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Hui Wang, Jiajia Zhang, Xudong Hang, Xiaodong Zhang,* Junfeng Xie, Bicai Pan, and Yi Xie*

Abstract: Defect engineering is considered as one of the most
efficient strategies to regulate the electronic structure of
materials and involves the manipulation of the types, concen-
trations, and spatial distributions of defects, resulting in
unprecedented properties. It is shown that a single-layered
MnQO, nanosheet with vacancies is a robust half-metal, which
was confirmed by theoretical calculations, whereas vacancy-
free single-layered MnQO, is a typical semiconductor. The half-
metallicity of the single-layered MnO, nanosheet can be
observed for a wide range of vacancy concentrations and
even in the co-presence of Mn and O vacancies. This work
enables the development of half-metals by defect engineering
of well-established low-dimensional materials, which may be
used for the design of next-generation paper-like spintronics.

H alf-metals, with a metallic nature for one spin and an
insulating/semiconducting nature for the opposite spin, are
considered as ideal materials for applications in spintronics,
because their carriers are theoretically 100% spin-polar-
ized."? To date, various half-metals have been reported,
which are mainly based on bulk oxides, Heusler alloys, or
perovskites, whereas attention has rarely been paid to the
half-metallicity in low-dimensional materials.**! Along with
the rapid development of graphene, the interest in ultrathin
two-dimensional (2D) nanosheets has been growing expo-
nentially owing to their unique and diverse electronic
structures.” ! Ultrathin 2D nanosheets with single- or few-
layer thickness can exhibit properties that are totally different
to those of their bulk counterparts, which offers further
opportunities for the development of half-metallic 2D
crystals.">" Furthermore, ultrathin 2D nanosheets can be
used as building blocks of ultrathin, transparent, and flexible
electronic devices, rendering them promising and noteworthy
candidates for the design of next-generation spintronics.”
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Although a few 2D nanosheets have been predicted to
exhibit half-metallicity, only a few categories have been
described, and these nanosheets can hardly be obtained
experimentally."*'" Therefore, exploring effective strategies
to regulate the electronic structures of well-established
materials seems to be a desirable way to pursue half-
metallicity in 2D nanosheets of practical value. Among the
various strategies, defect engineering is one of the most
effective ways to regulate the electronic properties of
materials.**?? Through defect engineering, the electronic
structures of materials can be significantly changed even with
very low vacancy or dopant concentrations, which could be as
low as one vacancy/dopant per one hundred million host
atoms. Bearing this in mind, we herein focused on manganese
dioxide (MnO,), whose single-layered nanosheets were
predicted to show intrinsic ferromagnetic properties with
a high Curie temperature,®! so that it should be possible to
render the MnO, nanosheet half-metallic by further defect
engineering. As an important semiconductor, MnO, has been
applied in a variety of areas, including catalysis and energy
storage.”*?! Furthermore, MnO, can be easily exfoliated into
ultrathin nanosheets owing to the layered structure of the
manganese oxide precursors, and defects can be readily
introduced into the as-prepared nanosheets during the
synthetic processes.”>2!

Herein, single-layered MnO, nanosheets with Mn vacan-
cies were synthesized by exfoliation of their bulk counterparts
in solution, as reported previously.?”? In detail, a defective
layered manganese oxide precursor (K,.MnO,) was first
prepared by decomposition of KMnO, at high temperature.
Then, the as-obtained K,MnO, was exfoliated into single-
layered nanosheets by proton exchange. The concentration of
Mn vacancies for the as-prepared nanosheets can be easily
tuned by controlling the temperature at which K,MnQO, is
prepared in the first step, the lower the temperature, the more
vacancies exist.”*

The morphology and structure of the as-obtained product
were studied in detail. As can be seen from the transmission
electron microscopy (TEM) and scanning electron microsco-
py (SEM) images (Figure 1a,b), the as-obtained product
shows sheet morphology with a size ranging from several
hundred nanometers to a few micrometers. The as-prepared
nanosheets can be readily assembled into large-area films of
tunable thickness by a vacuum-filtration method, which can
then be transferred onto different substrates for further
practical applications (Supporting Information, Figure S4).
The thickness of the as-prepared nanosheets was measured by
atomic force microscopy (AFM; Figure 1¢c,d); it can be
clearly seen that the thickness of the nanosheet is only
approximately 0.4 nm, which corresponds to single-layer
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ca. 0.40 nm

Figure 1. Morphology and structural characterization of the prepared
nanosheet. a) TEM image. b) SEM image. c) AFM image. d) Corre-
sponding height image. e) SAED pattern. f) HRTEM image.

MnO,. The high-resolution TEM (HRTEM) image and the
corresponding selected-area electron diffraction (SAED)
pattern (Figure 1e,f) reveal the single-crystal characteristics
of the nanosheet. The lattice fringes of 2.6 A correspond to
the {100} lattice plane of the MnO, crystal. Irregular holes
with sizes ranging from several angstroms (A) to a few
nanometers are also present in the single-crystalline nano-
sheets (Figure 1f and Figure S3), indicating the presence of
numerous vacancies in the as-obtained nanosheet. Unlike
previously reported, the observation of small holes indicates
that there are not only Mn vacancies, but also O vacancies in
the single-layered MnO, nanosheets. It is anticipated that the
chemical environments of Mn and O around the holes will be
different to those of their hole-free counterpart, which results
in unprecedented electronic properties of the as-prepared
single-layered MnO, nanosheets. A high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) image and the corresponding energy-dispersive
spectra (EDS; Figure S1) clearly reveal the homogeneous
distribution of Mn and O in the as-obtained sample with
a Mn/O molar ratio estimated to be approximately 0.96:2,
which is slightly below the stoichiometric ratio of MnQO,. The
elemental ratio of the as-prepared samples was further
studied by inductively coupled plasma atomic emission
spectroscopy (ICP-AES; Table S1), which gave an average
Mn/O molar ratio of approximately 0.95:2, which is in good
agreement with the value estimated by EDS. Herein, we
defined the amount of O as “2” and used this value to
calibrate the content of Mn. Because of the co-presence of
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Mn and O vacancies, the formula of the as-prepared nano-
sheets should be written as Mn,,0,0,,4,, where 0 and A
represent Mn and O vacancies, respectively. The percentage
of Mn vacancies was approximately 4-5 % without consider-
ing the number of O vacancies, which would be under-
estimated owing to the co-presence of Mn and O vacancies in
the as-prepared nanosheets. Although it is difficult to
determine the accurate amount of Mn and O vacancies in
the as-prepared nanosheets, the concentration of Mn vacan-
cies should not deviate too much from the 4-5% measured
experimentally.

As the defect structure of the obtained single-layered
MnO, nanosheets is unique, it is essential to study their
electronic properties and potential practical applications.
Herein, we carried out first-principles calculations to explore
the electronic structures of the single-layered MnO, nano-
sheets with different vacancy concentrations and distribu-
tions, namely with only Mn vacancies, only O vacancies, or
with both Mn and O vacancies. A slab was built to mimic the
structure of single-layered MnO,, which is composed of MnOy
octahedra that share edges; manganese ions occupy the
centers of the octahedra and are coordinated to the six
nearest oxygen ions, while each oxygen ion is coordinated to
three nearest manganese ions.

As shown in Figure 2¢, a Mn vacancy is introduced into
the slab of single-layered MnO, with a Mn vacancy concen-
tration of approximately 6.25%. The corresponding calcu-
lated density of states (DOS) of the slab above is spin-
polarized at the Fermi level (Figure 2d). In detail, the curves
for the spin-down states show semiconducting behavior with
a bandgap of approximately 1.65 eV, while the curves for the
spin-up states are metallic. These results unequivocally
indicate the half-metallic behavior of single-layered MnO,
nanosheets with Mn vacancies. The half-metallic gap of the
slab was predicted to be as large as 1.6 eV, which indicates
that the single-layered MnO, nanosheet with Mn vacancies is
an ideal candidate for spintronics. As can be clearly seen from
the charge density distributions near the Fermi level (Fig-
ure 2c¢), the half-metallic behavior of the MnO, slab with Mn
vacancies is mainly due to the hybridization of neighboring
O 2p and Mn 3d orbitals around the Mn vacancies, whereas
the other atoms have little influence on the half-metallicity of
the slab. For comparison, the DOS of a 4 x4 slab of MnO,
without vacancies was also studied (Figure 2b), and showed
a typical semiconducting character. The results above strik-
ingly indicate the crucial role of the Mn vacancies for the half-
metallic character of the single-layered MnO, nanosheet.
However, when only O vacancies were introduced, the slab of
single-layered MnO, remained semiconducting, indicating
that only the presence of O vacancies cannot change the
semiconducting nature of single-layered MnO, (Figure S7).

It has been well accepted that the vacancy concentration is
a crucial variable when determining the electronic structure
of materials. To investigate the influence of the Mn vacancy
concentration on the electronic structure of single-layered
MnQO,, we built 3x3, 5x 5, and 6 x 6 slabs of MnO, with one
Mn vacancy each, and the Mn vacancy concentrations were
estimated to be 11.1%, 4 %, and 2.8 %, respectively. The slab
models and corresponding DOS are presented in Figure S6,
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present in the single-layered MnO, nano-
sheet, as illustrated experimentally. It is
thus essential to investigate the electronic
structure of single-layered MnO, in the
presence of both Mn and O vacancies. 4 x 4
slabs with one Mn and one O vacancy at
different distances were considered. The
models with the longest and shortest dis-

tances between the Mn and O vacancies

Energy/eV are presented in Figure 3a and Figure 3c,
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Figure 2. a) A 4x4 slab of defect-free MnO,. b) DOS of defect-free MnO,. c) Charge density
distributions of a 4x4 slab with a Mn vacancy near the Fermi level, as represented by the
isosurfaces around the Mn and O atoms. d) DOS of the MnO, slab with a Mn vacancy.

Table 1: Influence of the Mn vacancy concentration on the conductive
nature of single-layered MnO, slabs. “}” refers to the spin-down DOS of
the slabs.

Slab model Mn vacancy Conductive nature Band gap
concentration [%] [eV]

4x4 0 semiconducting 2.28

6x6 2.8 half-metallic 1.81 ()

5x5 4.0 half-metallic 1.78 ({)

4x4 6.25 half-metallic 1.65 (1)

3x3 1.1 half-metallic 1.23 ()

and the results are summarized in the Table 1. As can be seen
from Figure S6, an increase or decrease in the Mn vacancy
concentration does not change the half-metallic nature of
single-layered MnO,. It is interesting that the half-metallic
gaps in the spin-down states decrease from 1.81 eV to 1.23 eV
with an increase in the Mn vacancy concentration from 2.8 %
to 11.1 %. It is well accepted that a large half-metallic gap can
enhance the stability of half-metallicity in materials by
preventing possible spin flip transitions. In this case, one
may wonder whether the increase in the Mn vacancy
concentration would induce the instability of half-metallicity
in single-layered MnO,? In fact, the half-metallic gap of the
MnO, nanosheet with a Mn vacancy concentration of 11.1 %
is so large (ca. 1.23 eV) that its possible spin flip transitions
are prevented at ambient temperature, indicating that the
half-metallicity of single-layered MnO, nanosheet can be
observed for a wide range of Mn vacancy concentrations.
Once cation vacancies have been introduced into a crystal
structure, it is unavoidable that anion vacancies emerge
simultaneously. In this study, Mn and O vacancies are both
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corresponding charge density distributions
(Figure 3a,c). Furthermore, the O vacan-
cies also have a strong influence on the
charge density distributions of the ele-
ments around the Mn vacancies, and the
shorter the distance between the O and Mn vacancies is, the
stronger the influence will be.

To visualize the spin distribution for single-layered MnO,
in the co-presence of Mn and O vacancies and for its defect-
free counterpart, the corresponding spin densities are plotted
in Figure 4. Clearly, the magnetic moment distribution in
single-layered MnO, is mainly influenced by the Mn atoms
with a magnetic moment of approximately 3 uB on each Mn
site. The O atoms around the Mn vacancies also contribute to
the magnetic moments of the defective single-layered MnO,
with a magnetic moment of about —0.25 uB on each O site.
The directions of the magnetic moments for Mn and O differ
from each other. Because of the small magnetic moment of O,
the magnetic moment distributions of single-layered MnO,
with or without vacancies are similar.

Although the concept of half-metallicity has been gen-
erally accepted, there is still a lack of simple and effective
experiments to prove or disprove the half-metallicity.”*>!
Electronic structure calculations still play one of the most
important roles in identifying and searching for new half-
metallic materials.®!! In this study, all of the theoretical
calculations indicate that the half-metallicity in a single-
layered MnO, nanosheet can be successfully achieved by
defect engineering, and that single-layered MnO, nanosheets
with vacancies may be a new half-metal. Although a few
studies have predicted that half-metallicity can be derived
from vacancies, the vacancies must stay at specific lattice sites
with a fixed concentration, which has undoubtedly hindered
their experimental exploitation.>>¥ Unlike in previous
reports, the half-metallicity of single-layered MnO, nano-
sheets can be observed for a wide range of vacancy concen-
tration and even in the co-presence of Mn and O vacancies. In
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generation spintronics. The half-metallicity
of single-layered MnQO, with vacancies will
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Experimental Section

All calculations were performed using the VASP
code,™ with the projector augmented wave
approach,’® and utilizing the screened hybrid
functional as proposed by Heyd, Scuseria, and
Ernzerhof (HES).””! The value of exact nonlocal
exchange (a) was chosen to be 10%, which
yielded a band gap of 2.28 eV, which is in excellent
agreement with the experimentally measured
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Figure 3. a,c) Charge density distributions of a 4x4 slabs with both a Mn and an O
vacancy at different distances, as represented by the isosurfaces around the Mn and O
atoms. b, d) Corresponding DOS of the slabs presented in (a) and (c), respectively.
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Figure 4. a,b) Calculated spin densities (pT—-pl) of a 4x4 slab of
defect-free MnO, (a) and MnO, with both a Mn and an O vacancy (b).
The isosurfaces around the Mn and O atoms represent their spin
density distributions.

that case, the possibilities for experimentally introducing half-
metallicity into MnO, nanosheets by defect engineering are
greatly increased. Single-layered MnO, nanosheets with
vacancies would be the first artificial 2D crystals with robust
half-metallicity that can be observed for a wide range of
vacancy concentrations.

In summary, we have shown that a single-layered MnO,
nanosheet with vacancies is a new half-metallic 2D crystal, as
confirmed by calculations. The as-prepared nanosheets fea-
ture small holes with sizes ranging from several angstroms to
a few nanometers, giving direct evidence for the presence of
numerous vacancies (both Mn and O vacancies) in single-
layered MnO, nanosheets. The half-metallicity of the single-
layered MnO, nanosheets can be observed for a wide range of
vacancy concentrations and even in the co-presence of Mn
and O vacancies. Furthermore, owing to the ultrathin nature
of the as-prepared MnO, nanosheet, it can be assembled into
a transparent and flexible film for the design of next-
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respectively. The k point grids for the 6 x6, 5 x5,
4 x4, and 3 x 3 slabs of MnO, were chosen to be
1x1x1,2x2x1, 4x4x1, and 5x5x1, respec-
tively.
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