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ARTICLE INFO ABSTRACT

Keywords: Two-dimensional (2D) phosphorene has gained attention due to its exceptional chemical, physical, and opto-
Phosphorene electronic properties. However, defects analysis in exfoliated phosphorene through experimental techniques is
Defect

still largely missing. In this paper, a combination of high-resolution transmission electron microscopy (HRTEM)
imaging and density functional theory calculations were provided to study the point defects, grain boundaries
(GBs), and amorphization phenomenon in exfoliated phosphorene nanosheets via bipolar electrochemistry
method. The HRTEM results demonstrate that the single vacancies (SV) and di-vacancies (DV), ad-atoms, and
GBs defects are formed in phosphorene nanosheets. However, the exfoliated black phosphorus nanosheets
maintained its orthorhombic crystal structure. In addition, amorphization on the edges and surface of nanosheets
is unavoidable in the presence of oxygen. Our first-principles simulation confirms the breakage of P-P bonds of
phosphorene upon surface oxidation, which results in amorphization. The defect analysis of phosphorene

Transmission electron microscopy
Bipolar electrochemistry
Density functional theory

nanosheets obtained from this study could benefit both fundamental research and technological applications.

1. Introduction

Motivated by the discovery of graphene [1], other diversified
atomically thin two-dimensional (2D) materials such as transition metal
dichalcogenides (TMDs) [2], hexagonal boron nitride (hBN) [3], and
layered transition metal oxides [4] have been evaluated for different
applications due to their distinctive properties. Black phosphorus (BP)
nanosheet (so-called phosphorene), as a unique member of 2D materials,
has recently attracted considerable attention due to its physical and
chemical properties [5-7]. In the structure of BP, each P atom is con-
nected to three neighboring P atoms covalently and forms a honeycomb
puckered layered structure with an interlayer distance of about 0.53 nm
[8]. BP can be exfoliated into a few or monolayer of 2D BP nanosheets
through bottom-up and top-down techniques [9,10]. Compared to the
expensive and low-yield bottom-up methods, mechanical and
liquid-based exfoliations of BP into phosphorene nanosheets have been
successfully demonstrated in numerous studies [5, 11]. Very recently,
we developed a novel bipolar electrochemical (BPE) approach for
simultaneous exfoliation and deposition of phosphorene nanosheets on
conductive substrates [12,13].

In general, 2D materials inevitably incorporate different structural
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defects such as point defects, grain boundaries (GBs), impurities, and
dislocations [14-16]. Due to the non-negligible effect of structural de-
fects on the physical, chemical, and optical properties of 2D materials,
investigating the defect structure is essential for further practical ap-
plications [17]. Besides, through the defect engineering of 2D materials,
their properties can also be tailored for specific applications [18]. With
the rapid progress in high-resolution transmission electron microscopy
(HRTEM) as the most commonly used techniques, 2D materials have
extensively been characterized in terms of atomic structure, the motion
of atoms, chemical composition, and structure transformations in
real-time [19, 20]. Moreover, large area diffraction can be performed to
evaluate the crystallinity of exfoliated materials with atomic resolution
[21]. Direct evidence by HRTEM analysis has revealed the various types
of defects, the modulation of the electronic structure and dopants within
the lattice of their monolayer of graphene, TMDs, and hBN [22,23].
Although invariable degradation of phosphorene nanosheets has been
reported [24-27], its in-details defect characterization using TEM is still
missing.

Recently, Density Functional Theory (DFT) calculations have been
employed to evaluate the defects formation and their stability on the
phosphorene nanosheets. DFT calculations predict different types of
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defects in phosphorene nanosheets with intriguing electronic properties
[28]. For example, Wang and co-workers predicted the various stable
defects such as single vacancies (SVs), double vacancies (DVs), and
self-interstitials [29]. Theoretical calculations confirmed that the for-
mation energies of these point defects are much lower compared to those
in graphene, hBN, and TMDs [30]. On the other hand, Li et al. demon-
strated that the migration and aggregation of point defects such as
anisotropic SVs and DVs provided GBs between domains of different
orientations in phosphorene nanosheets [31]. The formation energy of
less than 1.5 eV nm ! reveals the thermodynamically stable phosphor-
ene GBs [32].

In this study, we conducted the TEM investigation for the BPE
exfoliated phosphorene nanosheets and obtained direct evidence of
point defects, GBs, and amorphous regions on the phosphorene. More-
over, DFT calculations reveal that the amorphization occurs as a result of
surface oxidation of phosphorene. Combining TEM analysis and DFT
calculation provides new insight to understand the effect of the BPE
method on defect formation and surface properties of phosphorene
nanosheets.

2. Materials and methods

The schematic and in-details setup for the bipolar exfoliation of BP
into phosphorene has been reported in our previous study [12]. In brief,
a1 cm long and 3 mm in diameter bulk BP bar (99.998% purity from
Smart-Elements) was placed between the two 316 stainless steel feeding
electrodes (1x2 cmz) in deionized water. The 30 Vdc (i.e., an electric
field of 10 V em 1) was applied between the two feeding electrodes for
24 hours under an ambient environment using a multichannel DC power
analyzer (Agilent Technologies N6705A).

After the bipolar exfoliation process, the dispersed phosphorene
nanosheets were collected with deionized water for HRTEM analysis
(model Tecnai TF 20 TEM). The HRTEM analysis was conducted at an
accelerating voltage of 200 kV, using a field emission gun with a 0.2 nm
resolution. For the sample preparation, after the separation and
dispersion of phosphorene nanosheets through sonication, one droplet
of the solution was transferred on the TEM grid covered by formvar
carbon transparent film, and next, the TEM grids were stored in a dry
atmosphere to remove the remaining liquids.

The first-principles density functional theory (DFT) calculations
were performed by Atomistix ToolKit (ATK) package [33-35] using
Generalized Gradient Approximation of Perdew-Burke-Ernzerhof
(GGA-PBE) functionals with a double-{ polarized basis set. The van der
Waals (vdW) force is not correctly described with the PBE functional.
The long-range vdW interaction was included through the
semi-empirical corrections by Grimme D2 correction, which is compu-
tationally less demanding than D3 correction [36,37]. A supercell of
monolayer phosphorene that contains 64 phosphorus atoms was
assumed (Fig. S1a). A vacuum space of 2 nm was added on both sides of
the phosphorene plane in the direction that the sheet is not periodic (2)
in order to avoid the image-image interactions. The oxygen atom was
placed on various adsorption sites (top of phosphorus atoms, above
hollow site, and top of a bridge between two phosphorus atoms) on
phosphorene. All the possible structures were fully relaxed using the
limited-memory Broyden-Fletcher-Goldfarb-Shanno (LBFGS)
quasi-Newton method [38], with 0.01 eV/A force tolerance and 0.001
eV/A3 stress tolerance. The electronic temperature was 300 K and the
density mesh cut-off was set to be 125 Rydberg. Moreover,
Monkhorst-Pack k-points mesh [39] of 5 x 5 x 1 and 11x11x1 were
used to sample the Brillouin zones during geometry optimization and to
calculate the total energy and the electronic band structures. Besides
vdW interactions, since our systems have two subsystems: the phos-
phorene sheet (A) and the oxygen atoms (B), incompleteness of the
Linear Combination of Atomic Orbitals (LCAO) basis set can give rise to
a so-called basis set superposition error (BSSE). In an isolated A system,
only the basis orbitals in the A system describe it. While, A and B are
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coupled, the basis orbitals in the system B will also be used to describe
system A, resulting in a larger available basis set for system A. To remove
BSSE, a counterpoise (cp) correction was added to the total energy [40].
The adsorption energy per oxygen atom on the phosphorene sheet was
calculated using Eq. (1) to find the most stable adsorption configuration
(with the most negative adsorption energy).

Eu :1 [EP' spl e (EP’ ph +nx l><Eo3)} (@)
n 2

where n, Epposphorene + n0s Ephosphorene, and Eo, are the number of O atoms,
total energies of the phosphorene-n oxygen atoms complex, pristine
phosphorene sheet, and the isolated oxygen molecule, respectively. It
should be mentioned that the energy of O, molecule was used as a
reference state instead of atomic O because the use of oxygen atoms as
the reference does not necessarily correspond to the experiments, where
there are no free oxygen atoms to react with the surface.

3. Results and discussion

Similar to other 2D materials, phosphorene nanosheets could be
damaged by electron irradiation during the TEM investigation. In order
to obtain atomic-resolution images from the phosphorene nanosheets,
the exposure of the material to the electron beam has to be minimized.
The TEM images of the phosphorene nanosheets collected from DI water
after 24-hour BPE exfoliation are shown in Fig. 1 (a-c) and Fig. 2 (a-d).
The interplanar distances and the corresponding Miller indices are
labeled on the TEM images. The exfoliated phosphorene nanosheets
revealed different lattice fringes with interplanar distances of 0.21, 0.34,
0.25, and 0.23 nm, which could be assigned to the (002), (021), (111),
and (041) atomic planes of orthorhombic BP crystal structure (JCPDS no
96-101-0326) [12]. These various plane orientations and domains of
phosphorene nanosheets indicate the polycrystalline nature of the bulk
BP. It is clear from the TEM images that the crystal structure of phos-
phorene nanosheets appears to be not affected much during the BPE
exfoliation. However, as shown in Fig. 1 (a), point defects as SVs and
DVs are present in phosphorene nanosheets (black patches indicated by
red dashed circles). As shown in Fig. 1(a), the smallest defect located at
the center of the image and labeled in red as (1) is related to the SV.
According to the DFT calculations, the simplest type of defect in phos-
phorene nanosheets is the missing of one or two lattice atoms [28]. In
general, the removal of a single phosphorus atom in a phosphorene
nanosheet and creating three dangling atoms distributed in two neigh-
bors can form SVs on the nanosheet. The DVs labeled in red as (2) in
Fig. 1(a) could be created either by removing two neighboring phos-
phorus atoms or by coalescence of two SVs during the exposure of
exfoliated phosphorene nanosheets to ambient environment or inside
the TEM chamber [30]. Kistanov et al. theoretically demonstrated that
the SVs and DVs, which consist of pentagon-nonagon (59) and
pentagon-heptagon-pentagon-heptagon (5757) rings, are the most
common point defects in phosphorene nanosheets from the viewpoint of
energetic stability [41].

Fig. 1 (b) shows a few heavier bright atoms sprinkled over the whole
surface of the phosphorene nanosheets, which are impurities as an ad-
atom defect. The zoomed-in TEM image confirmed the presence of ad-
atom. However, its origin is not entirely clear. It might be present due
to the contact with sample preparation equipment impurity atoms in the
TEM chamber or it could be introduced during the BPE exfoliation
process where the stainless steel as a feeding electrode in DI-water were
used. Clarification of this issue requires the employment of additional
analytical methods, i.e., electron energy loss spectroscopy (EELS) which
has been successfully employed to characterize impurities on the atomic
scale in other 2D materials [42]. The zoomed-in TEM image in Fig. 1(b)
revealed the honeycomb crystal structure of phosphorene nanosheets
where each phosphorus atom is distinguished, and the pattern is
repeated throughout the image.
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Fig. 1. HRTEM images of (a) intrinsic SV and DV, (b) ad-atom, and (c, d) GB defects in phosphorene nanosheets obtained via bipolar electrochemistry method.

Fig. 1 (c) shows the GBs defect composed of linear dislocation arrays
of the (021) and (002) atomic planes of exfoliated phosphorene nano-
sheets. The main reason for the GB formation in 2D materials is typically
related to the polycrystalline nature of bulk material. As shown in Fig. 1
(c), the GB region presents larger brightness than the rest of the nano-
sheet because of the high partial charge density around the GBs. Liu and
co-workers theoretically confirmed that the GB energies in phosphorene
nanosheets are lower than those in graphene, TMDs, and hBN [32]. This
suggests higher stability of phosphorene nanosheets against lattice dis-
tortions compared to other 2D materials. Moreover, in a theoretical
study by Zhu et al., high reactivity of GB regions with O atom as an
impurity in phosphorene nanosheets has been confirmed. The GB defects
in phosphorene do not have a significant effect on its electronic prop-
erties [16, 43]. The TEM images of the exfoliated phosphorene nano-
sheets via BPE method confirmed that the atomic network remains
coherent with minor perturbations in the bond lengths.

Fig. 2 (a-d) shows the TEM images of phosphorene nanosheets with
amorphous regions, which are most likely produced during the exfoli-
ation of BP in DI water or exposure of nanosheets during sample prep-
aration for TEM. The uniform amorphous layer can be easily visualized
on the edge of (021) phosphorene nanosheets with less than 10nm
thickness, as shown in Fig. 2 (a, ¢). In Fig. 2(b), an amorphous domain
with a size of about 10nm could be found in another (021) nanosheet.
The instability of the phosphorene nanosheets upon exposure to the
ambient environment was initially evaluated by theoretical calculations
[44]. Several studies have shown that oxygen and water degrade the
phosphorene nanosheets [45-47]. Previous studies also confirmed that
the phosphorene nanosheet rapidly degraded in vacuum at 300 kV
accelerating voltage of e-beam [24]. The TEM images of phosphorene
nanosheets obtained via BPE method revealed relatively good stability

under the accelerated voltage of 200 kV. Fig. 2 (a, ¢) shows the oxidation
and amorphization on the edges of the phosphorene nanosheet, which is
likely related to the presence of phosphorus oxide along the edge of the
nanosheets. The amorphous domains on the phosphorene nanosheet in
Fig. 2 (b) may be related to the polycrystalline nature of bulk BP.
However, e-beam could also create oxygen radicals and degrade the
phosphorene nanosheets. Especially, the phosphorus atoms on the sur-
face do not have to be squeezed into an interstitial site; as a result, they
are free to leave the nanosheets and then enter the chamber of the mi-
croscope. The theoretical calculations confirmed that due to the low
displacement threshold in phosphorene nanosheets, even an 80 kV beam
should rapidly provide considerable damage [48]. Fig. 2 (d) shows the
degradation and amorphization of phosphorene nanosheets after 4 days’
exposure to air. The TEM image shows that numerous small fringes of BP
crystalline structure with an interplanar spacing of 0.23 nm and 0.25 nm
corresponding to the (041) and (111) planes, which are embedded in the
disordered amorphous structure. Degradation of the sample exposed to
ambient atmosphere confirms the high sensitivity of phosphorene
nanosheets to oxygen and/or water molecules.

The stability of the pristine phosphorene sheet in the presence of
atomic oxygen was investigated by DFT calculations to further
comprehend the degradation of the nanosheets during the BPE exfolia-
tion, their storage, and handling process. The lattice constants for a
monolayer of phosphorene were found to be a = 0.332 nm, b = 0.441
nm, and the bandgap was calculated to be ~ 0.92 eV at the I point of the
Brillouin zone, as shown in Fig. S1 that is in agreement with the GGA-
PBE studies [49,50]. However, it should be mentioned that the
bandgap is underestimated in GGA calculations [51]. Due to the electron
lone pair on the P atoms on the surface of phosphorene, P atoms are
preferential sites to form bonds with O atoms. For the adsorption of a
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Fig. 2. HRTEM images of (a-c) amorphization on the edges and surfaces, and (d) degradation of phosphorene nanosheets after 4 days of exposure to the ambient
environment. The boundary between crystalline and amorphous regions is marked by red dashed lines.

single oxygen atom, the most energetically favorable position was found
to be on top of a phosphorus atom in the phosphorene’s top sublattice
(with P-O bond length of 0.152 nm and O-P-P angle of 113.0°, as shown
in Fig. 3 (a)). The large adsorption energy of 2.93 eV suggests that
phosphorene can be easily oxidized through an oxygen atom’s chemi-
sorption. This agrees with [52] where oxygen atoms are chemisorbed in
a dangling configuration with P-O bond length of 0.150 nm and binding
energy of 2.08 eV (PBE). The reason for the discrepancy between the
obtained adsorption energy and value in the literature includes both
Grimme correction and counterpoise correction in our calculations. We
previously showed that the absolute values of adsorption energies
calculated by PBE+D2+cp are significantly larger than that of PBE
approximation [53].

The most stable adsorption configurations for phosphorene oxide
sheets with various oxygen concentrations (1-32) are provided in
Fig. S2, and their adsorption energies are listed in Table 1. For 2, 4, 8, 12,
and 16 oxygen atoms, more than one adsorption configuration was
considered (Fig. S3 and Table S1) to maximize the distance between the
oxygen atoms on the phosphorene layer. Fig. 3 (b) shows the change in
adsorption energy per oxygen atom on the monolayer phosphorene as a
function of the oxygen concentration. With increasing the number of
oxygen atoms in the supercell, the adsorption energies first increase (the

structure becomes less stable) to 2.86 eV (for 4 oxygen atoms), then
decrease (the structure becomes more stable) to 2.87 eV (for 8 oxygen
atoms), are almost constant (1 meV fluctuations) for 8, 12, and 16 ox-
ygen atoms, where half of phosphorus atoms in the top sublattice of the
phosphorene are oxidized. By increasing the number of oxygen atoms
from 16 to 32 (where all the phosphorus atoms on the top side were
oxidized), the adsorption energy was decreased with the rate of 0.028
eV/oxygen atom and reached 2.41 eV for 32 oxygen atoms. The most
stable adsorption configurations for phosphorene oxide sheets with
various oxygen concentrations (1-32) were provided in Fig. S2, and their
adsorption energies were listed in Table 1. While the phosphorene
nanosheet retains its initial puckered structure for 1-28 adsorbed oxygen
atoms, its structure was distorted upon adsorption of 32 oxygen atoms,
as shown in Fig. 3a. Phosphorene oxidation involving the dissociative
chemisorption of O causes the decomposition of phosphorene [46,54].
From Fig. S4, one can see that fraction of oxygen atoms (dangling oxy-
gens) is adsorbed at the top site with P-O bond length of 0.149 nm and
O-P-P bond angle of 133.6°, while others (binding oxygens) are
embedded in the bridge between two phosphorous atoms with P-O bond
lengths of 0.163 nm and 0.170 nm and P-O-P bond angle of 111.4°,
resulting in cleavage of P-P bonds. The P-P bond length changed from
0.224 nm in bare phosphorene to 0.287 nm in phosphorene with 32 O
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Fig. 3. (a) The representative structures of phosphorene oxides with 1, 8, 16, 32 oxygen atoms. (b) Adsorption energy per oxygen atom as a function of oxygen

concentration calculated with the PBE functional (P: Orange and O: red).

Table 1

The calculated adsorption energy per oxygen atom (E,q) and energy bandgap
(Eg) for bare phosphorene and phosphorene oxide sheets with various oxygen
concentrations.

System Ead per 0 atom (€V) Eg (eV)
Bare Phosphorene - 0.92
Phosphorene + 1 O 2.93 0.98
Phosphorene + 2 O 2.89 1.03
Phosphorene + 4 O 2.86 1.06
Phosphorene + 8 O 2.87 1.09
Phosphorene + 12 O 2.87 0.90
Phosphorene + 16 O 2.87 0.85
Phosphorene + 20 O 271 0.98
Phosphorene + 24 O 2.60 1.12
Phosphorene + 28 O 2.50 0.91
Phosphorene + 32 O 2.41 0.37

atoms. It was reported that oxygen insertion into the phosphorene’s
lattice gives rise to considerable deformation, expanding the P-P dis-
tance and consequently increasing the local layer thickness [52]. This
lattice deformation caused by oxygen insertion into the phosphorene
promotes further oxidation in the neighborhood of the pre-existing ox-
ygen defects. As a result, for a high enough oxygen concentration, the
crystal could break apart due to this large stress [52]. From Fig. 3, the
chemisorbed oxygen atoms always point away from the zigzag ridge. By
adding more than 16 oxygen atoms to the structure, owing to the
Coulomb interaction between their p orbitals, chemisorbed oxygen
atoms repel each other, resulting in a reduction of the binding energy
per O atom of the structure. It was reported that the electron density is
mostly accumulated on the P-O bonds, while a moderate electron den-
sity distribution is seen on the oxygen. Therefore, for 32 oxygen atoms,
we expect a much stronger Coulomb repulsion between dangling oxy-
gens than bridging oxygens as also reported in Ref. [55].

The bandgap of phosphorene oxides depends on the oxygen con-
centration, suggesting that controlled oxidation can be used as a means

to engineer the bandgap [55]. In a systematic study on the chemical
functionalization of monolayer phosphorene by surface adsorption of
fluorine and oxygen atoms, it is shown that in the case of fluorination
most of the ground states are indirect bandgap semiconductors, and the
majority of the oxide ground states are direct bandgap semiconductors
[56,57]. Fig. S5 shows the energy band structures of phosphorene
nanosheets with various oxygen concentrations. The bandgap slightly
increases when a single oxygen atom is adsorbed. However, this defect is
electrically neutral, as it introduces no states in the gap and the band
structure is similar to that of pristine phosphorene. The bandgap values
of the phosphorene oxides are comparable with that of pristine phos-
phorene, except for phosphorene with 32 oxygen atoms in which the
bandgap drops to 0.37 eV. Although all oxide structures are direct
bandgap semiconductors, phosphorene goes through a direct to indirect
transition after oxidation with 32 oxygen atoms.

It should be mentioned that the oxygen affinity of the vacancy in
phosphorene is much stronger than the perfect phosphorene lattice site.
Upon exposure of an oxygen molecule to a vacancy in phosphorene, the
0-O bond dissociates, and the resulting oxygen atoms react with P
atoms. As a result, we expect that phosphorene fast degradation owing
to oxidization is more likely to happen at edges and grain boundaries
where vacancies tend to form [41].

In our DFT study, we only considered the adsorption and incorpo-
ration of oxygen atoms to find out if the O chemisorption is energetically
favorable. Since the final aim is to exfoliate and deposit phosphorene on
a solid support, we only discussed the scenario when phosphorene is
oxygenated from one side. A more detalied study needs to be done to
investigate the adsorption of oxygen at both sides of the phosphorene.
The high adsorption energy obtained for an O atom on phosphorene
suggests a chemisorption process and high sensitivity of phosphorene
nanosheets to oxygen that is in good agreement with the TEM obser-
vations. Furthermore, our DFT data indicated that the breakage of P-P
bonds in phosphorene upon oxidation results in amorphization, which
correlates well with the TEM data observed in Fig. 2 (c-d). Future
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research using in-situ TEM analysis could be done to better characterize
the surface instability of the phosphorene nanosheets. It is believed that
a better understanding of the defect and impurity of phosphorene
nanosheet as well as the structure and property relationship, could be
vital for the further application of the 2D materials.

4. Conclusion

In this study, we present a detailed study on defects in bipolar
electrochemical exfoliated phosphorene nanosheets. Different types of
point defects, area defects GBs as well as amorphous domains have been
directly observed in phosphorene nanosheets via high-resolution TEM
imaging. We observed that the exposure of phosphorene for several days
to ambient conditions leads to very fast degradation of phosphorene
nanosheets. Finally, DFT results disclosed that surface oxidation of the
phosphorene caused the breakage of P-P bonds and the amorphization.
The atomistic insight into the phosphorene nanosheets from our study
will likely benefit future experimental and theoretical efforts on futur-
istic applications of phosphorene nanosheets.
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