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The liquid phase exfoliation (LPE) of layered black phosphorus (BP) material is essential in the field of
electronics. N-Methyl-2-pyrrolidone (NMP) is one of the most promising precursors for obtaining BP
nanosheets/nanoparticles, but the longer sonication time leads to smaller production of phosphorene.
Herein, for the first time, the large lateral size fabrication of phosphorene was attained through NMP

solvent by optimizing the process parameters. The resultant dispersions were characterized by atomic

force microscopy, X-ray powder diffraction, Raman spectroscopy, scanning electron microscopy,
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transmission electron microscopy, and ultraviolet-visible spectroscopy. The characterization results

revealed that the average lateral sizes of BP nanoparticles were found to be 67.8 + 18.6 nm and the
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1. Introduction

Recently, two-dimensional (2D) layered materials have gained
much attention among researchers owing to their astonishing
structural and chemical properties. Black phosphorus (BP) is
a new promising 2D layered material that exhibits excellent
potential in electronic and optoelectronic applications.™ In
addition, 2D BP has a puckered honeycomb lattice due to its
strong in-plane anisotropy.>® Generally, bulk BP crystals
possess a vertical stack of phosphorene (single or few layers),”
which comprises weak van der Waals forces. Moreover, BP has
a thickness-reliant layered band gap, which is different in the
bulk crystal (0.3 eV) and single-layer phosphorene (2.0 eV).>® A
tunable band gap is a vital factor, which makes BP a suitable 2D
layered material in the applications of photodetectors,”**
sensors,'>** energy storage devices," lithium-ion batteries,"
and solar cells."®

The exfoliation process is the basic route to explore the
unique structural properties of 2D materials. Mechanical
peeling is the best conventional method to obtain 2D products
from bulk crystals. However, this method has low output yield
and uncontrollable size, which is not suitable for high-efficiency
mass production.’”*® On the other hand, liquid phase exfolia-
tion (LPE) is an easy and cost-effective way to produce large-
scale products.” In the LPE process, the sonication or
shearing of the bulk 2D material occurs in the presence of the
precursor; therefore, selecting appropriate precursors holds
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lateral size of fabricated BP nanosheets was found to be 5.37 um. Moreover, this research provides
a strategic approach for the mass production of phosphorene for photodetection applications.

great importance. To date, the exfoliation of bulk BP is effec-
tively carried out in various organic solvents including N-
methyl-2-pyrrolidone (NMP),* dimethyl sulfoxide (DMSO),*
acetone,”* dimethylformamide (DMF),** and N-cyclohexyl-2-
pyrrolidone (CHP).>> Among them, NMP is proven to be the
optimal organic solvent for the sonication of bulk BP.>***
However, the long sonication time results in the degradation of
phosphorene, which creates difficulty in achieving large-size
and high-quality nanosheets.

Brent et al.* explored the colloidal dispersion of a few-
layered BP by sonication for 24 h in the presence of NMP,
only a few hundred nanometres of nanosheets were obtained. Y.
Liu et al.*® studied the production of BP nanosheets in NMP
solvent through ice bath sonication for 6 h and produced
nanosheets in the range of 100-500 nm. Z. C. Luo et al*®
fabricated a few layered BP nanosheets through bath sonication
for 10 h in NMP, where the lateral sizes were found to be several
hundred nanometres. Similarly, D. J. Late*” also synthesized BP
nanosheets and nanoparticles in NMP precursor, however, the
large sonication time (8 h) only produced 10 to 200 nm prod-
ucts. Recently, Tiouitchi G et al.*® obtained a 200.8 nm lateral
size of phosphorene, at the sonication time of 12 h in NMP,
through the bath ultrasonication process. Based on these
studies, it is seen that the prolonged sonication time results in
the smaller lateral size production of phosphorene through the
LPE method. The improvements in the experimental process
conditions including, sonication time, sizes of BP flakes, and
sample handling time are of great significance. The large lateral
size production of BP nanosheets/nanoparticles is quite
inspiring for numerous applications like field effect transis-
tors,* photo-diodes,* and BP-based hetero-structure devices.*
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The efficient sample handling technique is also essential to the
results. Therefore, there is a need for process optimization of
nanomaterials where their desirable features can be success-
fully fabricated by planning economical techniques,
manufacturing the maximum output in less time from fewer
experiments. The particle size optimization is an essential
feature, which can be controlled by temperature, concentration,
chemical composition, the environment of production, and
surface modifications.**?

This research work has the following advantages. Firstly, it
focuses on the optimization of the process parameters (crystal
size, sonication time, power and frequency, and centrifugation
time) in the LPE method by using an NMP precursor. Previously
reported research work comprised of long sonication and
centrifugation time which may hinder the large-size production
of BP nanosheets/nanoparticles. This work presents a cost-
effective and simple route for the fabrication of a few layers of
phosphorene. Secondly, it aims to fabricate large lateral-size
and high-quality BP nanosheets/nanoparticles for photo-
detection applications. In this work, the lateral size of fabri-
cated BP nanosheets was found to be 5.37 pum, which is
relatively larger than the previously stated works. Therefore, this
work holds significance as large lateral size production of
phosphorene by LPE is beneficial in fabricating photodetection
devices as compared to the mechanical peeling method.

2. Experimental process

For the fabrication of BP nanosheets/nanoparticles, 20 mg of BP
crystals powder was dispersed into 20 ml NMP precursor in
a glass beaker. The glass beaker was placed carefully in the
sonicator (Fisher FB 505). The mixture was sonicated (500 W,
frequency of 20 kHz) for 90 minutes in an ambient condition.
Afterward, the resultant mixture was centrifuged at 3000, 5000,
and 8000 rpm for 20 minutes to obtain thin layers of phos-
phorene. Furthermore, the resultant dispersions were collected
carefully. Fig. 1 illustrates the detailed experimental process for
obtaining thin layers of phosphorene by the LPE method.

The LPE of layered BP material at different centrifugation
speeds resulted in a change in phosphorene appearance. The
black color sonicated dispersion is centrifuged at 3000 rpm
(dark yellow), 5000 rpm (yellow), and 8000 rpm (pale yellow), as
shown in Fig. 2. This change in dispersion color indicates
varying thickness and lateral dimensions of phosphorene, at
different centrifugation speeds. The as-prepared dispersions
were collected and stored under N, protection.

For effective and accurate identification of the surface anal-
ysis and size of the as-fabricated BP nanosheets/nanoparticles
atomic force microscopy (AFM, Bruker Innova) was performed
under ambient conditions. Herein, the supernatant with
8000 rpm dispersion was dropped on the surface of the Si/SiO,
(300 nm) substrate and spin-coated at 3000 rpm for 1 minute.
Afterward, the sample was heated on the hot plate at 95 °C for
20 minutes to evaporate the NMP solvent. The surface scans
were carried out in tapping mode and the cantilever beam was
used. The Si probe was employed with the FESP (Bruker) probe
model. Raman spectroscopy (Horiba JOBIN YVON, HR800) was
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Fig.1 Anillustration of the experimental procedure for exfoliating BP.
(a) 2D BP stored in argon filled the glass tube, (b) sample preparation in
a glass beaker (20 mg BP and 20 ml NMP precursor), (c) sonication
process of 2D BP for 90 min at 500 W, (d) BP dispersions before
centrifugation process and, (e) BP dispersions after centrifugation
process.

accomplished at an excitation wavelength of 532 nm, with
alaser pump at 2.331 eV and a numerical aperture of NA = 0.9 at
room temperature. The spectra exhibited were in Stokes mode.
The topology and surface characterizations were achieved by
field emission scanning electron microscope (FESEM, Gem-
iniSEM 500) and transmission electron microscope (TEM, JEOL
JEM-2100). For SEM characterization, the sample was prepared
by the spin coating process. The prepared BP nanosheets (8000
rpm) were drop casted on the Si/SiO, (300 nm) substrate and
heated on a hot plate at 85 °C for an appropriate time. For TEM,
the preparation of the sample was accomplished by drop-

5000 rpm 3000 rpm

! !

Bulk BP
after

4== 8000 rpm

sonication

Fig. 2 (a) BP dispersions after sonication. (b) After centrifugation
process at 3000, 5000, and 8000 rpm respectively.
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casting the fabricated BP dispersion (8000 rpm) on the copper
TEM grid. Then, the prepared samples were dried under light
for 5 minutes to eliminate the NMP precursor. X-ray diffraction
(XRD) (BRUKER D8 A25) was performed to explore the crystals’
arrangements using Cu-Ko radiation. To further explore the
optical properties of the bulk BP and fabricated dispersions,
ultraviolet (UV)-visible spectroscopy measurements were per-
formed using a spectrophotometer (Lambda750). During the
sample preparation, the dispersions were put in the quartz
cuvettes where the variation in the colors (dark brown for BP,
yellow for 8000 rpm dispersion) was observed. The energy band
gap (E,) was estimated from absorption spectra using Tauc's
plot (eqn (1)).** The absorption coefficient («) was calculated
from eqn (2):

why = A(hv — Ep)'? (1)

2.303*4
o« = —~
t

(2)

where « is the absorption coefficient, 4v is the photon energy, A
is absorbance and ¢ is thickness. The obtained results from
characterization techniques were analyzed by various software
(Nanoscope analysis, Origin, and Image]). The sample handling
procedure time between the preparation and the characteriza-
tion was ensured to be less than 30 minutes in order to ensure
the accuracy of the analysis.

3. Results and discussion

3.1. Characterization of BP nanosheets/nanoparticles

For obtaining precise knowledge about the surface morphology
and the thickness of prepared phosphorene, AFM was per-
formed. Fig. 3 displays the existence of thin layers of BP that
endorses the successful exfoliation of bulk BP by the LPE
method.*>**% The thickness of the selected regions (1 to 5) of
prepared BP flakes is observed in Fig. 3(a). The inset of Fig. 3(a)
reveals the vertical distance of the selected regions (1 to 5)
which varies from 1.080 to 2.735 nm.

Fig. 3(b) and (c) show the average thickness, and the average
lateral size of a few layers of phosphorene, respectively. The

r )
0.0 Height 200w

Fig. 3 (a) AFM tapping phase image of BP flakes 8000 rpm dispersion
spin-coated on Si/SiO,, (b) thickness profile of BP flakes, and (c) lateral
size profile of BP flakes.
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average thickness and lateral size were found to be 2.29 £
1.3 nm and 740 £+ 182 nm by AFM measurement. The previous
studies®*® showed that the BP monolayer thickness was from 0.6
to 0.9 nm, and their lateral sizes were also small. AFM results
revealed that most of the nanosheets consisted of 2 to 4 layers of
phosphorene and the lateral sizes were much larger even at
higher centrifugation speed.*” Brent et al.™ investigated the
thickness of nanosheets which were in the range of 3.5-5 nm.
AFM results reveal that most of the fabricated nanosheets are
less than 2.5 nm, which provides strong evidence for the
fabrication of thin layers of phosphorene. It should be noted
that the shortest time between sample preparation and AFM
measurement is the vital aspect for obtaining large lateral-size
BP nanosheets.

Fig. 4(a) illustrates the exploration of the crystal arrange-
ments of bulk BP crystal powders and the fabricated BP nano-
sheet dispersion by using the XRD method. At 16.9, 34.1, and
52.4°, the bulk BP crystal, and the fabricated BP nanosheets
indicate three evident and thin peaks, which is related to the
(020), (040), and (060) peaks position, respectively. As can be
seen in the figure, the XRD peak position of the fabricated
nanosheets is identical to that of the bulk BP crystal, but the
peak intensity differs considerably from that of bulk BP.**%*
Therefore, the decrease in the XRD peaks of BP nanosheets
approves the successful exfoliation of BP through the LPE
method.

To confirm the successful exfoliation and determine the
vibrational modes of fabricated phosphorene, Raman spec-
troscopy was performed. Fig. 4(b) shows the Raman spectrum
comparison between bulk 2D BP crystal powder along with the
fabricated BP dispersions at 3000, 5000, and 8000 rpm. Z. Guo
et al.* performed Raman measurements of phosphorene, where
the three Raman peaks showed at 362.5 cm ™%, 439.3 cm ™, and
467.6 cm™". As can be seen in Fig. 4(b), three Raman peaks are
observed at 361.8 cm ™', 438.3 cm ™', and 466.5 cm™ ' concerning
their phonon modes A,q, Byg, and A,,. Raman spectrum illus-
trates that the peak values are in good accordance with the
previous studies***> which approve the successful exfoliation of
bulk BP by the LPE method. It is noted that the characteristics
peaks intensity of prepared dispersions at 3000, 5000, and
8000 rpm are weakened as compared to bulk BP peak, which is
clear evidence in the reduction of thickness and lateral size of

Atsoorpm 1 T T
a) ——BP after sonication s . . n b)

——Bulk BP
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1
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Raman‘;o:ift (cm?) =0 0

Fig. 4 (a) Comparison of XRD patterns of bulk BP and fabricated BP
supernatant after the sonication process. (b) Comparison of the Raman
spectra between bulk BP crystals and fabricated BP dispersions after
the centrifugation process (3000, 5000, and 8000 rpm, respectively).
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the nanosheets.”® The thickness reduction effect of LPE method
will cause an increment of bandgap probably due to the
decrease of grain crystal size, which may result in changes in
atomic distances.” The results demonstrate that higher centri-
fugation speed could not influence the peaks shift,**** thus the
as-prepared phosphorene upholds high crystalline nature.
Raman spectroscopy can also be used to adjust the alteration in
controlling the process parameters for achieving thin layers and
high-quality phosphorene.

BP nanoparticles were observed to show platelet-like struc-
tures with non-uniform sizes at the scale of 0.5 pm (shown in
Fig. 5(a)). A similar structure was reported by Sofer et al.,** where
BP nanoparticles were prepared by the chemical vapor transport
method. According to Fig. 5(b), well-dispersed BP nanoparticles
with a lateral size of around 30-120 nm were observed, which
indicated the large lateral size production of BP nanoparticles
through NMP precursor. The average lateral sizes were calcu-
lated to be 67.8 £ 18.6 nm. This was further confirmed by L.
Wang et al.,** where BP nanoparticles were prepared by
sonication-assisted hydrothermal method, and the obtained
size was small (around 30 nm). K. Du et al.** also explored the
exfoliation of BP crystals in ethanol precursor through
microwave-supported LPE technique and achieved an average
thickness of 2.19 + 1.33 nm for BP dots. Fig. 5(c) and (d) show
the SEM morphologies of fabricated BP nanosheets, where the
lateral size is found to be 3 pm and 1.7 pm, respectively, which
confirms the large lateral size fabrication of phosphorene.
HRTEM images (Fig. 6(a)) further showed clear lattice fringes of
BP nanosheets. The corresponding selected area electron
diffraction (SAED) pattern (Fig. 6(c)) was comprised of distinct
spots demonstrating the high crystalline and orthorhombic
nature of the produced nanosheets. The sheets size profile
(Fig. 6(b)) complemented the SEM results as high-quality BP
nanosheets were prepared, with the largest sheet size of 5.37
pum. Previous studies report***>*¢ that the lateral dimensions
of BP nanosheets were in the range of hundreds of nanometres,
while the results in this study are greatly improved. Therefore,

Fig. 5 (a) TEM image of non-uniform sizes of BP nanoparticles at 0.5
pum scale, (b) the corresponding particle-size profile, (c) and (d) SEM
images of fabricated BP nanosheets.
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Fig. 6 (a) HRTEM images of fabricated BP nanosheets at 8000 rpm
dispersion, (b) the corresponding nanosheets size profile, and (c) the
SAED pattern of the TEM sample.

the TEM, HRTEM, and SEM results demonstrated that the large
lateral size production of BP nanosheets/nanoparticles could be
easily achieved through the LPE process. The large lateral size
can provide an essential route for the exploration of optoelec-
tronic properties in BP-based devices. It should also be noted
that a large size of BP nanosheets/nanoparticles can be attained
by improving the sample handling procedure in the LPE
process. According to previous studies in Table 1, the process
optimization parameters are not favorable as large sonication
times and non-invasive methods like bath sonication have been
used. However, this study used an effective probe sonication
technique with less time and frequency to produce large lateral
sizes of BP nanoparticles, which are beneficial for their practical
implementations.

3.2. Absorption measurement and Tauc plot analysis

For practical implementation of the as-fabricated BP
nanosheets/nanoparticles, the optical properties were
explored by ultraviolet (UV)-visible spectroscopy. The variation
in the dispersion colors (dark brown for BP, yellow for 8000
rpm) was observed during the sample preparation.'®*® It can
be noted from Fig. 7(a) that at high wavelengths, the absor-
bance intensity decreases with increasing rpm,****** because
of the thickness reduction in the dispersion, this supported
the Raman results in Fig. 4(b). The Tauc plot in Fig. 7(b)
displays the linear dependent increase in the photon energy
(hv) to band gap energy (eV). The Tauc figure reveals that the
band gap (E,) of BP is 1.96 eV, which is related to the optical
band gap of 2D BP. W. Chen et al.*® investigated the band gap
of BP quantum dots, which was derived to be 2.25 eV. More-
over, X. Niu et al.*® also observed the band gap of BP dots,
which was calculated to be 2.1 eV. The results indicate that the
band gap of fabricated 2D BP is in accordance with the liter-
ature. It is worth noting that the band gap of 8000 rpm

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of this study with previous works based on the size of BP nanosheets by the LPE method

Sonication Sonication Sonication Sonication Centrifugation BP size
Solvents type time power frequency” time obtained Ref.
NMP Bath 24 h 820 W 37 kHz 45 min 200 nm 19
DMF Probe 15h 130 W — 30 min 190 nm 20
CHP Probe 5h 750 W — 180 min 500 nm 22
NMP Bath 8h 110 W 40 kHz 15 min 200 nm 27
Acetone Bath 10h 300 W — 60 min 600 nm 47
NMP Probe 1.5h 500 W 20 kHz 20 min 5.37 um This work
“ —Not mentioned in the literature.
1.
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Fig. 7 (a) Absorption spectrum of bulk BP and the 8000 rpm disper-
sion, (b) Tauc plots of bulk BP and the 8000 rpm dispersion.

dispersion is calculated to be 3.31 eV, which is larger than the
band gap of 2D BP (1.96 eV), which confirms the thickness
reduction by the LPE method. Tauc plot results demonstrate
that a wide range of absorption spectra (UV to NIR) can be
achieved if the process parameters are improved.

4. Conclusions

In this work, the LPE of layered BP was carried out in NMP
solvent via improved process parameters for obtaining large
lateral-size phosphorene. The BP crystals powder was sonicated
for 90 min and centrifuged at different speeds for 20 min under
ambient conditions. BP nanosheets/nanoparticles were char-
acterized by AFM, SEM, TEM, HRTEM, and Raman spectros-
copy. The results showed that the fabricated phosphorene
comprised 2 to 4 layers with an average thickness of 2.29 +
1.3 nm. The lateral size of obtained BP nanosheets was 5.37 pm,
while the average size of BP nanoparticles was found to be 67.8
=+ 18.6 nm, which confirms the large lateral size production of
BP nanosheets/nanoparticles. Large sonication time may result
in the degradation of phosphorene, therefore, in this work, less
sonication time has been set, which demonstrates that the
process parameters are the vital steps in attaining large lateral
size and high-quality phosphorene. The as-fabricated BP
nanosheets/nanoparticles is quite inspiring for numerous
applications like field effect transistors, photo-diodes, and BP-
based hetero-structure devices. The practical implementation
of these nanosheets will be the future course of this research.
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