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We report the liquid exfoliation of black phosphorus in N-methyl-2-
pyrrolidone to form few-layer phosphorene nanosheets.

Graphene is the archetypal two-dimensional material." Consisting of
a single layer of covalently-bound sp*hybridised carbon atoms,**
it has the potential to revolutionise many technologies as well
as creating new ones. Graphene exhibits exceptional electronic
properties,*™® carrier transport’” and mechanical properties® but
lacks a band gap, making it of limited use in electronic devices
without significant strain-engineering® or physical modification
of morphology.’® Due to its intrinsic band gap, molybdenum
disulfide (MoS,) has been considered as a potentially promising
semiconductor for use in optoelectronics'' and sensing’* applica-
tions despite its relatively low carrier mobility.

Phosphorene,”® the two-dimensional variant of the layered
black phosphorus allotrope (Fig. 1) has attracted attention due to
its p-type semiconducting properties.'* Ab initio calculations predict
that phosphorene has a direct thickness-dependent band gap
of ca. 1.0 eV, corroborated by luminescence measurements, which
is significantly larger than the band gap exhibited by bulk
black phosphorus (ca. 0.3 eV)."*'® Additionally, phosphorene
has high hole mobility."* Hence, phosphorene has great potential
for optoelectronic applications and use in semiconductor-
based devices.

Micromechanical cleavage (Scotch tape delamination) has been
shown to reliably produce pristine, ultrathin sheets of both graphene
and phosphorene, as well as inorganic graphene analogues.®*"”
Although the method is useful for small-scale production of
two-dimensional materials for fundamental research purposes
it is, by its nature, not a scalable process. Two options exist to
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Fig. 1 The chemical structures of the compounds in this study. (A) The
orthorhombic unit cell of black phosphorus'® (a = 331 A b = 438 Ac =
1050 A, o = f = y = 90° space group Bmab; Crystallography Open
Database ID: 1010325) which generates a layer structure comprising
corrugated lamellae of phosphorus atoms held together by weak interlayer
forces. (B) Three-layer phosphorene.

circumvent this problem. The first is by bottom-up large scale
growth of two-dimensional materials, for example using chemical
vapour deposition processes.'® The second is by top-down processes
based on large-scale exfoliation of the bulk material precursor.

A number of successful syntheses of two-dimensional materials
using liquid exfoliation have been reported by Coleman and
co-workers including transition metal dichalcogenides (MoS,,
WS,, MoSe,, MoTe,, TaSe,, NbSe,, NiTe,), hexagonal boron nitride
(h-BN) and bismuth telluride (Bi,Te;) as well as graphene.***' The
layered bulk solid is immersed into a liquid, typically N-methyl-2-
pyrrolidone (NMP), and the two-dimensional materials are ultra-
sonically exfoliated. The physical basis for the exfoliation relies
on an energy match between the solvent and the surface of the
two-dimensional material in question balancing the energy
required for exfoliation. Shear exfoliation in liquids in the presence
of detergents has also recently been shown to be a viable process
for the large-scale production of two-dimensional materials.*
The size of sheets as well as the concentration of the colloid
may be controlled by judiciously tuning the exfoliation condi-
tions and isolation procedures.”® Thus, liquid exfoliation routes
are potentially appropriate for the large-scale production of
two-dimensional nanomaterials with desired optoelectronic
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properties, an essential requirement for a future electronics
industry based on two-dimensional materials.

In this communication, we present a simple and scalable route
to few-layer phosphorene nanosheets via liquid exfoliation of black
phosphorus in NMP. The phosphorene sheets are characterised by
Raman spectroscopy, atomic force microscopy (AFM), transmission
electron microscopy (TEM), high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM),
energy-dispersive X-ray (EDX) spectroscopy and EDX spectrum
imaging. To the best of our knowledge this is the first report of
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Fig. 2 Raman spectrum of few-layer phosphorene on a SiO,/Si substrate
from liquid exfoliation of black phosphorus in NMP showing the char-
acteristic Raman bands at 361 cm™, 438 cm™* and 465 cm™* assigned to
the A}, Bg and A2 modes.
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the formation of colloidal dispersions of few-layer phosphorene
nanosheets by liquid exfoliation.

To form phosphorene nanosheets, black phosphorus was
exfoliated in NMP (5 mg mL ™, 0.164 mol dm > black phosphorus
in NMP) using bath ultrasonication (820 W across four horns
operating at 37 kHz frequency and 30% power) for 24 h. The
temperature of the bath was maintained below 30 °C throughout
using a water cooling coil. Turbid dispersions were obtained from
the exfoliation step that were further purified by centrifugation to
remove larger solids (see ESIT for full exfoliation and purification
details). Stable dispersions were obtained from purification which
are pale yellow/brown in appearance (ESIf). Silicon substrates
coated with silicon dioxide of ca. 300 nm thickness (SiO,/Si)
were spin-coated at 6000 rpm with a portion of the sol. Spin
coating was used as the method of choice for preparation of the
nanosheet-coated substrates to avoid aggregation and re-stacking
of sheets. Raman spectroscopy (514 nm laser) of the spin coated
Si0,/Si substrates revealed Raman bands with maxima at
361 cm™ ', 438 cm ™' and 465 cm ™', corresponding to the Ay, By
and A7 modes of few layer phosphorene, alongside the major
scattering peak from the silicon substrate at 520 cm™ " (Fig. 2).
These values do not suggest monolayer phosphorene was produced
from exfoliation as reported by Ye and co-workers, but rather are
akin to the values reported for bulk black phosphorus, suggesting
that the flakes are comprised of >3 layers.

Atomic force microscopy (AFM) of exfoliated phosphorene
on Si/SiO, substrates revealed the presence of a range of shapes
and sizes of phosphorene, with flakes as large as ca. 200 nm x
200 nm observed (Fig. 3). Height-profiling of large nanosheets
revealed a thickness between ca. 3.5-5 nm (N = 11, Fig. 3A-D),
with well-defined edges. Previous AFM measurements suggest
that single-layer phosphorene has a thickness of ca. 0.9 nm."*
The AFM results suggest therefore that the large nanosheets
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Fig. 3 Atomic force microscopy height profile image of few-layer phosphorene sheets produced from ultrasonic exfoliation of bulk phosphorus in NMP
for 24 h and spin-coated onto a SiO,/Si substrate. (A), (B), (C) and (D) show z-profiles of phosphorene flakes (N = 11) along the lines marked in the AFM
relief image. Inset: (E) three-dimensional representation of the large ca. three-layer phosphorene flake observed at point (A).
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predominantly consist of three to five-layer phosphorene. How-
ever, there was also strong evidence that single and bilayer
phosphorene (ca. 0.9-1.6 nm thickness) is produced in the
same sample, but the lateral dimensions of the nanosheets are
diminished to around 20 x 20 nm (ESIt). Indeed, AFM suggests
that increasing the exfoliation time to 48 h breaks down the
larger flakes to mostly these smaller nanosheets that could be
predominantly single and bilayer phosphorene (ESIt).

Raman spectroscopy was also used to analyse few-layer phos-
phorene exfoliated for 48 h (ESIt). Raman bands were observed at
467 cm ™!, 439 em ™' and 362 ecm ', assigned similarly to the Ag, By,
and A; modes of few-layer phosphorene, but with 28 cm ™ difference
between the A; and B,, modes (¢f 27 cm ™" for the 24 h sample,
A=+1 cm ") and with the Aé mode becoming the principal band in
the spectrum, both observations consistent with the thinning
compared to the 24 h sample as observed by AFM.>*

(Scanning) transmission electron microscopy ((S)TEM) was
used to further probe the few-layer phosphorene produced by
liquid exfoliation. Low magnification bright field TEM and
HAADF STEM images (Fig. 4a and c¢ and ESI}) show that the
nanosheets analysed typically have lateral dimensions of the
order of 100 nm. Some aggregation or re-stacking is observed to
have occurred from the sample preparation with several flakes
lying on top of one another due to drop casting. The crystal-
linity of the few-layer phosphorene was confirmed by selected
area electron diffraction patterns (Fig. 4d and ESIt) and high
resolution TEM (HRTEM) images (ESIt) both of which show
d-spacings of 2.6, 2.2, 1.8, 1.7 and 1.3 A which we assign to the

Fig. 4 Characterisation of few-layer phosphorene sheets by electron
microscopy. (a) HAADF STEM image. (b) EDX spectrum image of the same
phosphorene nanosheet as in (a), showing the morphology and the
distribution of phosphorus within the sheet. (c) Low magnification TEM
image of a phosphorene nanosheet. (d) SAED pattern taken from the same
region as in (c). The flake shown here is typical in terms of both size and
morphological features.
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(111), (020), (121), (024) and (117) planes, consistent with the
expected crystal structure of 3-5 layer phosphorene. Notably the
(002) plane is absent from the selected-area electron diffraction
(SAED) pattern and HRTEM fast Fourier transform, confirming the
highly two-dimensional nature of the nanosheets. Further evidence
of the chemical nature and purity of the liquid exfoliated flakes
is provided by energy dispersive X-ray (EDX) spectrum imaging.
Elemental maps for phosphorus (Fig. 4b and ESIt), extracted
from the spectrum images confirm that the phosphorus signal
is strongly and undoubtedly correlated with the nanosheet
location. EDX spectra (ESIT) confirm that the only other elements
detected in significant levels are those associated with the TEM
grid, suggesting that the nanosheets produced are of extremely
high purity, consistent with their crystalline nature.

In summary, we have used the liquid exfoliation of black
phosphorus in N-methyl-2-pyrrolidone to produce three to five-
layer phosphorene with significant lateral dimensions, as well
as smaller one-to-three layer phosphorene in the same sample.
Further investigations are underway to control nanosheet size
and the extent of exfoliation. With further efforts to optimise the
process parameters it should be possible to produce pristine
single layer phosphorene nanosheets of significant size based on
this methodology. The scaleable nature of the process is impor-
tant to future electronics industries based on two-dimensional
direct band gap semiconductor devices.
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