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Surfactant-assisted exfoliation routes to few-layer black phosphorus
in agueous media have recently been reported. The stability of such
few-layer black phosphorus has been studied using a range of spec-
troscopic techniques. The material is meta-stable in aqueous media,
degrading over time mainly to phosphoric acids.

Graphene and other two-dimensional (2D) materials have rev-
olutionised materials science." The properties displayed by 2D
materials are markedly different to their bulk counterparts.? For
instance, graphene shows ballistic carrier mobility and is
a superb conductor of electricity,>* whilst monolayer molyb-
denum disulfide becomes a direct bandgap semiconductor with
strong photoluminescence.® Hence, 2D materials have attracted
great interest over the past decade and have the potential to
revolutionise a range of fields.®

2D materials may be synthesised in several different ways.
Micromechanical pinacoidal cleavage of bulk crystals (the Scotch
Tape method), made popular by Geim and co-workers,” has been
the most popular of all the processing techniques; but is strictly
limited to demonstrative studies. More useful perhaps is the large
scale growth of polycrystalline wafers of 2D materials by chemical
vapour deposition.® One of the simplest ways that these materials
can be produced, and additionally in solution, is by ultrasonic
cavitation, which has been applied to most crystals that show
basal cleavage.”*® Shear exfoliation in surfactants has recently
been reported, and can potentially be carried out on scale.**

Recently, there has been interest in elemental 2D synthetic
allotropes which can show various properties complimentary
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to graphene. Silicene (2D silicon),’* borophene (2D boron),*®
germanene (2D germanium)'” and stanene (2D tin)* have all
either been reported or predicted.” One such elemental
analogue, phosphorene (2D black phosphorus), has attracted
attention due to its high p-type carrier mobility and its layer-
dependent band gap that spans the range between graphene
(negligible band gap) and 2D MoS, (ca. 1.5 eV).?° A range of
functional devices based on this material have been produced
including transistors.”* Phosphorene is produced by exfolia-
tion of the layered black phosphorus* allotrope. Synthetic
routes to the material include micromechanical cleavage*® and
solution phase exfoliation.>*?** CVD routes to this material
remain elusive.

Questions remain regarding the stability of phosphorene, or
few-layer black phosphorus (FL-BP), that may stymie its even-
tual exploitation. The major problem is that the material is
reactive to oxygen-containing species due to the strength of the
P=0 bond. Studies have shown that water in particular causes
degradation of FL-BP in solution, as well as in exposed flakes.
The solution-exfoliated material is more stable than micro-
mechanically exfoliated material. Strategies to prevent chemical
degradation of FL-BP have included coating with oxides,*
entombment within other 2D materials by vertical stacking of
flakes,* and, in the case of solution exfoliated material, physical
barriers to atmospheric ingress®® and the use of sterically
hindered solvents such as cyclohexyl-2-pyrrolidone (CHP).>®

Very recently, Hersam and co-workers introduced the
concept of surfactant-assisted ultrasonic exfoliation to produce
dispersions of FL-BP in aqueous media.* In this study, the FL-
BP sols were produced by ultrasonication of layered bulk black
phosphorus in degassed water containing 2% w/v sodium
dodecyl sulfate (SDS) surfactant. This presents an elegant
solution-based strategy to protect FL-BP from degradation in
theory. The authors claim that the solutions are stable, yet no
stability study over time was presented. Ultimately the removal
of organic solvents from processing is a well-principled aim in
terms of scale up due to the cost of NMP and for environmental
concerns and thus merits investigation. In this paper we present
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a multi-spectroscopic temporal stability study of surfactant-
exfoliated FL-BP sols in aqueous media.

We exfoliated FL-BP using 1% w/v Triton X-100 (TX-100,
C14H,,0(C,H,0),, where n = 9-10) surfactant in water. In
a sealed vial, the degassed surfactant solution (15 mL) was
added to bulk BP (100 mg) and the vial was flushed with argon,
closed and sealed with Parafilm®. Suspensions were sonicated
at 298 K in an Elmasonic P 70 H bench-top ultrasonic bath (820
W across four horns) operating at 37 kHz and 30% power. After
36 h the dispersions were centrifuged at 1500 rpm for 45 min
and the supernatant removed. Further 10 mL of surfactant
solution was added to the pellet of FL-BP which was sonicated
again for 12 h under the same conditions. The dispersion was
centrifuged again and the supernatant was added to the previ-
ously collected dispersion. Our developed procedure, reported
previously, produces FL-BP of sub-20 nm thickness and ca. 100~
200 nm in side.*

The stability of the nanosheets, was assessed by the optical
absorbance at 465 nm over time. The degradation of the flakes
was fitted to an empirical decay function used previously by
Coleman and co-workers for FL-BP nanosheets:*

—1/
AI/AO = Astable + Aunstable € i (1)

where A, is the relative absorbance at 465 nm at time ¢ compared
to that at the start (4,), represented by the sum of the absor-
bance of intact, stable BP nanosheets (Agtple), and a term that
represents the degradation of the sheets (Aunstable e "), where ©
is observed decay constant of the nanosheets. Thus by recording
the UV-Vis absorbance at 465 nm over 600 h, it was found that
the observed decay constant of the exfoliated nanosheets (in 1%
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Fig. 1 UV-Vis absorbance spectroscopy time study of the stability of
FL-BP nanosheets in 1% w/v aqueous Triton X-100. The change in
absorbance at 465 nm is used as an indicator of the amount of black
phosphorus remaining in solution and can be fitted to the empirical
function in the inset. The mean observed lifetime of the nanosheets in
solution is estimated to be almost 500 h.
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w/v aqueous Triton X-100 solution) was t = 494 h (Fig. 1). The
total percentage degradation of the sheets in solution was
around 80% over this time, estimated from the total decrease in
absorbance of the sol. FL-BP exfoliated in N-cyclohexyl-2-
pyrrolidone (CHP) have decay constants in the range 115 to
350 h, and the total degradation of CHP-exfoliated BP is re-
ported to be 25%, and is believed to be limited by the amount of
water in the organic solvent. It is clear from the observed decay
constant we measure here then that the surfactant plays
a crucial role in slowing down the degradation process, pro-
tecting the surface and edges of the nanosheets from water,
possibly by micelle formation. We postulate that the Triton X-
100 head group, consisting of ‘Bu(CH,),Ph-R which is highly
non-polar, is able to form an effective surface-bound layer
protecting the BP from degradation by the surrounding water.
The polar polyethylene oxide chains of the surfactant extend
into the aqueous media. Lewis et al. have demonstrated previ-
ously that surfactants are useful for both the dispersion of main
group oxide nanoparticles, as well as enhancement of the
photoluminescence emission of surface-bound luminophores
that are quenched by water and oxygen.*

We further probed the stability of the BP nanosheets in
aqueous media by considering solutions with the nanosheets
removed by centrifugation followed by a polish with membrane
ultrafiltration to leave clear, non-hazy, mother liquors. Induc-
tively coupled plasma optical emission spectroscopy (ICP-OES)
on these mother liquors revealed that the decrease in the
absorption at 465 nm observed over time i.e. the degradation of
FL-BP nanosheets, is accompanied by the release of phosphorus
species into solution (Fig. 2). The amount of phosphorus
detected by ICP-OES rises to a plateau at around in around 500
h, suggesting that there is a critical point at which the nano-
sheets cannot degrade any further, presumably where a critical
micelle concentration is reached. There is no possibility that
these phosphorus species remain bound to the surface of the
FL-BP sheets as these are removed by the centrifugation—-
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Fig. 2 ICP-OES time study of the absolute concentration of phos-

phorus released into solution from degradation of the FL-BP nano-
sheets in 1% w/v aqueous Triton X-100, showing a plateau-like profile.
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Fig. 3 Time dependence of the 3P spectrum of the phosphorus species released into solution from degradation of FL-BP sheets in 1% w/v
aqueous Triton X-100 over a period of 36 days (864 h). The black trace labelled TX100 is the *'P NMR spectrum of 1% w/v aqueous Triton X-100,

which contains no phosphorus species.

ultrafiltration procedure we employ and hence we are confident
that we are looking solely at breakdown products that have been
released into solution.

The chemical identity of the species released was probed by
*'P nuclear magnetic resonance (NMR) spectroscopy using
H;PO, as a standard at 0 ppm (Fig. 3). The peaks which appear
at ca. 1-3 ppm were assigned to orthophosphate, (PO,*").
Hence, we can confidently state that the sheets degrade to
phosphates in solution from hydrolytic mechanisms, and that
the nanosheets are meta-stable when dispersed in aqueous
media and thus have a ‘shelf life’.

In conclusion, we have shown that FL-BP nanosheets can be
stabilised in aqueous media by the use of surfactants, however,
there is some relatively slow degradation of the freshly formed
material to form free PO, phosphate species. Care should hence be
taken when using FL-BP sols to account for the possibility of this
degradation over time. It seems however, that a more stable form
can be reached in which further degradation is limited and in this
sense the sols appear to be meta-stable. This will be important
when, for instance, considering the biological applications of
phosphorene, some of which have recently been reported.*
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