory.

One may set a fair point that these results could be dependent on the
functional used. Here we refer to the work of Popov et al. in which they
tested PBE [80] and HSE06 [81,82] functionals for the system similar
with ours and obtained essentially the same results for both levels of
theory.

As we mentioned above, this crystalline with periodic defects could
be a promising non-linear optical material and catalyst with single-
defect (or single electron pair) sites. Therefore, to make its utilization
possible, we must show the structure is stable at least at room tem-
perature. Actually, the results are much more promising: molecular
dynamics calculations of multiple defects case indicate that the struc-
ture is unchanged at least up to 1500 K which is clearly reflected in the
pair correlation function graph (Fig. 5). This fact allows the application
of defective MgO even in extremely exothermic chemical processes and
high-temperature reactors.

3.2. Optical properties

First principle calculations have been successfully used to obtain
different properties of bulk semiconductors, such as linear and non-
linear optical properties (just to name few [70,83–86]).

In this section we provide calculated optical properties of MgO with
multiple defects on the surface. According to LDA-DFT level of theory

Fig. 1. a: pristine MgO unitcell. b: unitcell of MgO slab with every second surface oxygen atom removed. c: 2x2x1 supercell of slab with the same defect super-
structure. d: 1x1x1 supercell slab with every eight surface O removed.

Fig. 2. Phonon spectrum of MgO slab with multiple defects.
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via ABINIT, the calculated minimum optical surface band gap
Eg = 1.6 eV. Using G0W0 corrections, we obtained the value of 3.1 eV
which is used in optical spectrum calculations by means of scissor shift.
Although in this study we are focused on non-linear response, firstly, we
would suggest to take a brief look at linear susceptibility spectrum for
the optical picture to be complete. In Figs. 6 and 7 we present ima-
ginary and real parts of complex dielectric functions ε11 and ε33 for
MgO slab with multiple defects. We do not perform any detailed as-
signments of peaks. According to the low energy limit, static dielectric
constants ε1(0) and ε3(0) are 2.95 and 2.61 respectively. Definitely, the
highest peak of ε11 near 3.1 eV comes from transition from the highest
valence band (HVB) to the lowest conduction band (LCB) near X k-point
which corresponds to optical band gap (3.1 eV). The highest peak of ε33

likely comes from transition between HVB and LCB at Г k-point which is
4.1 eV after being scissor corrected.

Among all tensor components of second-order optical susceptibility,
two independent non-zero components X(2)

333 (2ω, ω, ω) and X(2)
311 (2ω,ω,

ω) are calculated in this work. In Fig. 8 we present different con-
tributions to the imaginary part ImX(2)

333 (2ω,ω, ω) of X(2)
333 (2ω, ω, ω).

The real part can be obtained using the Kramers–Kronig relations.
As we can see, all components of imaginary part of the second-order

susceptibility are vanishing as energy goes to zero. However, starting
with ~2 eV we can observe many peaks and significant non-zero ab-
solute values. The 2ω terms start contributing to the total value at
energies about 1/2Eg and are completely dominating at low energy
regions below ~4.2 eV. Though inter and intraband components have

opposite signs and partially cancel each other, they result in significant
peaks of the absolute value. At the same time, the 1ω contributions
become non-zero at energies above Eg and the region between 4.6 eV
and 5.2 eV is mostly dominated by 1ω terms. In higher energy region all
terms mostly cancel each other resulting in insignificant total values of
ImX(2)

333 (2ω, ω, ω). More detailed examination of the second-order
susceptibility spectrum is essentially complicated due to the unobvious
resonances of 2ω and 1ω terms.

Fig. 3. Left: bonding analysis of MgO slab with multiple defects. Right: bonding analysis of MgO slab with rare defects.

Fig. 4. Left: bandstructure of MgO slab without defects. Right: bandstructure of MgO with multiple F-defect. Fermi-levels are set as zeroes. In both cases vacuum gap
is added in z-direction.

Fig. 5. Pair correlation function of MgO slab with multiple defects.
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Next we present the frequency-dependent spectrum of the absolute
value of X(2)

333 (2ω, ω, ω) (Fig. 9). Although |X(2)
333 (0)| is small (0.04

10−7 esu) at static frequency limit, the most pronounced NLO proper-
ties are in low energy region between 2.0 and 5.2 eV with peaks of
magnitude up to 3.5 10−7 esu.

Imaginary part of 311 second-order susceptibility tensor component
ImX(2)

311 (2ω, ω, ω) (Fig. 10) has 2ω contributions mostly dominating
from 1.0 to 2.8 eV with amplitude significantly higher than in 333
component resulting in twice higher amplitude of absolute value of
imaginary part. Above 5.8 eV all components tend to cancel each other
resulting in almost zero absolute values of imaginary part.

The absolute value of 331 second-order susceptibility tensor

component |X(2)
311 (2ω, ω, ω)| (Fig. 11) also has twice higher peak

magnitude than |X(2)
333 (2ω, ω, ω)|. Noticeably, the static limit value is

more than twice bigger as well being 0.09 10−7 esu. According to the
graph, the most pronounced NLO properties are supposed to be

Fig. 6. Imaginary and real parts of optical dielectric function ε⊥ of MgO slab
with every second oxygen removed from the surface.

Fig. 7. Imaginary and real parts of optical dielectric function ε∥ of MgO slab
with every second oxygen removed from the surface.

Fig. 8. Calculated ImX(2)
333 (2ω, ω, ω) spectra with the intra-(2ω)/(1ω) and

inter-(2ω)/(1ω) band contributions of MgO slab with every second oxygen
removed from the surface.

Fig. 9. Absolute value of the second-order nonlinear susceptibility X(2)
333 (2ω, ω,

ω) of MgO with multiple defects.

Fig. 10. Calculated ImX(2)
311 (2ω, ω, ω) spectra with the intra-(2ω)/(1ω) and

inter-(2ω)/(1ω) band contributions of MgO slab with every second oxygen
removed from the surface.

Fig. 11. Absolute value of the second-order nonlinear susceptibility X(2)
311 (2ω,

ω, ω) of MgO with multiple defects.
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between 1.0 and 6.0 eV.
We also would like to point out that the first- and second-order

susceptibilities are inversely dependent on the volume of a crystal (X(2)
333

(2ω, ω, ω) ~ 1/ Ω). Since the slab of defective MgO is modelled using
big vacuum gap of 15 Å, we expect the real values to be at least twice
higher than calculated in this work. Anyway, we believe our calcula-
tions qualitatively prove that periodically defective MgO possesses
noticeable non-linear properties in low energy region.

The inclusion of excitonic effects and phonon-assisted processes,
which are extremely computationally demanding, could somehow
change positions and mutual magnitude of peaks, however, it should
not change significantly the average magnitude and the general picture.
We believe RPA is completely enough for purposes of this work.
Moreover, there is a number of work where RPA calculations are in
good agreement with experimental data [83,86–88].

We believe that modern equipment enables the creation of above-
mentioned defects at low costs. Besides widely known radiation damage
techniques, recently a new method of individual atoms manipulation
[89–93] attracts lots of attention giving as a hope of soon fabrication of
the designed material.

4. Conclusions

Using electronic structure analysis, we showed that a simple text-
book compound MgO still may surprise with its structural and elec-
tronic properties.

First, let us summarize commonly known facts. Every MgO crys-
talline naturally has randomly spaced F-centers on its surface resulted
from the removal of oxygen atoms. Bonding analysis of these defects
reveals doubly occupied 5c-2e bonds in the voids. Such diffuse electron
pairs localized in places distinct from atomic positions are known as
electride phases of materials and have already found a plenty of ap-
plications including catalysts, electron conveyors, and non-linear op-
tics. It is known that MgO is widely-used as a catalyst and supporting
surface, and extremely reactive defect sites at the MgO surface are
mostly responsible for such high catalytic activity.

In this work, following the abovementioned facts, we proposed the
idea of periodic defects on the (001) MgO surface. The periodicity of
these defects extensively increases the catalytic activity of species by
multiplication of active sites number. Noticeably, such geometry ma-
nipulations do not affect the stability of the structure. We studied both
multiple periodic defects (every second oxygen atom is removed from
the surface) and rare periodic defects (every eighth oxygen is removed).
Phonon spectrum stability tests did not reveal any imaginary fre-
quencies. Moreover, molecular dynamics simulations indicate that the
structure with electron pairs on the surface is kept even at the tem-
perature of 1500 K which enables the application of defective MgO in
high temperature conditions.

In addition, we showed that MgO crystalline with every second
oxygen removed from the surface is a promising material for non-linear
optical applications. Using Random-Phase Approximation in the con-
text of DFT, it was predicted that this defective crystal has noticeable
non-linear optical properties in low energy region between 1.0 and
6.0 eV. This result indicates that pristine MgO, which has the center of
inversion and does not exhibit any nonlinearity, can be tuned by means
of defects to be used for second-harmonic generation.

No doubt, up-to-date methods, including radiation damage and in-
dividual atom removal techniques, can easily handle the issue of
creating the mentioned periodic F-centers on the surface. We refer to
these new surface materials as single-defect (F1) catalysts which are
similar to what community calls the single-atom catalysts. We hope this
approach can be used to design other single-defect catalysts with
missing oxygen atoms in oxides of main group and transition metals as
well. Many of them may also exhibit NLO properties induced by defects
and the loss of the inversion center.
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