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The interaction between monolayered arsenene and fourteen kinds
of solvents is found to be correlated with the extent of charge
transfer from arsenene to the solvents by density functional theory
calculations. Among them, three kinds of aprotic solvents (cyclohexane,
tetrahydrofuran and chloroform), representing different adsorbabil-
ity with arsenene, were selected to exfoliate bulk arsenic crystals into
nanosheets in experiments. The as-prepared concentrations of the
three dispersions vary monotonically with the calculated adsorption
energies and charge transfer per contact area. Transmission electron
microscopy (TEM) characterization and size distribution analyses
manifested that the lateral size distributions of the exfoliated arsenic
nanosheets ranged from 100 nm to 1050 nm. This strategy shows the
potential usage in liquid-phase exfoliation of multi-layered materials
due to the interaction effects between the solvents and the surface
of the materials.

Two-dimensional (2D) materials have garnered tremendous
interest over the past few years because of their unique electronic
properties and high specific surface areas which are important
in diverse technologies, including electronics, optoelectronics
and catalysis. In the family of 2D materials, group-VA members
have shown increasing research interest, strong momentum of
development and promising applications.” As a novel type of
promising 2D materials, group-VA arsenene has been drawing
more and more attention. Intensive theoretical studies on pristine
or functionalized arsenene have been reported, which predicted
unique and multifarious properties.>> However, the exfoliation
of bulk arsenic into few-layered arsenene still faces huge obsta-
cles to date. Since the successful exfoliation of graphite into
single atomic layers of graphene by Geim and Novoselov in
2004,"° different production methods for 2D materials have been
developed including mechanical exfoliation, chemical vapour
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deposition, chemical exfoliation, and liquid-phase exfoliation. In
particular, liquid-phase exfoliation is well-known as a convenient
and cost-effective option to prepare 2D materials without inter-
mediate chemical reactions.'” Very recently, Pumera et al. and
Rao et al. successfully employed liquid-phase exfoliation to the
preparation of arsenene nanosheets.’®'® Despite the successful
application of liquid-phase exfoliation in the preparation of a
few mono- to few-layered 2D materials, a number of intrinsic
characteristics are still to be elucidated. In particular, the inter-
actions between 2D materials and solvents should be further
understood.

Herein, we identified a correlation between the adsorption
energies and charge transfer of solvents on arsenene by means
of density functional theory (DFT) calculations. The calculated
adsorption energies vary with the charge transfer value nearly
linearly for the aprotic solvents. The experiments of liquid-
phase exfoliation for several selected aprotic solvents further
supported their potential usage in liquid-phase exfoliation of
multi-layered materials by the high-throughput screening of
interaction effects between the solvents and the surface of the
materials.

The initial study of liquid-phase exfoliation of arsenene
starts with the screening of solvents by using DFT computa-
tions of interaction energies between the chosen solvents and
arsenene. The chosen solvents could be divided into two
categories: aprotic solvents and protic solvents (Fig. 1a). The
solvents are all common commercial products that were chosen
based on their physical properties. For example, the dielectric
constants of the chosen solvents range from 1.9 (hexane) to
78.4 (water) and the values of pK, are between 3.8 (formic acid)
and 15.5 (methanol and ethanol) for the protic solvents (Table S1,
ESIt). Different types of solvents with the same category
were also taken into consideration such as the linear alkane
(hexane), cyclic alkane (cyclohexane), aromatic compound
(benzene), ether compound (tetrahydrofuran) and so on. Previous
studies have found that solvents with high boiling points
work particularly well in the liquid exfoliation of graphene
such as N-methylpyrrolidone and N,N-dimethylformamide.>**
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Fig. 1 Schematic description of the screening of solvents for liquid-phase
exfoliation of arsenene. (a) Aprotic solvents and protic solvents. (b) Workflow
of liquid-phase exfoliation.

However, the high-boiling point solvents are difficult to remove
and will cause trouble in the following processing. Thus, low-
boiling point solvents with comparable performance are desired.

The monolayer model of gray arsenic adopts a buckled
structure (Fig. 1b), which is derived from fully optimized
pristine arsenene with the lattice constant of 3.607 A and the
As-As bond length of 2.517 A, in good agreement with previous
reports.>*®

To estimate the interaction intensity between arsenene and
solvents, adsorption energies were calculated by DFT. The
adsorption energy is defined by the formula: E,qs = Eiotal —
Exs — Esol, Where Eioy is the total energy of arsenene with
adsorbed solvent and E, and E; are individual energies of the
pristine arsenene and isolated solvent, respectively. For most
solvents, similar adsorption energies can be observed regard-
less of the different adsorption sites and orientations of the
solvents relative to the substrate (Scheme S1, ESIT). All the
negative adsorption energies indicate the attractive noncovalent
interactions, which are common in the adsorption of molecules
on the surface of materials.

The extent of charge transfer, ie., the difference in charge
between pristine arsenene and the arsenene-solvent complex,
was estimated by Bader charge analysis and its value reflects
the amount of change in the valence electron of arsenene. It is
worth noting that all the values of the charge transfer are also
negative, which means that arsenene acts as the electron donor
and transfers charge to the solvent molecules. This implies that
arsenene is a type of strong electron-rich 2D materials. The plot
(Fig. S1, ESIt) of adsorption energy versus charge transfer shows
a linear relation for aprotic solvents with some exceptions.
Nevertheless, the relation between adsorption energies and
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Fig. 2 Plot of adsorption energy per unit area (E,gsper) versus charge
transfer per unit area (CTpg,) in different solvents. The circles are aprotic
and the stars are protic solvents. The solvents with dashed circles were
selected for liquid-phase exfoliation experiments.

charge transfer is disordered to some extent for protic solvents.
From the plot, it could be inferred that, in general, more charge
is transferred from arsenene to the solvent, and the adsorption
is energetically more favourable.

In order to compare the interactions between arsenene and
different solvents under the same conditions, the contact area
of the solvent on arsenene was estimated (Scheme S3, ESIT).
The adsorption energies and values of charge transfer per unit
area were calculated as shown in Fig. 2. It is worth noting that
multiple geometries were calculated for each solvent, so there
are multiple circles/stars for each compound. This treatment
aims to simulate the real situation as much as possible because
arsenene is fully covered by solvent molecules in the solution.
Undoubtedly, the linear relation remains due to the simulta-
neous expansion or shrinkage of the x- and y-axis values for each
point of aprotic solvents. What’s interesting is that a linear
relation seems to appear for protic solvents too. Generally, the
points of protic solvents are below those of the aprotic solvents.
This is mainly due to the positively charged hydrogen in the protic
solvents. From these points, we could select the appropriate
solvents to perform the experiments concerned with the surface
of arsenene, such as the liquid-phase exfoliation of arsenic
nanosheets. The net energetic cost is a fundamental reference
in the liquid-phase exfoliation.*” Strong solvent-solute interac-
tions are anticipated to facilitate the exfoliation effectively.*®

Stimulated by the theoretical results, three low-boiling point
aprotic solvents (cyclohexane, tetrahydrofuran and chloroform)
were selected to perform the liquid-phase exfoliation experi-
ments. Photographs of arsenic nanosheet dispersions in chloro-
form (left), tetrahydrofuran (middle) and cyclohexane (right)
after 1000 rpm (90g, g = 9.8 m s ?) centrifugation for 5 min
are shown in Fig. 3a. The colour variations of the dispersions are
related to the concentration of arsenic nanosheets, which
strongly depends on the interaction between arsenene and the
solvents. The concentrations of the three dispersions were
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Fig. 3 Yields, size distributions and TEM characterizations of arsenic nanosheets exfoliated in chloroform, tetrahydrofuran (THF) and cyclohexane,

respectively.

calculated to be 1.41 mg mL™" in chloroform, 0.66 mg mL " in
tetrahydrofuran and 0.25 mg mL™" in cyclohexane, respectively.
Eqgs per (black square) and CTp,, (blue triangle), as the functions
of the concentration for arsenic nanosheets, show that the
concentrations of the arsenic nanosheet dispersions are asso-
ciated with E,gs per and CTpe,. The absolute values of E,gg per and
CTper increase nearly monotonically with the concentration of
exfoliated arsenic nanosheets (Fig. 3b). Fig. 3c-e illustrate the
size distribution of arsenic nanosheets determined by dynamic
light scattering. The nanosheets were exfoliated via sonication in
chloroform, tetrahydrofuran and cyclohexane, respectively, and
re-dispersed in ethyl alcohol. No obvious difference in the size
distributions was observed. Transmission electron microscopy
(TEM) characterizations of arsenic nanosheets exfoliated in
chloroform, tetrahydrofuran and cyclohexane are shown in
Fig. 3f-h. The three TEM images show typical characteristics of
nanosheets, confirming the successful exfoliation of layered
arsenic crystals. Atomic force microscopy (AFM) characterization
was also performed to estimate the thickness of the exfoliated
samples. As shown in Fig. S5 (ESIt), the AFM height profiles
show that the thickness values range from 33 to 49 nm. The
chemical quality of the solvent-exfoliated samples was assessed
via XPS as shown in Fig. S7 (ESIt). The XPS spectra have weak
As-O sub-bands resulting from trace amounts of oxidation in the

This journal is © the Owner Societies 2019

samples. The lower XPS signal intensity of As-O indicates only
slight oxidation and relatively high stability of the exfoliated
samples.

It is necessary and important to evaluate the cytotoxicity of
the arsenic nanosheets produced by our method for extending
the applications in arsenic mineral resource utilization and
biomedical fields. A Cell Counting Kit (CCK-8) assay against
3T3 cells (3 day transfer, inoculum 3 x 10° cells of mouse
embryonic fibroblast cells) was performed. As one of the
popular techniques for evaluating in vitro cell viability, the
CCK-8 assay results of arsenene exfoliated in chloroform are
shown in Fig. 4a, in comparison with those of pure chloroform
solvent (Fig. 4b). The nanosheets exfoliated in other solvents
(THF and cyclohexane) were also tested (Fig. S8 and S9, ESI¥).
After 24 hours in cell culture media, it displayed that almost no
cell viability inhibition was detected with low concentrations.
No obvious cytotoxicity was observed until the concentration of
the nanosheets exfoliated in chloroform reaches 20 pg mL ™.
The experimental results indicate that the arsenic nanosheets
produced by our method may be applicable to biosensors and
biomedical devices in the future.

In conclusion, a relation was found between adsorption
energies and charge transfer for solvent-adsorbed arsenene.
For aprotic solvents, the adsorption energies vary with the
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Fig. 4 Percentage cell viability with different concentrations of (a) a
mixture of arsenic nanosheets and chloroform and (b) pure chloroform.

charge transfer value almost linearly. The protic solvents tend
to gain more charge from arsenene compared to aprotic solvents.
Three low-boiling point aprotic solvents (cyclohexane, tetrahydro-
furan and chloroform) were selected to perform the liquid-phase
exfoliation experiments. The experiments further supported the
potential usage in liquid-phase exfoliation of multi-layer materi-
als. It was also found that arsenic nanosheets exfoliated by our
method show low toxicity to 3T3 cells, which implies potential
application in biosensors and biomedical devices. Together with
experimental probes, this shows an example of how computa-
tions promote experiments in the liquid-phase exfoliation of
arsenic nanosheets. We anticipate that more computational
techniques will be involved in developing novel 2D materials.
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