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Abstract

Discovering highly efficient, environmentally friendly, and low-cost exfoliating media
that can both disperse and protect black phosphorus (BP) remains a challenge. Herein,
we demonstrate such a new molecule, N,N'-dimethylpropyleneurea (DMPU), for
effective exfoliation and dispersion of two-dimensional BP nanosheets. A very high
exfoliation efficiency of up to 16% was achieved in DMPU, significantly surpassing
other good solvents. Exfoliated flakes are free from structural disorder or oxidation.
Nanosheets retain high stability in DMPU even after addition of 25 vol.% of common
solvents. The solvation shell appears to protect the nanosheets from reacting with water
and air, more remarkably than the best solvent N-cyclohexyl-2-pyrrolidone reported so
far. Molecular dynamics simulations of the exfoliation process show that DMPU is
among the effective solvents, although energetically it does not appear as favorable as
some other amides. We also demonstrate that our exfoliated BP nanosheets exhibit
excellent antimicrobial activities against both Escherichia coli and Staphylococcus

aureus, outperforming other common two-dimensional materials of graphene and MoS,,



suggesting promise in biomedical applications.

Introduction

As a new homoatomic two-dimensional (2D) semiconductor since the discovery of
graphene, single layered black phosphorus (BP), termed phosphorene, is currently the
focus of research interest.l!*l Unlike graphene with zero band gap, and transition
metal dichalcogenides such as MoS,, MoSe>, MoTe>, WS>, and WSe; that display
indirect (dipole forbidden, symmetry forbidden) band gap in thick layers,®! BP exhibits
an intrinsic direct (dipole allowed, symmetry allowed) band gap in mono- and
multilayered forms. Thinning BP to a few atomic layers induces a significant bandgap
widening from ~0.3 eV in the bulk to ~2.1 eV for a monolayer, due to quantum size
effects.”’] The exciton binding energies, optical absorption spectrum, and linear
polarization energy window of BP can be also broadly tuned by tailoring the number of
stacked layers. BP exhibits an orthorhombic, buckled crystal structure with two bonds
along the orthogonal in-plane directions, providing anisotropy in the mechanical,
thermal, electrical, and optical properties. Notably, phosphorene possesses a highly
anisotropic hole mobility of ~1000 cm? V! s and a large on/off current ratio of

~10%-10°.31 Such unique properties render this 2D material especially intriguing for

[12-15 [22]

electronic and optoelectronic devices,'!!) sensing,['>13] catalysis,[!*2! solar cells,

[26-29]

rechargeable batteries,[>*>*! and photothermal therapeutic agents, etc.

Production of high-quality BP nanosheets in large quantities is essential for

(39 However, in contrast to simple van der Waals solids such as

successful applications.
graphene (~61 meV per C atom), BP is characterized by stronger interlayer cohesion
(~151 meV per P atom), resulting from significant charge redistribution between layers
facilitated by the electron lone pairs.’'*?] The lone pairs also contribute to high
chemical reactivity. These aspects render it more complex and challenging to
delaminate layers from bulk BP. Liquid-phase exfoliation**3"! to produce 2D BP
appears to be a facile and potentially scalable route. Exfoliated nanosheets can be
noncovalently stabilized against re-aggregation by interaction with a variety of

[23,32,38-46

solvents, I surfactants,*”) polymers,*¥ or ionic liquids!**% (see Table S1).



Despite their success, we note that surfactants, polymers and ionic liquids are third-
phase dispersants, and must be removed after processing for a range of applications. In
addition, it would be much simpler to work only with two-phase dispersions, i.e. solvent
and nanosheet. However, dispersion and exfoliation of BP nanosheets have been only
achieved in a very limited number of solvents. The yield of BP nanosheets afforded by
liquid exfoliation and centrifugation (CF) is currently rather low, being mostly less than
10%. This drives ongoing efforts to exploit and develop new systems to accomplish
higher exfoliation efficiency. Another major challenge is that phosphorene dispersions
are chemically unstable in many solvents, such as water, isopropanol (IPA), and -
butyrolactone (GBL),*3 thus hampering prospective applications. Hanlon et al.
demonstrated successful exfoliation of BP in N-cyclohexyl-2-pyrrolidinone (CHP),
yielding stable phosphorene nanosheets in ambient conditions.!*?! Warren and co-
workers explored 18 solvents for BP exfoliation and concluded that benzonitrile (BZ)
was the best one, giving the highest concentration (0.11 mg mL™") after CF.[**] However,
the level of oxidation or of other sonolysis surface modification effects of exfoliated
nanosheets in BZ and other solvents after exposure to air are still unclear. The best
dispersion solvents (N-methylpyrrolidone (NMP), BZ) for BP reported hitherto are

(%3] The development of highly efficient, environmentally

toxic and relatively costly.
friendly, and practical exfoliating media is, therefore, critically required for dispersion
processing of BP. It is also significant to find a solvent that inhibits phosphorene from
oxidative decomposition to a great extent, providing efficient protection.

Molecular dynamics (MD) simulations provide a molecular-scale view into the
exfoliation process, allowing us to resolve different effects at play. It is key to
understand the role of interactions, i.e. the competition between the solvent-solvent and
inter-sheet forces on one side and the solvent-material interactions on the other, the
ordering of solvent molecules in the interfacial layers, the role of molecular shape that
can favor intercalation between sheets, and also confinement effects.*?! An atomistic
model of BP and phosphorene was developed recently®! in which the van der Waals

and orbital overlap contributions to inter-layer cohesion (discussed above) are carefully

parameterized. Among the quantities calculated through simulation, the free energy cost



(reversible work) associated with peeling a single phosphorene layer from a stack of
BP allowed comparison of different solvents, leading to agreement to
experiments®3442 on exfoliation efficacy. It was found that solvents with planar
molecules, such as NMP, could intercalate easily, so molecular shape is an important
descriptor for a good solvent, in addition to properties such as polarity, cohesive energy
or surface tension.

Here we demonstrate a new and harmless solvent for BP, N,N'-
dimethylpropyleneurea (DMPU). BP can be efficiently exfoliated and stabilized in
DMPU via bath ultrasonication. We show that a significantly higher level of exfoliation
is achieved in this solvent than in any other. We also investigate the exfoliation process
of BP in DMPU using molecular dynamics simulations, using the force field for BP
derived from ab initio calculations lattice dynamics.*”) Exfoliated BP nanosheets
exhibit a low oxidation level of only 4.3 atom% even after 7 days of ambient exposure.
The dispersions remain stable with only < 5% degradation after 3 days even when 25
vol.% fraction of hexane or acetone is added. The solvation shells of DMPU provide
effective passivation against degradation with better efficiency than the well-known
solvent CHP in the presence of air and water. We use our dispersions further to explore
antibacterial properties of DMPU-stabilized phosphorene by cell viability assays
together with scanning electron microscopy (SEM). On the basis of these results, we

introduce BP nanosheets as a new family of 2D antimicrobial nanomaterials.

Results and discussion

Exfoliation and characterization. Benchmarking the wvalues of dispersion
concentration remains one of the biggest issues in the BP community because the final
concentration and flake size vary substantially from one group to another. Such a
scenario i1s due to the fact that different experimental conditions, such as initial bulk
concentration, ultrasonication power or applied shear force, temperature, etc., are not
specified in some cases. To compare like with like, we made BP dispersions in varying
solvents under identical conditions. All BP dispersions prior to exfoliation were

prepared in a glovebox to avoid effects of air. After being subjected to mild bath



ultrasonication (400 W, 40 kHz) followed by CF, stable phosphorene dispersions in
DMPU and the 7 most successful solvents, including NMP, CHP, benzonitrile (BZ),
1,3-dimethyl-2-imidazolidinone (DMI), N,N-dimethyl formamide (DMF), dimethyl
sulfoxide (DMSO), and IPA, were readily obtained (Fig. 1a). As a control, distilled
water was also checked for BP dispersion but nearly all flakes sedimented after CF.
Propylene carbonate (PC) and bio-based levulinic acid (LA), which haven’t been
reported for phosphorene exfoliation, were found to exfoliate and disperse BP at
reasonable concentrations. Undoubtedly, this expands the library of available
exfoliating solvents with new members, which should be very useful for further
processing and applications of BP. Note that the polar aprotic solvent DMPU is
substantially more effective in exfoliating BP than the other tested solvents (Fig. 1b).
In stark contrast to < 8% of exfoliation efficiency in these best known good solvents,
the yield of BP nanosheets is approximately 16% (initial BP concentration, C1: 1 mg
mL!; bath ultrasonication: 3 h; CF: 3000 rpm, 30 min). The Tyndall effect of the
dispersion in DMPU confirmed its colloidal nature (Fig. S1la). Thermogravimetric
(TGA) analysis (Fig. S1b) together with knowledge of the mass of (BP + DMPU) after
evaporation of DMPU for known volumes of dispersions allowed determination of
stock dispersion concentration. A sample of the stock dispersion was serially diluted
with DMPU. A linear trend was observed for the optical absorbance per unit-cell length
at 465 nm (A44es/l) versus concentration (Cgp), whereby the absorption coefticient at 465
nm was derived to be ases = 31.5 cm? mg™! based on the Lambert—Beer law (4 = aCI)
(Fig. S1c). This value is larger than the one (~15.1 cm? mg™!) reported for BP dispersion

s.142] We used this measured absorption coefficient

in CHP by Coleman and co-worker:
of ~31.5 cm? mg™! to estimate the concentration of all subsequent dispersions.

Cep was measured versus C1. We found that the dispersion concentration (Cgp)
increased steadily with Cj, reaching up to ~1.11 mg mL" at C1= 10 mg mL™! (Fig. S1d).
To the best of our knowledge, this is the highest BP dispersion concentration reported
to date.

Optical absorbance spectra and optical absorbances at 465 nm, A465 (¢) before and

after CF, are shown in Figure S2. The effective optical absorption spectra before CF,



given in Fig. S2a of the Supporting Information, approach an apparent maximum
absorbance level at 465 nm of absorbance units per cm (path length) (~20 per cm, Fig.
S2c), although further slow increase in absorbance may occur with much longer
ultrasonication, as has been observed in graphene and BP dispersed in PVP/ethanol
solution.[*®! If all of the BP flakes in this dispersion were exfoliated into thin layers, we
would expect to see an absorbance leveling off at ~31.5 per cm, consistent with the
absorption coefficient derived in Fig. Slc for a suspension of 1 mg of BP/mL at 465
nm. This discrepancy is explained mostly by the presence of thicker and readily
sedimenting BP flakes in our “before-centrifugation” dispersion of Fig. S2a. When we
centrifuge to get the spectra and absorption data of Fig. S2b and d, ~73% of the BP
flakes sedimented, including large particulates and an unknown fraction of thick
multilayers. The absorption spectra we see in the supernatant is characteristic of small
and thin flakes, as studied and reported by Hanlon, Backes, and co-workers.[**] We note
that our extinction coefficient of ~20 cm? mg! is close to the 26.5 cm? mg™! reported by
Hanlon and co-workers after CF. Our estimate of ~31.5 cm® mg™! obtained after CF (Fig.
Slc), is about twice of the 15.1 cm? mg! reported earlier. Such difference is still
unknown. More experimental work, as done for graphene by Nair and co-workers,"!!
and theoretical modeling are needed. Fig. S3 illustrates increase in absorbance as a

t1/2

function of #/“. Two discernible domains of behavior were seen: a long-time behavior

(¢>12 h) and an initial time behavior. These two domains display slopes of 0.0028 s~!/2
(t < 12 h) and 0.00095 s (¢ > 12 h). Such a scenario suggests that these kinetic
processes are diffusion-controlled, and the exfoliation appears rate-limiting as
diffusion-controlled processes. The slopes of the two similar domains observed for

graphene in water, 0.0026 s~ and 0.00086 s~ "2, respectively, are about 7.7% and 10.5%

lower, indicating possibly slower exfoliation of graphene.[sz]‘
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Figure 1. (a) The orthorhombic unit cell of BP (a =3.31 A, =438 A, c=10.50 A, a
= f =y = 90°; space group Bmab; crystallography open database ID: 1010325). (b)
Two-layer phosphorene, highlighting the interlayer distance of 5.4 A. (c) Top view of
BP. (d) Photographs, and (e) 446s/! and Cgp for phosphorene dispersions in DMPU and
other good solvents (initial BP concentration Ci= 1 mg mL™; fsonic = 3 h; CF: 3000 rpm,
30 min).

Scanning electron microscopy (SEM) (Fig. 2a, b, and Fig. S4a, d, e) along with
energy-dispersive X-ray analysis (Fig. S4b, ¢, and f) and transmission electron
microscopy (TEM) (Fig. S5a) and high-angle annular dark field scanning TEM
(HAADF-STEM) (Figs. S5b and 2e) confirmed the successful exfoliation of BP in
DMPU, yielding a large number of thin flakes with lateral dimensions of 100 nm — 4
pm. On the basis of SEM examination, the mean width and length for 311 individual
exfoliated flakes were estimated to be about 1200 and 2200 nm, respectively (Fig. 2c
and d). We note that the lateral sizes of these nanosheets are bigger than those typically
observed for other 2D materials (< 1 um). By TEM, thick multi-layer sheets (more than
10 layers) were rarely observed. Fig. 2e shows a HAADF-STEM image of several
possibly stacked nanosheets. The corresponding EDX mapping (Fig. 2f and g) shows
that the nanosheets are composed of uniform P element. High-resolution TEM

(HRTEM) imaging of different regions revealed that the resulting nanosheets retain



high quality, free from visible impurities or structural disorder (defects or vacancies).
Fig. 3a shows an aberration-corrected HRTEM image of a nanosheet with intact lattice.
Lattice fringes 0 0.315, and 0.435 nm well match those of BP crystals. The fast Fourier
transform (FFT), taken from the area enclosed in the square in Fig. 3a, displays the
(200), (002), (110), (100) and (001) plane families of orthorhombic BP (Fig. 3b). This
indicates that the BP nanosheets exfoliated by bath ultrasonication in DMPU preserve
their crystalline nature. The intensity ratio of the (110) and (200) peaks (/110/1200) 1

shown to be greater than one, suggesting the structure to be likely a monolayer.[*$>*]
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Figure 2. (a) Low- and (b) high-magnification SEM images of exfoliated BP
nanosheets (Ci = 1 mg mL™'; fsonic = 3 h; CF: 3000 rpm, 30 min). (c) Width, and (d)
length histograms for 311 randomly chosen flakes obtained by SEM observation. (e)
HAADF-STEM image of two possibly stacked BP nanosheets. EDX elemental maps

of (f) carbon and (g) phosphorus taken from the region shown in e.

Atomic force microscopy (AFM) analysis showed that the thickness values range
from 2.0 to 15.4 nm (Fig. 3c-i and Fig. S6). The lateral dimensions of the BP flakes

agree well with the SEM images. No bubbles, droplets, or other signs of BP degradation



Apparent height (nm)

were observed. Apparent AFM heights from liquid-exfoliated samples are usually
overestimated because of residual solvent and effects of capillary forces and
adhesion.*?! Approximately 13.9% of measured flakes have apparent AFM height of
about 2.2 nm that are likely monolayers (Fig. 3c, f, and 1). That the AFM-measured
thickness value of a single-layer 2D crystal on a SiO»/Si wafer is higher than the
theoretical value has been reported in graphene, MoS», and BP.’#! Bi-layer and few-

layer nanosheets were also observed, as shown in Fig. 3e and Fig. 3d, respectively.

Notably, 85.0% of the flakes have fewer than five layers.

Apparent height (nm)
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Figure 3. (a) Aberration-corrected HRTEM image of a single sheet. Inset: Enlarged
image taken from the selected region in (a). (b) FFT of image shown in (a). (¢)-(f) AFM
images of single- and few-layer BP flakes with corresponding height profiles. The scale
bar in image c is 2 um, and the scale bars in images d-f are 1 um. (g) Height profile of
an origami-like BP flake in the inset along the line showing clearly resolvable terraces
and orientations due to its folding (scale bar, 1 um). (h) Heights of 120 steps of
deposited BP nanosheets in an ascending order. The step height was found to be a

multiple of 2.2 nm, which was inferred to be the apparent height of one monolayer. (1)




Histogram of number of monolayers per nanosheet derived by AFM on 122 flakes.

Raman spectra of bulk BP and exfoliated flakes both show three active modes at
frequencies ~362.5, 439.1, and 466.6 cm™! that can be assigned to an out-of-plane
vibrational symmetry A,', and two in-plane symmetries of Byg and A.?, respectively
(Fig. 4a).134%%] A slight shift of both A,' and A,” peaks to higher frequency numbers
(~1.4 cm ™! for Ag'; ~1.8 cm ™! for A.?) occurred as has been observed for few-layer BP,
originating from less hindered oscillation of P atoms as a result of reduced interlayer
van der Waals forces.”® A spatial Raman map of A,'/A,* integrated peak ratio is
presented in Fig. 4b. It has been proposed that the intensity ratio of the A,'/Ay* phonon
is sensitively associated with sample oxidative degradation. As such, we analyzed 209
individual Raman spectra after baseline subtraction. The resultant intensity ratio
histogram, as plotted in Fig. 4c, illustrates predominant values of Ag'/As> > 0.2,

highlighting low oxidation levels.[**
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Figure 4. (a) Raman spectra of bulk BP and exfoliated BP nanosheets. (b) Raman
A,'/Ag’ integrated peak ratio map of phosphorene dispersions deposited on a 300 nm

thick SiO»/Si wafer. (c) Histogram of A.'/A,? integrated peak ratios.

Molecular dynamics simulations. The simulation setup and conditions are identical
to those reported by Sresht et al.,[*?l namely the simulation conditions and the force
field used to describe intra-sheet and inter-sheet terms, leading to the mechanical

properties of the material and to the cohesion between sheets. Briefly, the periodic




simulation box contained a stack of four sheets in BP structure, with lateral dimensions
of 5.1 x 4.0 nm, immersed in 1150 DMPU molecules. After equilibration at 300 K the
simulation box has dimensions of 8.0 X 6.5 x 5.5 nm, meaning that a thickness of at
least 2.5 nm of solvent is present between stacks, for a cutoff of the short range
interactions of 1.2 nm, sufficient to avoid artifacts due to the periodic boundary
conditions. The OPLS-AA force field®”) was used to model the structure and
interactions of DMPU with parameters from amides and pyrrolidones. The interactions
between DMPU and P atoms were described by geometric combining rules considering
only the van der Waals part of the BP force field. MD trajectories were obtained using
the LAMMPS software.[>®! The potential of mean force (PMF) corresponding to pulling
the top sheet of the stack was calculated by umbrella sampling, at a series of equilibrium
separations, and the weighted histogram analysis method was used to compute the PMF
curve. Details can be found in the publication by Sresht et al.*?! The results of the

peeling “computer experiment” in DMPU are plotted in Fig. 5.
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Figure 5. Potential of mean force (PMF) profiles corresponding to the reversible work
of peeling the top phosphorene sheet from a stack in the presence of solvent, compared
to the same process in vacuum. The waves at ca. 0.9 and 1.3 nm correspond to the more
difficult separation of interlayer P—P contacts at each corrugation (pucker) of

phosphorene. DMPU (calculations of this work) is compared to other solvents.!

The PMF profiles are similar in the different solvents, although NMP and



dimethylformamide (DMF) show lower PMF values than DMPU, so simulation
predicts that although DMPU is among the good solvents for BP exfoliation it is not the
best. Because the force field for DMPU is from the same source as for the other solvents,
sharing many parameters with DMF and NMP, namely Lennard-Jones potentials and
partial charges, it is unlikely that the discrepancy with experiment comes from the

interaction potentials.

Dispersion stability. To facilitate practical applications, dispersions with high
concentration and good stability are preferred. We thus assessed the stability of our
phosphorene dispersions under inert conditions by monitoring A4es/l versus
sedimentation time. Fig. 6a shows the sedimentation profile for a phosphorene
dispersion with Cgp=~ 0.12 mg mL'. Although some degree of re-aggregation occurred,
~91% of BP nanosheets in the dispersion still remained stably dispersed over long
periods up to 336 h. The curve can be fitted to a monoexponential decay, C = Co + (Ct-
Co) e, where Cy represents the concentration of stably dispersed BP, Crrepresents the
initial concentration of BP, and 7 represents the sedimentation time constant. Fitting the
data gave Co = 0.1 mg/mL, and 7 =43.77 h. This suggests that phosphorene dispersions
of 0.1 mg/mL can retain stability against sedimentation over a reasonable long time.
Moreover, no sedimentation of the dispersion was observed, even after exposure to low
(-5 °C) or high (80 °C) temperatures for 12 h. The absorbance of the dispersion as well
as the spectral shape remained unchanged regardless of freezing treatment (Fig. S7).
There is only a very slight decrease in absorbance after heating at 80 °C for 12 h.

It is known that BP oxidizes and converts to PxOy species which can further react
with moisture to form phosphoric acid.[>>-! It has been envisaged that those ambient
adsorbates (e.g., O and H>O) first interact with BP noncovalently, and then react
covalently to perturb molecular orbitals and degrade its electronic properties.[®! To
probe whether chemical modifications take place in exfoliated BP samples upon
ambient exposure, we performed X-ray photoelectron spectroscopy (XPS) analysis.
The P 2p XPS core-level spectra manifest a single spin-orbit P 2p*? and P 2p'’? doublet
(spin-orbit splitting of ~0.9 eV) at ~129.5 and 130.4 eV, respectively, characteristic of



crystalline BP (Fig. 6b). Very small oxidized phosphorus (i.e., P2O4 or P,Os moieties)
sub-bands are seen at ~134 eV, likely stemming from oxygen defects or surface

suboxides in the BP that are introduced during exfoliation.[®?

1Tt is worth noting that
despite 7 days of ambient exposure, the BP nanosheets have a low oxide content of ca.
4.3 atom%, close to PVP-stabilized BP. This contrasts to a PxOy content of ~15%
reported for BP nanosheets in CHP.[*?] The oxidation level is also remarkably less
compared with those BP nanosheets in IPA and GBL.[**) Additionally, no increase in

the full-width at half maximum (FWHM: ca. 1.5 eV) was observed, suggesting that the

long range order was maintained.
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Figure 6. (a) Cgp versus sedimentation time for a phosphorene dispersion in a glovebox
(C1=1 mg mL™; fsonic = 12 h; CF: 3000 rpm, 30 min). The dashed line is the fitting of

the data. (b) P 2p core-level XPS spectra of BP nanosheets at 0 day, and 7 days ambient
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Height (nm)

exposure. (c) Time evolution of Raman intensity ratio of the A,'/Az> modes for BP
nanosheet powder after exposure to air, obtained from the analysis of 441 baseline-

corrected spectra acquired over an area of 25 x 25 pm? in each case.

Raman spectra of BP nanosheets were monitored at 24, 48, 72, and 96 h after
exposure to air at A = 532 nm. Raman maps and the statistic revealed the average values
of Ag!/Ag> > 0.5 in all cases characteristic of low oxidation levels (Fig. S8). The Raman
intensity ratio of Ag'/A,*> remained nearly unchanged after 96 h exposure (Fig. 6¢),

suggesting no occurrence of degradation, in accordance with XPS results.
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Figure 7. AFM images along with AFM height profiles of an exfoliated BP flake (Ci=
1 mg mLY; fsonic = 12 h; CF: 3000 rpm, 30 min) on a SiO2/Si substrate after exposure
to ambient conditions with an average temperature of 25 °C and a relative humidity of
100% for (a, b) 0 h, (c, d) 4 h, (e, ) 8 h, and (g, h) 12 h. Those brighter dots on the
surface of the flake shown in a, c, e, and g may originate from the solvent DMPU. No
bubble formation in the flake indicative of irreversible BP oxidation was observed after

12 h in ambient conditions.

To gain insight into the ambient degradation behavior of exfoliated BP nanosheets
in DMPU, we performed AFM measurements. Fig. 7 shows AFM images along with
AFM height profiles of al6 nm-thick BP flake after exposure to air for 0, 4, 8, and 12
h. No signs of apparent degradation are observable even after 12 h of ambient exposure

with an average temperature of 25 °C and a relative humidity of 100%.
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Figure 8. (a) Relative absorbance, A465(f)/A465(0), monitoring as a function of time (¢)
for phosphorene dispersions with varying volume fractions of water added. The relative
absorbances for BP dispersions in CHP with addition of 0, 1, 3, 5, 10, and 25% H>O
were added for comparison. (b) A4es(f)/A465(0) versus time (f) for phosphorene
dispersions with addition of 25% volume fractions of hexane, THF, acetone, toluene,

ethanol, and water.

We further tested the stability of phosphorene dispersions by purposeful addition
of varying proportions of water through monitoring the variation of absorbance (A)
versus time (Fig. 8a and Fig. S9). Only a slight fall (less than 5%) in measured
absorbance occurred for the dispersion in DMPU without addition of water, similar to
the dispersion in CHP. Although the absorbance decreased with increasing the volume
fraction of water, the dispersions in DMPU demonstrated slower degradation kinetics
with equivalent addition of water compared with the dispersions in CHP. Such

degradation may result from an acid-base disproportionation reaction predominantly
involving nanosheet edges [BP + 3H,O — BPavac (a defective structure with two P

vacancies formed in the BP supercell) + PH3 + H3PO3],[*?! which can be accelerated in
the presence of air. We fitted these curves by monoexponential decays: A = Aunre + Are
", where Aunre represents the amounts of BP that reacted over time, and Ar. represents
those BP that did not react, while ¢ and 7 represent time and decay time. The values of

7 derived are in the range of 50-128 h, which are significantly higher than the decay
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time of 1 h observed for mechanically cleaved BP in water.[*”] This implies that the
DMPU solvation shell can act as a barrier to prevent oxidative species reaching the
nanosheet surface and dissociation of oxygen molecules, with higher protection
efficiency than the best stable solvent reported hitherto.

We also made a preliminary investigation into some other common solvents
regarding their effects on the dispersion of nanosheets in DMPU (Fig. 8b). Interestingly,
the BP dispersion remained substantially stable over 60 h even when 25% volume
fraction of hexane was added. Addition of tetrahydrofuran (THF), acetone, toluence,
and ethanol may induce aggregation, but no sedimentation was observed after 60 h.
Note that the degrees of dispersion degradation are less than 10% in all cases,
significantly lower than that in water. We believe that these results will aid the practical

handling of BP dispersions.

Graphene 2D MosS,
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BP_3000
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Figure 9. (a) Photographs of bacterial colonies of E. coli (top panel) and S. aureas
(bottom panel) on agar plates after treatment with bulk BP, BP_1500 and BP_ 3000
nanosheets, graphene, and 2D MoS». (b) Bacterial killing ratios of bulk BP, BP_1500
and BP 3000 nanosheets, graphene, and 2D MoS, under the same experimental
conditions. (¢) Photographs of bacterial colonies of E. coli (top panel) and S. aureas

(bottom panel) on agar plates after treatment with varying concentrations of BP_3000.
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Concentration (ug mL™)

1280




(d) Bacterial killing ratio as a function of BP 3000 concentration. The minimum
inhibitory concentration (MIC) was found to be ~160 pg mL™'. The irradiation time in

all cases was 3 min.

Antibacterial application. Compared with other 2D materials such as graphene and
transition metal dichalcogenides (TMDs), BP has higher surface to volume ratio owing
to its puckered lattice configuration. Of particular interest is that BP possesses unique
optical absorptions which can be broadly tuned by tailoring the number of stacked
layers. These aspects provide opportunities for using BP nanosheets as a photothermal
agent in cancer therapy.[26-28:63-95 Degpite this being the case, the antimicrobial activities
of BP and exfoliated BP have been rarely reported. Here, we report a study on the
antibacterial properties of BP using a LB-agar coated plate counting method.
Gram-negative Escherichia coli (E. coli) and Gram-positive Staphylococcus
aureus (S. aureas) that cause serious infections were chosen as microbial models for
antibacterial activity evaluation. We compared the antibacterial activities of our
exfoliated BP nanosheets with bulk BP, graphene, and 2D MoS; (IPA exfoliated). As
depicted in Fig. 9a and b, 2D MoS: showed negligible bacterial killing ability under
808 nm laser irradiation (1 W cm™?) for 3 min. Graphene and bulk BP suppressed
bacterial growth but with bacterial killing ratios of less than 60%. In stark contrast, BP
nanosheets exhibited remarkable antibacterial capabilities with killing ratios against
both E. coli and S. aureas as high as about 99.2%. Interestingly, the BP nanosheets
attained at a higher CF speed killed more bacteria and showed the best antibacterial
activity among all employed materials. Such an outstanding performance is most likely
due to its better optical absorption in the near-infrared region originating from the
thinner thickness of BP obtained at higher CF speeds. Furthermore, we investigated the
effects of irradiation time and BP concentration on photothermal efficiency. When
irradiated with 808 nm laser for 10 min, bulk BP, exfoliated BP nanosheets, and
graphene all killed gram-negative and gram-positive bacteria, whereas 2D MoS: did
not show effective antibacterial effect, as can be clearly seen from Fig. S10. When the

irradiation time was reduced to 2 min, no antibacterial activities were observed for



graphene and bulk BP, but BP nanosheets killed over half bacteria showing effective
bacterial inhibition. The concentration dependent antibacterial activities of BP were
also studied. Fig. 9d shows that the bacterial cell viability loss (killing ratio) exposed
to BP nanosheet concentrations in the range of 80-1280 pg mL!. The bacterial cell loss
gradually increased with the increase of BP concentration. More than 65% bacterial
viability loss for both E. coli and S. aureas was observed at 160 pg mL' of BP
nanosheets obtained at 3000 rpm (BP_3000) within 3 min of irradiation (Fig. 9c and d).

Additionally, BP nanosheets have a slightly stronger influence on S. aureas than E. coli.



E. coli

S. aureas

Figure 10. SEM images of E. coli (top panel) and S. aureas (bottom panel) treated with
bulk BP, BP_ 1500 and BP 3000 nanosheets, graphene, and 2D MoS», respectively.

Control bacterial cells were viable with no observed membrane damage or cell death.
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Figure 11. Cell viability of HeLa cells treated with different concentrations of BP_3000

nanosheets for 24 h.

To understand the antibacterial effects of bulk and BP nanosheets, graphene, and
2D MoS,, changes of morphology and membrance integrity of E. coli and S. aureas
cells after laser exposure were examine by SEM. As revealed by SEM images in Fig.
10, bacterial cells of both E. coli and S. aureas cultured in the presence of BP nanosheets
shrinked. BP nanosheets with more accessible surface area than bulk BP favor trapping
or wrapping of microbes and subsequent formation of agglomerates. More bacteria
were observed to aggregate on or around BP nanosheets relative to bulk BP, graphene,

and 2D MoS,, leading to enhanced antibacterial efficiency. Additionally, the



hydrophilic BP nanosheets could effectively attach to bacteria, facilitating their
photothermal inactivation. Moreover, BP_3000 appears to adsorb more bacteria than
the one obtained at 1500 rpm (BP_1500), consistent with the LB-agar plate results. The
biocompatibility of BP nanosheets, a crucial factor in biomedical area, was evaluated
by a MTT method with HeLa cells. The cytotoxicity of BP nanosheets was calculated,
as shown in Fig. 11. Although the cell viability decreased with increasing the dosage of
BP nanosheets, it still remained a rather high level (~86%) even at a high BP

concentration (1280 ug mL™"), indicating small cytotoxicity of the BP nanosheets.

Conclusion

We have shown a new and harmless molecule, N,N'-dimethylpropyleneurea (DMPU),
that enables efficient exfoliation and dispersion of BP, outperforming all other reported
solvents. Exfoliated nanosheets are highly crystalline and free of defects. The BP
nanosheets are remarkably stable with an oxide content of only 4.3 atom % even after
exposure to air for 7 days, probably due to protection by the solvent solvation shell.
Such DMPU-stabilized BP nanosheets showed higher resistance against degradation
with addition of water or other common solvents than the best solvent system reported
so far, cyclohexyl-2-pyrrolidinone (CHP) exfoliated BP. Furthermore, we demonstrate
that exfoliated BP nanosheets exhibited thickness-dependent photothermal antibacterial
properties with higher efficiency than graphene and two-dimensional MoS; while
showing minimal cytotoxicity. Our results suggest that the solvent-stabilized BP

nanosheets with good biocompatibility have large potential as bacteriostatic agents.
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