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As an advanced two-dimensional (2D) material with unique properties, black phosphorus (BP) has attracted
great attention in a variety of fields. One of the main obstacles for the practical application of BP is the poor
ambient stability of few-layer BP, especially under light irradiation. In this study, a light-absorbing
conjugated polymer is functionalized on the surface of BP during the exfoliation process, yielding BP

nanosheets with light-resistance. The obtained BP/polymer nanosheets demonstrate enhanced stability
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Introduction

Black phosphorus (BP), one of the latest members among
various two-dimensional (2D) nanomaterials, has received
extensive research interest for its unique electronic properties
since early 2014."” In contrast to other well-known 2D materials
(such as graphene and transition metal dichalcogenides),** BP
is a semiconductor with a layer-dependent direct bandgap
ranging from 0.3 to 2.0 eV.>° Besides, BP possesses a large on/off
ratio (up to 10°) and excellent carrier mobility (1000 cm? v *
s ').7* Due to these promising properties, BP has been
considered as an appealing material for sensing, energy storage,
water splitting and electronic devices.* ™

However, bare BP nanosheets are extremely sensitive to air
and quickly degrade within a few hours, especially under light
irradiation, which results in the rapid loss of semiconducting
properties."*'* While the exact mechanism of BP degradation
under ambient conditions is still unclear, significant progress
has been made both experimentally and theoretically. Initially,
several reports pointed out that water and oxygen were the main
factors in BP degradation, but parallel research works implied
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stability of BP for future applications.

that light played a vital role and had a negative effect.’** Light,
as a trigger factor of BP degradation, could activate electrons
transferring from the conduction band of BP to the O, and
generate reactive oxygen species (ROS), which could further
react with the BP surface.'”'$2°

In order to protect BP from chemical degradation, several
strategies have been developed over the years, including
chemical passivation and physical encapsulation. However,
those methods still have several limitations. For instance, the
covalent functionalization of BP would inevitably introduce
structural defects and alter the intrinsic properties of BP.'***>>
Instead of covalent bonding, metal ions could passivate BP by
chemical adsorption, yet the protection lasting period would
not be too long.?>** As for physical protection, while inorganic
deposition layers (such as AlO,, SiO,, and graphene) served as
physical barriers for isolating BP from oxygen and water, the
layers also formed charge transport barriers and caused
a dramatic decrease of conductivity.>*” Hence, in order to
produce BP with better stability and maintain its superior
properties, a more suitable strategy is to employ conductive
passivation coatings which could hinder light-activated
ambient degradation.

To achieve this strategy, conjugated polymers are great
candidates due to their excellent conductivity and light
absorbing properties.”® The light absorbing range of conjugated
polymers depends on the molecular design and conjugation
length. Therefore, conjugated polymers are appropriate to be
efficient light barriers for BP, which can impede photo-oxidative
damage on the BP surface. The functionalization is attributed to
the donor-acceptor interaction between BP and the conjugated
polymer. The P atom in the BP structure has a residual lone pair
of electrons, indicating that BP can serve as an electron donor to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the functionalization of a light-
absorbing conjugated polymer on the BP surface.

provide electrons. Conversely, the conjugated polymer has
a strong electron-withdrawing ability with two O=C-N-C=0
groups attached to the opposite ends of a perylene core. The
conjugated polymer coating layer offers the following advan-
tages: (1) the broad light absorption region (from the ultraviolet
to the visible region) can greatly reduce the light induced
oxidation. (2) The great conductivity can retain the high electron
mobility of BP. Furthermore, the conjugated polymer is
a commonly used material in field-effect transistors and organic
solar cells, which extends the application areas of composed
hybrid materials.>**° In this work, we employ a light-absorbing
conjugated polymer as the coating material to suppress the
ambient degradability of BP (Scheme 1). Light-absorbing poly-
mer coated BP (BP/polymer) is obtained by exfoliating bulk BP
in a conjugated polymer containing N-methyl pyrrolidone
(NMP) solution. The stability of BP/polymer is greatly enhanced
under sunlight. Systematic characterization reveals that the
crystal structure and electronic characteristics of BP are
retained after exposure under sunlight for 30 days.

Experimental section

Materials

Red phosphorus (RP), tin (Sn), tin iodide (Snl,), methyl-
trioctylammonium chloride, and 4,7-bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-2,1,3-benzothiadiazole were purchased
from Aladdin (Shanghai, China). Tetrakis(triphenylphosphine)
palladium, perylene-3,4,9,10-tetracarboxylic dianhydride, and
2-ethylhexylamine were purchased from J&K (Beijing, China).
Sulfuric acid (H,S0,), normal-butanol (n-BuOH), and iodine (I,)
were purchased from XiLong SCIENTIFIC (Guangdong, China).
Bromine (Br,), hydrochloric acid (HCI), silica gel, magnesium
sulphate (MgSO,), and other chemicals were purchased from
Sinopharm Chemical Reagent (Shanghai, China). All chemicals
were used without further purification.

Synthesis of bulk BP

Bulk BP was synthesized according to the literature.” In detail,
500 mg of RP, 20 mg of Sn, and 10 mg of Snl, were sealed in
a quartz tube. The tube was heated to 650 °C with a heating
ramp rate of about 1.35 °C per min and then cooled down
naturally.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of BP/polymer

BP/polymer was prepared using a simple liquid exfoliation
technique in the polymer/NMP solution. In brief, 100 mg of
bulk BP was first ground for 10 min. The powder was added into
the polymer/NMP solution (50 mL 1 mg mL ‘). Then the
mixture was treated by sonication with an ice bath for 24 h. The
resultant brown suspension was centrifuged at 1000 rpm for
20 min to remove the residual unexfoliated BP, and the super-
natant was centrifuged at 12 000 rpm for 20 min to obtain BP/
polymer nanosheets.

Stability measurements

The stability of the samples was investigated via a polarizing
microscope, transmission electron microscope (TEM), and X-
ray photoelectron spectrometer (XPS). Micro-sized BP (from
the sediment after sonication with an ice bath for 24 h) was
dropped on a glass slide, and then the change of surface
morphology was observed via a polarizing microscope. Nano-
sized BP (from the supernatant after sonication with an ice
bath for 24 h) was dropped on the silicon substrate, and then
the peak of P and the other peak of P,O, were observed via an
XPS. In an ethanol solution, the stability of micro-sized BP (8000
rpm) was investigated via a TEM. During the photothermal
stability characterization, a 1 cm path length quartz cuvette
containing 1 mL of the samples (20 ppm) was used. An 808 nm
NIR laser (Hi-Tech Optoelectronic Technology Co., Ltd.) was
employed as a continuous light source with a power density of
1.0 W em ™2, and the temperature change was monitored with
a Fotric 220.

Conductivity measurements

Conductivity measurements of BP and BP/Polymer were con-
ducted as follows: the ethanol solution of the samples was
dropped onto the glass substrates and dried in a vacuum at
60 °C for 1 h. Then, the current-voltage curves of the samples
were measured via cyclic voltammetry using a CHI440C (initial
E(V)=—1,highE (V)=1,lowE (V) = —1, scanrate (Vs ') = 0.1,
sensitivity AV™") =1 x 107°).

Characterization

The micrographs of the samples were taken with a TEM (JEOL
JEM-2100), high resolution TEM (HRTEM, TECNAI F-30),
transmission-reflecting polarizing microscope (ECLIPSE/Ci-S,
Nikon), and scanning electron microscope (SEM, SU70, Hita-
chi). Atomic force microscopy (AFM) images were recorded
using an atomic force microscope (AFM, DI Multimode V/DI
Multimode V, Veeco) in tapping mode. X-ray diffraction (XRD)
patterns were recorded with a Philips X'Pert pro equipped with
a Cu Ko, radiation source (A = 1.542 A) The diffraction pattern
was scanned with a step size of 0.02° and a scan speed of 0.2 s
per step. The optical properties of the BP nanosheets were
characterized with a UV-visible spectrophotometer (UV-2550,
Shimadzu). X-ray photoelectron spectroscopy (XPS) measure-
ments were performed on a PHI Quantum 2000 (USA). Fourier
transform infrared spectroscopy (FTIR) was performed using
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a NICOLET iS10, and Raman spectra (XploRA, Jobin-Yvon) were
recorded with a solid-state laser at the excitation wavelength of
532 nm.

Results and discussion

First, bulk BP was prepared and characterized according to
a previous report (Fig. S1t).” The layered structure of the bulk BP
is observed from the scanning electron microscope (SEM) image
(Fig. S1at). X-ray diffraction (XRD) measurements (Fig. S1bt)
confirm the well-crystallized structure of the obtained bulk BP
(JCPDS no. 73-1358). The conjugated polymer was synthesized
by Suzuki coupling polymerization (Fig. S21). Afterwards, the
BP/polymer was obtained by sonication associated liquid-
exfoliation in the polymer/NMP solution. As shown in Fig. 1a,
BP/polymer has a typical 2D structure with an average size of
about 560 nm. The high-resolution transmission electron
microscopy (HRTEM) image reveals a lattice spacing of 0.26 nm,
which is assigned to the (040) plane of BP. Such observations are
similar to the as-prepared BP (Fig. S31), which indicates that the
polymer on BP has no effect on the structure of BP. Energy-
dispersive X-ray spectroscopy (EDS) of BP/polymer demon-
strates uniform distributions of P, C, N, and O elements on the
BP surface (Fig. 1c), confirming the successful functionalization
of the conjugated polymer. The average thicknesses of BP and
BP/polymer are ~3.35 nm and ~5.30 nm according to the
atomic force microscopy (AFM) results, revealing that the
thickness of the conjugated polymer coating is ~1 nm (Fig. 1d
and S4at). Moreover, the thickness of the BP/polymer remains
unchanged when the amount of polymer is doubled in the
synthesis process (Fig. S4bt), which also proves the achieve-
ment of maximum functionalization.

The formation of BP/polymer is verified by Fourier transform
infrared spectroscopy (FTIR). A weak characteristic band at

Fig.1 (a) TEM, (b) high-resolution TEM, (c) elemental mapping, and (d)
AFM images of BP/polymer. Inset in (d) is the height profile along the
white line.
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~1632.6 cm~ " in FTIR of BP is ascribed to H-O-H bending of
surface adsorbed water (Fig. 2a).” For BP/polymer, the sharp
bands observed at ~1705.5 and ~1342.4 cm ™" are assigned to
the stretching vibration of C=0 (as labeled by the circle).** The
characteristic bands at 1662.2 and 817.1 cm™ " arise from the
stretching of C=N (as labeled by the pentacle).*” The other
characteristic bands at 1596.7 and 1247.4 cm ™" are attributed to
the stretching of C=C (as labeled by the triangle) and C-N (as
labeled by the inverted pentacle), respectively.*” Such charac-
teristic bands are consistent with the bands of the conjugated
polymer. The "H NMR spectra also confirm that the conjugated
polymer is successfully adsorbed on the BP surface (Fig. S57). X-
ray photoelectron spectroscopy (XPS) analysis is carried out to
assess the chemical states of BP/polymer (Fig. 2b). Full-scan XPS
spectra of BP/polymer demonstrate the presence of the relevant
elements: P, C, N, and O (Fig. S61), in agreement with the
previous result in EDS mapping. As presented in Fig. 3b, in the
high-resolution C 1s XPS spectrum of BP/Polymer, the peaks
observed at 284.6, 285.5, 286.2, 287.0, and 288.9 eV are assigned
to the C=C, C-N, C=N, C-0, and C=0 bonds, respectively.***
The asymmetric peak of N 1s is composed of two peaks, corre-
sponding to the peak of C=N at 398.5 eV and C-N at 400.2 eV
(Fig. 2¢).*> The O 1s spectrum (Fig. 2d) exhibits three charac-
teristic peaks at 530.8, 531.8, and 532.9 €V, attributed to C=0,
C-0 and H,0, respectively.*® These results confirm the presence
of the conjugated polymer and its successful coating on the BP
surface, which is consistent with the FTIR results as discussed.

The structure and conductivity of BP and BP/Polymer are
then investigated by Raman spectroscopy, XRD, and conduc-
tivity measurements. In Fig. 3a, both BP and BP/polymer show
three prominent Raman peaks ascribed to one out-of-plane
phonon mode at 361.9 ecm™' (Ay), and two in-plane modes at
438.8 and 466.9 cm ™' (B,y and A). The ratio of Ag/A; intensity of
BP and BP/Polymer is calculated as 0.63 and 0.62, respectively,

(a) BP/Polymer cis (b) BP/Polymer
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Intensity (a.u.)

700 500 300 100 295 290 285 280

Binding Energy (eV) Binding Energy (eV)

(d) BR/POlymer O1s

(c) BP/Polymer Nis

Intensity (a.u.)
Intensity (a.u.)

Binding Energy (eV) Binding Energy (eV)

Fig. 2 (a) FTIR spectra of BP, the conjugated polymer, and BP/poly-
mer. High-resolution XPS spectra of (b) C 1s peaks, (c) N 1s peaks, and
(d) the O 1s peak of BP/polymer.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Raman spectra and (b) XRD patterns of BP and BP/polymer.

suggesting that the basal planes of P remain unoxidized after
polymer coating. In Fig. 3b, the XRD pattern of BP/polymer
retains the distinctive few-layered BP peaks, indicating the
unchanged crystal structure. The resistance of the original BP is
measured to be ~0.92 x 10° Q (Fig. 3c). Attributed to the
intrinsic conductivity of the conjugated polymer, the resistance
of conjugated polymer coated BP (~0.78 x 10° Q) does not
increase significantly. Overall, according to these results, the
surface modification with the conjugated polymer has no
influence on the 2D structure and electrical performance of BP
nanosheets.

To evaluate the effect of conjugated polymer functionaliza-
tion on the stability of BP, both nano-sized and micro-sized BP/
polymer samples were investigated with a camera, polarizing
microscope, TEM and XPS. Firstly, the BP/polymer and BP
dispersion with the same concentration (20 ppm) were exposed
to sunlight for days and the appearance changes were recorded.
As shown in Fig. S8, after 12 days, the dispersion of bare BP
becomes transparent, while that of BP/polymer remains brown,
indicating that the BP/polymer has excellent stability in water.
Then BP and BP/polymer samples were dropped onto SiO,
substrates with exposure to a direct sunlight environment for
different durations. As presented in Fig. 4, the optical images of
micro-sized BP and BP/polymer show a perfectly clean and flat
surface at the initial stage. Correspondingly, the same 2D
structures with no apparent defects are observed in TEM images
(inset of Fig. 4a, and b,). After 3 days of natural light exposure,
bubble-like features appear on the micro-sized BP surface
(Fig. 4a,). When the exposure time is extended to 5 days, the
“bubbles” on the BP surface become denser and rougher
(Fig. 4a3). Similarly, the BP nanosheets also show “bubbles”
obviously after 3 days (inset of Fig. 4a,) and cannot retain the 2D
morphology after 5 days (inset of Fig. 4a;3). In general, both
micro-sized and nano-sized BP will undergo severe oxidation
and degradation under sunlight. By contrast, the BP/polymer
retains its original surface morphology even after exposure in
the sunlight for 30 days, which is observed under both the
polarizing microscope and TEM (Fig. 4b;). These results show
that the conjugated polymer coating prevents BP from degra-
dation in the sunlight environment, and this effective method
can be extended to BP with different sizes.

XPS is further employed to assess the stability of BP and BP/
polymer under the sunlight environment. Degradation of BP is
mainly due to the light-induced interaction of oxygen and P,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Polarizing microscopy images of (a) BP and (b) BP/polymer
after sunlight exposure for different durations (inset: the corre-
sponding TEM image, scale bar: 200 nm). High-resolution P 2p XPS
spectra of (c) BP and (d) BP/polymer after sunlight exposure.

accompanied by the formation of oxidized phosphorus species
(BP — P,0,)."” Hence, the evolution process of P,O, can provide
a more accurate description of the BP surface oxidation degree:
with gradual degradation, the content of P,O, on the BP surface
rises conceivably. Fig. 4c and d display P 2p XPS spectra with P
peaks at 128.2-131.7 eV and another peak assigned to P,O,, at
134.0 eV.>%33¢ At the initial stage, the spectra of BP and BP/
polymer both show a strong P peak and weak P,O,, peak. After
sunlight exposure for 5 days, as for pure BP, the peak intensity
of P changes from 92.1% to 14.6% significantly, while the peak
intensity of PO, changes from 7.9% to 85.4%, indicating the
heavy oxidation of BP (Fig. 4c). In sharp contrast, according to
the P 2p spectra of BP/polymer in Fig. 4d, even after 30 days of
sunlight exposure, the peak intensity of P has no significant
changes (P: from 92.4% to 89.7%), and the peak intensity of
P, 0, slightly increases (P,Oy: from 7.6% to 10.3%). XPS analysis
is consistent with the polarizing microscopy results, suggesting
the enhanced ambient stability of BP/polymer over BP under
sunlight. This stability improvement enables the use of BP/
polymer in a variety of applications in which long-term illumi-
nation is essential.

Attributed to the ideal photothermal conversion efficiency
and good biocompatibility, BP is regarded as a promising
photothermal agent. Thus, bare BP and BP/polymer nanosheets
were dispersed in water to evaluate the photothermal stability.
As observed from Fig. S9,T bare BP temperature rises by 18 °C
with 10 min NIR irradiation at 0 d. However, the heating rate is
quickly reduced by 77% accompanied by severe degradation of
BP after 9 d. In contrast, the photothermal stability of BP/

Nanoscale Adv., 2021, 3, 5650-5655 | 5653
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Polymer is much better, consistent with environmental stability
comparison shown in Fig. 4. After 9 d, the heating rate of the BP/
Polymer solution slightly decreases by 10%. It should be noted
that the polymer alone shows little photothermal response
capability (Fig. S10t). These results indicate that BP/Polymer
can maintain photothermal performance for long-term use by
environmental stability improvement.

The stability improvement of BP/polymer is attributed to the
conjugated polymer, which not only can effectively isolate BP
from oxygen and water but also build a light barrier. The light-
induced oxidation mechanism demonstrates that reactive
oxygen species (ROS) react with BP and form phosphorus
oxides, leading to BP degradation. These reactive species are
generated by the reaction between oxygen molecules and light
excited electrons from the conduction band of BP. And the light-
induced oxidation mechanism can be sketched as follows:

Step 1:

0, + he/A 50, +h* (1)

Step 2:
0, +P+h" - PO, (2)

where O, is ROS, 4 is the Planck constant, A is the wavelength,
P is phosphorene, and h* and P,O, stand for a hole and phos-
phorus oxides.

As shown in Fig. 5, BP (dispersed in ethanol) exhibits broad
absorption from 200 nm to 800 nm. According to the above
equations, continuous visible and ultraviolet-light will lead to
the generation of plenty of ROS on the BP surface and greatly
facilitate the degradation of BP. The conjugated polymer
dispersed in ethanol exhibits two kinds of strong absorption
peaks: one at ~215 nm, and the other at ~523 nm. Corre-
spondingly, only two absorption peaks are observed in the BP/
polymer sample. The absorption peak in the ultraviolet region
has a red-shift from ~215 nm to ~239 nm, which is caused by
the ® — w* transition of C=C in the BP/polymer sample.*”
Therefore, as the band of wavelength narrowed down, most
light absorption at different wavelengths from 200 nm to
800 nm is resisted under the same white light. Without enough
photon energy, it is difficult for BP to produce light-induced
excitons in Step 1. Thus, the electron transfer process will be
significantly hindered or even not occur, which contributes to
the ROS reduction and BP stability improvement.
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Fig. 5 UV-vis spectra of BP, polymer, and BP/polymer.
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Conclusions

In conclusion, light-absorbing conjugated polymer coated BP is
produced during the process of exfoliation of bulk BP in the
polymer/NMP solution. The successful synthesis for BP/polymer
nanosheets is confirmed by the FTIR, 'H NMR, and XPS
assessment. The conjugated polymer coating layer on the BP
surface shows strong light absorption properties (ultraviolet
and visible region), which can serve as a light barrier to avoid
photo-oxidative damage on the BP surface. In contrast to rapid
degradation of BP, BP/polymer nanosheets demonstrate excel-
lent stability under sunlight in an ambient environment. Our
findings provide a simple and efficient strategy to enhance the
stability of BP against photo-oxidative degradation, which is of
great importance for facilitating future practical applications in
nanoelectronics and optoelectronics.
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