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ABSTRACT

Few-layer, osphorous (BP) has emerged as a promising candidate for next generation
nanophgtomc and nanoelectronic devices. However, rapid ambient degradation of

mechanicaibyz liated BP poses challenges in its practical deployment in scalable devices.

[l

To-date, t@ies employed to protect BP have relied upon preventing its exposure to
atmospherj@ cgmgitions. Here, we report an approach that allows this sensitive material to
remain stamout requiring its isolation from the ambient environment. Our method
draws inspiratiopMrom the unique ability of biological systems to avoid photo-oxidative
damages reactive oxygen species (ROS). Since BP undergoes similar photo-
oxidative degradation, we employ imidazolium-based ionic liquids (ILs) as quenchers of

these dam! ecies on the BP surface. This chemical sequestration strategy allows BP to

remain

¢ tor over thirteen weeks, while retaining its key electronic characteristics. This
study portunities to practically implement BP and other environmentally-sensitive

two-dimensional (2D) materials for electronic applications.

L

Keywords: orene, black phosphorus, two-dimensional materials, stability, ionic
liquids, ddg€radation

Few-laMhosphorous (BP) has recently emerged as a promising candidate for next

generation nanopflotonic and nanoelectronic devices. The tunable intrinsic bandgap (~0.3 eV

U

for bulk an. for monolayer)"”), high carrier mobility and highly anisotropic properties

[1,3-5]

of few-lay make it a desirable candidate for a variety of applications, including

A

energy generation and storage systems as well as chemical/bio-sensing.[*'"! For most of these
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applications, the material does not necessarily need to be in the form of a monolayer, but

rather as a thin film, composite, or an embedded structure.!'?!

allenge hampering implementation of few-layer BP in practical scalable

[13-15

devices -is 1ts vulnerability to ambient degradation within a few hours. I As a result the

material r.

3

ses its semiconducting properties and is rendered unusable. The
mechanis-@uses of this degradation is still a subject of investigation, with recent
reports indigatamg the combination of light and oxygen in the presence of ambient moisture
being the mr.[w’m Considering that these factors play a synergistic role, analogies
may be drawn befiveen the BP degradation mechanism and biological systems. An elegant
example i¢ystem II chemistry in plants, wherein a combination of light and oxygen is
known to produce highly oxidising radicals and reactive oxygen species (ROS) that are toxic
to organisowever, the biological systems have the unique ability to protect and/or

repair clves from such photo-oxidative damages by employing a number of

antioxi

To-date, t§ strategies employed to protect BP have relied upon preventing its exposure to
atmospheri itions.['**%! Chemical modifications have also been widely utilised to

[21-27

manipulat ical and electronic properties of nanomaterials. I However, these

approachj have not capitalised upon the antioxidant potential of molecules that could

sequesthing ROS generated on the nanomaterial surface through environmental

interactio@n eventually causes material degradation.

In this wor arefully engineer a biomimetic platform to protect environmentally-
sensitive 1als through their surface treatment with antioxidant molecules. Our
method draws inspiration from the unique ability of biological systems to avoid photo-

This article is protected by copyright. All rights reserved.
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[19

oxidative damages caused by ROS.!" Since BP undergoes similar photo-oxidative

10,16]

degradation,! we employ imidazolium-based ionic liquids (ILs) as quenchers of these

damaging speeics on the BP surface. As such, we exploit the ROS quenching ability of ILs to
stabilise f&

against ambient oxidation. Our strategy fundamentally differs from the
previouﬁ;sﬁd BP protection techniques, wherein the reported methods employ a
blocking lagger that acts as a physical barrier between the BP and the environment. This
physical bmay be in the form of a layer of inorganic material such as aluminium oxide,
or a layer ic molecules such as aryl diazonium ions that form covalent bonds with the
free surface atomg of BP.2¢*3 we acknowledge that the ability of ILs to act as appropriate
exfoliation s to produce few-layer BP has been explored;*® however the role of IL in
actively sﬁng ROS to protect BP against ambient degradation, thereby preserving its

long—termmic characteristics has not been considered. Therefore, an important

distinc trategy is to employ ILs as a functional chemical barrier, which without

strongly inte o with BP, actively participates in rapidly capturing any ROS that is
generated on the BP surface via environmental interactions. This IL-mediated chemo-
sequestrat!n approach offers advantages in terms of (i) non-covalent modification of the BP
surface, WQ otherwise cause changes in the electronic properties of pristine BP, and

(i1) an adva protecting BP through directly targeting its mechanism of degradation

h

under ambient conditions which eliminates the requirement of isolating the material from the

environ

[

herefore offering avenues to extending this new approach for the

protection of othdt 2D materials that suffer from oxidative degradation. Additionally, ILs also

Gl

have the pot for being employed as gate dielectrics to efficiently tune the Fermi energy

in BP bas ric-double-layer transistors.”*”!

N
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We choose two imidazolium based ILs, with the same 1-butyl-3-methylimidazolium [BMIM]

cation, but with different anions. Tetrafluoroborate [BF4] anion makes the IL highly polar,

S

whereas heﬁorophosphate [PF¢] anion makes the IL non-polar. Our investigations begin

with the h at the hydrophobicity of [BMIM][PFs] may be more favourable in

providing gesistance against BP degradation, since ambient moisture is known to facilitate
photo-oxidatio BP.[""1®) We treat the surface of 10-15 nm thick BP flakes (see supporting

Figure S1) these two ILs independently and test their effectiveness using an in situ

environm scanning electron microscopy (ESEM) technique.

US

ESEM is used toM@btain insights into the oxidising chemical reactions that can degrade BP,

and to mo degradation rate in real time (Figure 1). This is achieved by imaging BP

n

using an electron beam whilst the ESEM vacuum chamber is filled with a small amount (~8

Pa) of H, . Electron irradiation under such conditions is known to generate highly

d

reactiv

cals similar to ROS that give rise to oxidation in the vicinity of the electron

M

beam, eading to chemical etching of even inert materials such as diamond.® Figure

la shows a schematic representation of this process. Here, the radicals give rise to the rapid

degradati(htine BP within 15 min of imaging (corresponding to an electron irradiation
fluence 019 electrons-cm™) as seen in Figure 1b and Supporting Video 1. The
evolution istine BP surface degradation is further captured using time-lapse AFM
imagin g Videos 2 and 3)

{

In contrast, -treated samples are significantly more resilient and able to withstand more

U

aggressive electrgn exposures. The [BMIM][PF;]-treated BP deteriorates only partially after

120 mi tron exposure (corresponding to an electron fluence of 5.43x10?' electrons per

A

square cm), as is seen in Figure 1c¢ and Supporting Video 4. The [BMIM][BF4]-treated BP is

highly stable and resilient even after 180 min of exposure and a total electron beam fluence of

This article is protected by copyright. All rights reserved.
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1.58x10%* electrons per square cm (see Figure 1d and Supporting Video 5). To confirm that
the BP degradation seen in the ESEM images is caused by oxidising radicals generated
through the dissociation of H,O rather than by direct electron beam damage, reference
exposures ed in high vacuum (~3x10™* Pa), where the observed degradation rate
. N . . .

is several sders of magnitude lower than in the presence of 8 Pa of H,O vapour (see Figure
S2 in the mng Information). Hence, our in situ ESEM studies validate the dominant
role of RO degradation, while establishing that the relative hydrophobicity of

[BMIM] [an in Figure 1¢) does not result in superior stabilisation of BP.

To obtain @into the nature of binding of ILs to BP, we performed density functional
theory (Dmlations (Figure 2). The modelling studies for both basal and edge planes
of BP reveal the chemisorption of [BMIM] cation without forming a covalent bond, such that
the associati he IL ion-pairs to BP is slightly stronger in case of [BMIM][BF,4] over

[BMI other optimised structures are shown in Supporting Information, Figures S3-

S8). A gradation is observed to initiate from its edge plane, we also modelled the
influence of the crowding effect of ILs at the BP edge. Introduction of an additional molecule

makes IL MO BP more favourable without influencing their relative binding affinity

towards though in the case of both ILs, the chemisorption of [BMIM] cation to BP

through it le ring is thermodynamically favoured; the electrostatic interactions
betweegand the cation play an important role in dictating the overall binding
energies o ILs. Further, the binding of the ILs to BP appears to cause minor lattice
distortionsmsimi@t to those observed previously, when aryl diazonium chemistry was
explor rface passivation of exfoliated BP.**) It may be noted that our DFT studies
have focusse single phosphorene monolayer, largely due to the requirement of

significantly longer computation time for multilayer BP, along with the established fact that

This article is protected by copyright. All rights reserved.
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the binding energy between multiple phosphorene layers is known to be dominated by van
der Waals type forces.*”! Therefore, we would expect that adsorbing the ILs on a multi-layer

phosphorenﬁcture is unlikely to have a significant effect on the interaction energy. This is

further su ur DFT studies which reveal that the positions of the individual P

N — . . o
atoms in ts phosphorene monolayer are little changed after the IL adsorption. This indicates
that the ILQractions are localised to the outermost, and closest, P atoms. Hence, we

would exp adding layers of P to the model will not significantly change the results and

influence Wusions that we draw. As such, theoretical and experimental studies
collective@ that stronger binding of [BMIM][BF4] to BP makes it a superior
stabilising mpared to [BMIM][PFg]. It is also noted that ILs with [PF¢] anions are not
very stabl mbient conditions and may gradually produce corrosive species, such as

HF, whicm responsible for partial degradation of BP flakes observed under ESEM.!"!

As are her focus our investigations on studying the role of [BMIM][BF4] IL in
BP stabilisati d its use in practical devices.

We employ X-ray photoelectron spectroscopy (XPS) to study the binding of [BMIM][BF4] to

the BP suh its effect on stabilisation (Figure 3a and Supporting Figure S9). The

chemical surface-treated BP was probed with C 1s, N 1s, P 2p, B 1s and F 1s core

level XPS background corrected using Shirley algorithm, and deconvoluted into
individg\ents using a Gaussian-Lorentzian function. The P 2p core level binding
energies s res corresponding to P-P (130 eV), P-C (132.5 e¢V), P-N (133.5 ¢V) and
P-O (134. hich agree well with literature assignments (Figure 3a).***!! The P-C (284
eV)20! (401.1 eV) signatures are also observed in the C 1s and N 1s spectra,

supporting the CH@misorption of the imidazolium ring observed in DFT modelling. Additional

signatures corresponding to B 1s and F 1s core levels reflect the presence of [BF4] anion,

This article is protected by copyright. All rights reserved.
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through the [BMIM][BF4] IL chemisorbed on the BP surface, as also observed through DFT
studies. The relative stability of IL-treated BP over pristine BP is also evident from XPS,
which show. t while the pristine BP readily oxidises within 72 h, the surface-treated BP
remains 1 . A marked decrease in the intensity of P—O feature in surface-treated
BP conﬁn!s the ability of [BMIM][BF4] in protecting BP against ambient degradation.

We next L@afocal Raman spectroscopy to evaluate the ambient stability of the pristine
and [BMIM[ -treated BP flakes (Figure 3b). BP exhibits three distinct Raman modes at
361 cm™ ma, 438 cm’™! (B2g mode) and 465 cm™ (A2g mode). The A' ¢ mode
originates @y from the out-of-plane vibrations of phosphorus atoms along the c-axis,
while the B A2g modes arise from the in-plane vibrations of phosphorus atoms along the
b-axis (armchair) and a-axis (zigzag), respectively.*!! The A' ¢ mode is considered for the
mapping agit ins constant when normalized to the Si transverse optical mode and hence

provid 00d reference for comparison.*”! In case of the pristine BP, the intensity of the

Al ¢ M omes non-existent within a week. However, the [BMIM][BF4]-treated sample
shows a largely non-variant intensity map even after 36 days of ambient storage and multiple

cycles of h to a Raman laser. To quantify these observations, average peak intensities

(normalisrespective day 1 values) acquired on multiple flakes from each of the

samples a ed (Figure 3¢). All three Raman modes show almost complete decay by
Day OB& of pristine BP (see Supporting Information Figure S10 for the

correspondi ixel-by-pixel raw map and an analysis of the BZg and A2g modes). In contrast,
the intensi ge for the [BMIM][BF,]-treated BP flakes, remains largely consistent,

showi@ty drop in the range of 7.5-9.0% over a period of 36 days. We attribute this
drop to the lasefduced photo-oxidation of BP during multiple cycles of Raman spectral
mapping. In fact, to circumvent this issue, researchers typically deposit an aluminium oxide

This article is protected by copyright. All rights reserved.
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passivating layer on BP flakes prior to extended Raman measurments, which is not required
in our case. The average trend observed in multiple BP crystallites coupled with the spatial
Raman analysis further highlights the effectivness of the proposed [BMIM][BF,] IL-based
surface tr hodology against ambient degradation of BP. The potential of
[BMIM-][ 4]_ILin protecting BP flakes is further supported by AFM time-lapse videos on
pristine (Syppomting Videos 2 and 3) and IL-treated BP flakes (Supporting Video 6). We also
located suu flakes to verify the effectiveness of the IL-treatment on thinner flakes by
employinw mapping over a period of 15 days (see Supporting Information Figure
S11). We chose two flakes of thicknesses ca. 6 nm and 9 nm respectively, which along with
original dat . 10-15 nm flakes, allows a comparison of the effectiveness of IL
protectionﬁ'ﬂakes of different thicknesses. The 6 nm flake was chosen from a sample

exfoliatedmreated under ambient, whereas the 9 nm flake was exfoliated and IL-

N, environment. As thinner flakes are more prone to ambient degradation,

this choice a us to validate the rigour of IL protection on thinner flakes produced under
ambient conditions as well. During this period, we did not observe any noticeable influence
on the abiw to protect BP flakes obtained under different exfoliation conditions, viz.
inert vs. a@n general, pristine BP flakes degrade completely in less than a week
(Figure 3b). uch, even though BP might get slightly oxidized when exfoliated under

ambient cAuditions; those minor oxidation events do not interfere with the protective ability

h

L

of ILs a er ambient oxidation as indicated by the comparison between the stability

of two samples afishown in Supporting Information Figure S11. Next we focus on

Ci

understandi mechanism responsible for protective effects of [ BMIM][BF4] IL.

Exposure o light and molecular oxygen leads to ROS generation,!**! which are

A

considered to play a dominant role in BP degradation,'” as also experimentally validated

through our current ESEM studies (Figure 1). Analogously, in biological systems, natural

This article is protected by copyright. All rights reserved.
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antioxidants, such as carotenoids, play an important role in neutralising such damaging

ROS."™ Artificial compounds such as imidazoles have also been found to sequester these

damaging spegies.*” As such, to understand the underlying role of [BF4]-based imidazolium
IL in BP L&v

e performed biochemical assays that assess the IL-mediated quenching
H I . . 1 :
of three dififerent ROS, namely, singlet oxygen species (" O;), as well as hydroxyl (OH') and

superoxieradicals (Figure 4) (see Supporting Information Section 7 for details). A

schematic ntation of the mechanism is provided in Figure 4a, illustrating that

photogenws becomes non-accessible to the BP surface owing to the IL-facilitated

sequestration. seen from Figure 4b that when photogenerated '0, is exposed to as low as
femtomolar trations of [ BMIM][BF4], this IL can sequester and quench ~90% of this
damagingﬁnOther free radical species (OH and O, ) are also quenched to the similar
levels, albgit feqiliring millimolar concentrations of IL. Therefore, it is inferred that

[BMI vides a unique ability to protect BP via sequestration of the damaging ROS.
To eluci e applicability of our method to real world devices, we fabricate a field effect

transistor (FET) from the [BMIM][BF,]-treated BP. Figure 5a shows the /-J curves of a

surface-trh FET at varying gate voltages. Figure 5b and 5c show a comparison of the

transfer ctics (Ip vs Vi) and transconductance obtained from a FET on a pristine and

a [BMIM eated BP flake, respectively. It is seen that the performance of the pristine
samplegs rapidly within 8 days resulting in a total loss of switching properties. On
the other tment with [BMIM][BF4] preserves the electrical characteristics for 92
days.

In sum@emonstrate a robust procedure to stabilise mechanically-exfoliated few-

layer black phosphorus (BP) and protect it from oxidation and deterioration. This makes BP

amenable to device engineering. In particular, we first affirm the damaging role of reactive

This article is protected by copyright. All rights reserved.
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oxygen species using an in situ ESEM study. Subsequently, we show that [BMIM][BF4] ionic
liquid can effectively sequester these reactive oxygen species, thereby preventing photo-
oxidative !ﬁ tion of BP flakes under ambient conditions. The chemical mechanism of the

a
ionic liqu tion to the BP flakes is studied using DFT modelling. The surface-
treated BBgretains its key electronic characteristics for 92 days. This chemical sequestration
strategy om post-synthesis possibilities of employing chemical species with

antioxidan rties to protect environmentally-sensitive 2D materials against photo-

oxidative w In addition, since ILs offer potential as a solvent for liquid phase

[36]

exfoliation syntli@sis of 2D materials,”” mechanistic findings from this study will assist in

improvinfciency of current liquid phase exfoliation strategies. Further investigations

into this t have the potential of achieving tunability of electronic/optoelectronic as

well as cimroperties of BP, enabling functional 2D materials and systems.

Exper al Section

Synthe tment: For all the experiments conducted in this work, few-layer BP
crystals wgre obtained via poly-dimethyl-siloxane (PDMS) assisted micromechanical
exfoliation mercial bulk black phosphorus crystals (Smart Elements) on a 50 nm
Si0,/Si suﬁha‘t were pre-cleaned using acetone and isopropanol and dried with high
purity, ﬂd N,. Surface treatment was carried out straight after the synthesis process
by dropw ILs on two separate samples. The ILs were left on the surface for ~40 min

before beiTsively washed off using acetonitrile and blow dried with N,.

In situ ESE ctron beam irradiation was performed on pristine mechanically exfoliated
few-layere a Si0,/Si substrate as well as IL-treated BP flakes. The samples were
loaded in a variable pressure NanoSEM field emission gun SEM. The system was pumped

This article is protected by copyright. All rights reserved.
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down to a base pressure of 3x10™ Pa. Water vapour was then injected into the chamber so as
to achieve a chamber pressure of 8 Pa. The BP flakes were imaged using a magnetic-field-
assisted gas secondary electron detector. Electron beam irradiation was performed by
imaging ta

epeatedly with a 20 keV, 1.35 nA electron beam using a scan rate of

N —— .
3.36 ms/hs and 1452 lines/frame. The flakes were exposed for up to three hours, as

indicated ﬁures.

Raman spmpy: The spatial Raman peak intensity mapping was conducted on a Horiba
|

LabRAM on micro-Raman system equipped with 9 mW, 532 nm laser (0.5 pm lateral

resolution: 0.25 ;xposure), and a 50 objective.

AFM: AFg imaging was conducted on a Dimension Icon AFM in Scan Assist mode.

ROS quen@dies: The ability of [BMIM][BF4] IL to quench ROS was performed by
assessipgpitsal t on independently sequestering three oxidative species, namely 'O, Oy
and OH. T pective species were produced through photo-excitation of methylene

blue, hypoxanthine/xanthine oxidase, and horseradish peroxidase, as elaborated in the

Supportinsﬂformation Section 7.

BP FET fn and characterisation: FETs were fabricated on mechanically-exfoliated

BP on 50 /Si substrates. After the transfer, a photoresist layer was spin-coated at
4,000 followed by 100 °C soft bake. The electrode patterns were UV-exposed
using a m igcr system (MA6, SUSS MicroTech) and subsequently developed. The
metal elecﬁr/Au (10/100 nm) were then deposited on the developed patterns using
electro vaporation. Finally, the lift-off in acetone was carried out to reveal the

required metalliC®€ontact pads for micro-probes and electrical measurement. The FET

measurements were conducted using a Keithley 4200SCS semiconductor parameter analyser.
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All measurements were performed under ambient conditions. The electrical characteristics
were measured weekly for 36 days in parallel with the Raman measurements. Beyond that,

the sample eft under ambient conditions and retested after 92 days.
Suppor-tin nformation

Supportinﬁation is available from the Wiley Online Library or from the authors
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Figure 1. a) Schematic representation of the electron beam induced ROS production that
causes degradation of an unprotected BP surface. b-d) ESEM micrographs of the BP flakes

imaged in Eijesence of H,O vapour. b) pristine BP. ¢) [BMIM][PF¢]-treated BP and d)

[BMIM][ BP flakes. The flake in b deteriorated and shrunk rapidly into the small

dkf-t in the fi Il asin S rting Video 1
ark fea us as seen in the figure, as well as in Supporting Video 1.

Author Manusc
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Figure 2. g eft to right) DFT-calculated thermodynamically favoured structures and

correspon(bding energies for ILs. a) [BMIM][PF¢] and b) [BMIM][BF4] chemisorption

on BP bas

[BMIM][
H

-
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, edge plane and with two IL pairs on the edge plane. It is evident that the

4] binds more strongly to both BP planes compared to [BMIM][PF¢].
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Figure 3. %Voluted P 2p core-level XPS spectra after 72 h of ambient exposure for a

pristine a @ IM][BF4]-treated BP flake. The evolution of the P-O feature at 134.1 eV
in pristine SPsismindicative of the photo-oxidation at the surface within 72 hours. In the case
ofa su;i BP flake, the P-P, P-C and P—N features are predominant. b) Spatial
RamanEﬂty maps (Alg) for a representative pristine BP flake (Day 01 and 08) and
[BMIM][ ted BP flake (Day 01 and 36). Scale bars denote 1 pm. Corresponding
pixel-b ap is shown in Supporting Figure S10. ¢) Evolution of the normalised

intensity (averag®d from multiple BP flakes) of the A ¢ Raman mode over the course of

ambient exposure. It can be seen that even after multiple exposures to the Raman laser, the

This article is protected by copyright. All rights reserved.
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surface-treated flakes are largely preserved. The error bars represent a confidence interval of

95%.
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Figure 4. a) A schematic representation of the [BMIM][BF4] IL-induced ROS sequestration

mechanis BP surface. b) The ability of [BMIM][BF,] to quench different photo-

or

oxidative @ herein the differences in the molar concentrations of the IL required to

quench ! nd O, levels are notable.
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curves of a [BMIM][BF4]-treated BP FET with varying gate voltages. b)
istics of a pristine and [ BMIM][BF4]-treated BP FET over the course of

I ¢) comparison of transconductance of a pristine and [ BMIM][BF4]-treated
ys. It is seen that the characteristics of surface-treated BP FETs are

the electronic properties of the pristine BP FET shows rapid degradation
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TOC entry

Few-layer black phosphorous (BP) has recently emerged as a promising candidate for next
generati otonic and nanoelectronic devices. However, rapid ambient degradation of
mechanicallyaexfoliated BP poses challenges in its practical deployment in scalable devices.
Here, we pproach that allows this sensitive material to remain stable without
requiring ifspis@datien from the ambient environment. This chemical sequestration strategy
allows BE_to_remain stable for over thirteen weeks, while retaining its key electronic

characterigfics. This study opens opportunities to practically implement BP and other
environm nsitive two-dimensional (2D) materials for electronic applications.

Keywordsiphosphorene, black phosphorus, two-dimensional materials, stability, ionic
liquids, de on
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