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Abstract: A titanium sulfonate ligand is synthesized for
surface coordination of black phosphorus (BP). In contrast
to serious degradation observed from the bare BP, the BP after
surface coordination exhibits excellent stability during disper-
sion in water and exposure to air for a long period of time,
thereby significantly extending the lifetime and spurring
broader application of BP.

Atomically thin black phosphorus (BP), a new member of
two-dimensional (2D) materials, has attracted increasing
interest because of its unique electronic and optical properties
and promising applications.'™®) BP crystals have strong in-
plane bonds and the weak van der Waals interlayer inter-
action enables exfoliation into few-layer BP sheets or
phosphorene (single-layer BP).l"¥1 As a metal-free layered
semiconductor, BP has thickness-dependent band gaps vary-
ing from 0.3 eV for bulk to 2.0eV for phosphorene.!
Moreover, BP with high mobility and a sizeable band gap is
at the electronic intersection of graphene (a zero-gap high-
mobility 2D material) and semiconducting transition metal
dichalcogenides (large-gap low-mobility 2D materials).> !
These fascinating properties suggest that BP is not only
promising in nanoscale electronic devices®? but also
suitable for near- and mid-infrared region optoelectronic
applications.’” 'l Moreover, BP nanosheets possess excellent
photochemical and photothermal properties with potential
catalytic and biomedical applications.!'¥!

In spite of these promising properties, a fundamental
obstacle hindering the application of BP is its lack of air- and
water-stability.”! It has been demonstrated that BP is very
reactive to oxygen and water under ambient conditions,
resulting in compositional and physical changes and conse-
quently considerable degradation in the electronic and optical
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properties.'" 3381 ong-term exposure of BP to humid air or
water can even completely etch the materials away.”! This
poses a severe limitation to the adoption of BP in flexible
electronics and photoelectronics, and its instability in water
further limits potential electrochemical and biomedical
applications. Therefore, much effort has been made to
understand the degradation mechanism and to improve the
stability of BP.'*?234] Optical microscopy and atomic force
microscopy (AFM) have revealed droplet-like structures on
the surface of BP upon exposure to air.'**"-*! Consequently,
capping layers have been developed to encapsulate BP sheets
and enhance the air-stability of BP, but oxygen and water may
enter through the interfaces causing eventual breakdown.""
The role of oxygen and water in BP degradation has been
studied recently,*? and it has been shown that degradation of
BP under ambient conditions is initiated by contact with
oxygen but water does not play a primary role in the reaction.
However, water is capable of removing P,O, from the surface
and exposing P’ to continue oxidation. Thus, preventing the
reaction between BP and oxygen in air and water is crucial to
enhancing the stability,”! but accomplishing this in reality
remains a great challenge.

Herein, a surface coordination strategy to enhance the
stability of BP in air and water by preventing oxidization of
BP is described. BP has a well-known puckered honeycomb
structure in which a phosphorus atom is covalently bonded to
three neighboring single-layer phosphorus atoms exposing
a pair of lone pair electrons. The lone pair electrons in BP
can readily react with oxygen to form P,O,** and occupation
of the lone pair electrons by other elements may prevent the
reaction between phosphorus and oxygen, ultimately mitigat-
ing oxidation of BP. In this study, a titanium sulfonate ligand
(designated as TiL,, L referring to the sulfonic ester group)
was designed to react with BP to form TiL,-coordinated BP
(designated as TiL,@BP) on the surface to enhance the
stability in water and humid air.

The TiL, ligand (Figure 1a) was synthesized by a reaction
between titanium tetraisopropoxide [Ti(O'Pr),] and p-tolue-
nesulfonic acid in ethanol (EtOH) at 50°C. The 'H NMR
spectra of TiL, in Figure 1d show a single peak at 2.2 ppm
attributable to hydrogen in the —CHj; group and the two
double peaks at 7.2 and 7.5 ppm are associated with hydrogen
atoms in the benzyl group. The *C NMR spectra (Supporting
Information, Figure S1) confirm successful fabrication of
TiL,, with the peak at 20.4 ppm ascribed to carbon in —CH;
and those at 125.2, 129.3, 139.2, 142.4 ppm stem from carbon
atoms in the benzyl group. Transition metals, such as Ag, Au,
Cu, Fe, Pd, Cr, and Ti, can be used to prepare metal—
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Figure 1. Fabrication and characterization of TiL,@BP: a) Synthesis
and structural formula of TiL,; b) surface coordination of TiL, to BP;
c) TEM image with inset HR-TEM image of TiL,@BP; d) 'H NMR
spectra of TiL, and TiL,@BP; e) HR-XPS spectra of P2p; f) HR-XPS
spectra of Ti2p; g) Raman spectra of bare BP and TiL,@BP.

phosphorus complexes with other patterns of phosphorus,
such as tetrahedral white phosphorus, by coordinating the
lone pair electrons of phosphorus in the empty orbital of the
metal atoms."**! Here, the TiL, was specifically designed to
coordinate with BP because the electrophilic effect of sulfonic
ester can strengthen the coordinating ability of titanium.""!

In the next step, ultrasmall BP nanosheets (also called BP
QDs) were synthesized in N-methyl-2-pyrrolidone (NMP) by
a liquid exfoliation technique reported by our group pre-
viously,"” and chosen as one of the BP samples in our
coordination study because smaller BP sheets generally
undergo faster decomposition.’**#! The ultrasmall BP
nanosheets were reacted with TiL, in NMP at room temper-
ature for 15 h to generate the TiL,@BP (Figure 1b). As shown
in Figure 1c, the as-obtained TiL,@BP nanosheets, with an
average size of 3.3nm, have good dispersability. AFM
indicates that the average thickness of TiL,@BP is about
1.6 nm (data not shown), which is the same as that previously
reported from bare BP nanosheets.”? The high-resolution
transmission electron microscopy (HR-TEM) image (inset in
Figure 1c) showed lattice fringes of 0.21 nm corresponding to
the (014) plane of the BP crystal.”] The 'H NMR spectra of
TiL,@BP are similar to those of TiL, (Figure 1d), indicating
successful coordination of TiL, on the BP nanosheets as well
as the structure of TiL,@BP.

High-resolution X-ray photoelectron spectroscopy (HR-
XPS) is performed to assess the chemical quality of the bare
BP and TiL,@BP. The samples are prepared by drop-casting
the BP dispersion onto Si/SiO, substrates followed by
exposure to air for 72 h. As shown in Figure 1e, the bare BP
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shows the P2p,, and P2p,, doublet at 130.1 and 130.9 ¢V,
respectively, characteristic of crystalline BPF? In addition,
intense oxidized phosphorus (P,O,) sub-bands emerged at
134.0 eV as a result of partial oxidation. This phenomenon has
been observed from bare BP by XPS.'"-*?l Here, the binding
energy of P2p in TiL,@BP was 132.4 eV, in agreement with
the reported value of Ti—P coordination® and no oxidized
phosphorus sub-bands could be found. Figure 1f shows the
Ti2p XPS spectra of the two samples. The Ti2p,, (463.5 eV)
and Ti2p;, (458.0 eV) peaks were detected from TiL,@BP,
but no Ti2p peak was observed from the bare BP. XPS thus
confirmed successful coordination between P and Ti in
TiL,@BP and, notably, oxidation was not observed from
TiL,@BP even after ambient exposure for 72 h.

Raman scattering was performed to characterize the bare
BP and TiL,@BP (Figure 1g). Both TiL,@BP and bare BP
showed three prominent Raman peaks attributed to one out-
of-plane phonon mode A', at 359.5cm™" and two in-plane
modes B,, and A%, at 436.0 and 4633 cm™', respectively.”
Compared to bare BP, the A',, B,, and A’, modes of
TiL,@BP were red-shifted by about 3.4, 5.0, and 5.0cm™!,
respectively. When TiL, was coordinated to the BP surface,
the oscillation of P atoms was hindered to some extent, thus
decreasing the corresponding Raman scattering energy and
producing the red-shifts of the three Raman peaks of
TiL,@BP.

To evaluate the role of Ti coordination in the BP stability,
TiL,@BP and bare BP were centrifuged from NMP, dispersed
in water at a concentration of 2 ppm, and exposed to air for
different time periods. The optical absorbance at each time
point was monitored (Figure 2). In the beginning during
dispersing, both the bare BP and TiL,@BP showed a typical
broad absorption band spanning the ultraviolet (UV) and
near-infrared (NIR) regions similar to other 2D layered
materials.””! However, the absorbance intensity of the bare
BP decreased significantly with dispersion time in water
(Figure 2a). After 72 h, the absorbance of the bare BP at
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Figure 2. Stability of bare BP and TiL,@BP in water: a) Absorption
spectra of the bare BP and b) TiL,@BP dispersed in water after
exposure to air for 0, 6, 24, 48, and 72 h; c) Variation of the absorption
ratios at 450 nm (A/A,) of BP and TiL,@BP with dispersion time in
water; d) A/A, of TiL,@BP with dispersion time in EtOH and DMF.
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450 nm (A) decreased by 55 % compared to the original value
(Ay). It has been shown that degradation of BP depends on
the reaction with oxygen (P—P,0,) and water enables
subsequent transformation of P,O, to the final anions
(PO,*)."! This process results in quick removal of P,O,
and continuous exposure of fresh P’ to oxygen. The overall
degradation rate of the bare BP was thus accelerated, as
indicated by the reduced absorbance. In contrast, the
absorbance of TiL,@BP was maintained during dispersion
in water (Figure 2b), and dispersion for 72 h in water only
resulted in a 5% reduction in the absorbance intensity at
450 nm. Even when the dispersion time was increased to
1 week, only a 8% decrease in the absorbance intensity at
450 nm was observed (Figure S2). Therefore, the stability of
TiL,@BP is much better than that of the bare BP in water
(Figure 2¢). Additional experiments indicated that TiL,@BP
has good stablity in other common solvents, such as EtOH
and N,N-dimethylformamide (DMF), under exposure to air
(Figure 2d). This improvement thus enables direct use of
TiL,@BP in a variety of applications.

Photothermal agents that can convert NIR light into heat
have attracted considerable attention in cancer therapy, drug/
gene delivery, and tissue engineering.”? Owing to the
considerable photothermal conversion efficiency and good
element biocompability, BP nanosheets are promising photo-
thermal agents.’””l Considering that long-term exposure to the
physiological environment is essential in clinical applications,
the photothermal stability of TiL,@BP dispersed in water was
examined by comparing with bare BP (Figure 3). To monitor
partial degradation during photothermal performance, a very
low (2 ppm) concentration of TiL,@BP and bare BP was used.
The solution temperature as a function of time was studied by
using the 808 nm NIR laser (1.0 W ¢ 2 at power density) as the
light source. In the beginning during water dispersion, the
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Figure 3. Photothermal heating curves of a) Bare BP and b) TiL,@BP
dispersed in water after exposure to air for 0, 6, 24, 48, and 72 h using
the 808 nm laser as the irradiation source.
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solution temperature of the bare BP increased by 10.5°C after
irradiation for 10 min, and it was accompanied by severe
degradation of the photothermal performance with time.
After 72 h, the solution temperature of the bare BP increased
by 3.1°C with 10 min irradiation. In contrast, the photo-
thermal performance of TiL,@BP was much better. After
72 h, the temperature of the TiL,@BP solution increased by
9.6°C with 10 min irradiation, and it was close to the original
value of 10.5°C. The slight decrease of temperature-rise is
probably due to the slight aggregation of the sample. The
difference in the photothermal performance between the bare
BP and TiL,@BP is consistent with the optical absorbance
shown in Figure 2. It should be noted that the TiL, molecules
showed neither obvious NIR absorption nor photothermal
characteristics (Figure S3). Furthermore, biological experi-
ments were performed and excellent biocompatibility with
different cells was observed with TiL,@BP (Figure S4). When
illuminated by the 808 nm laser, the TiL,@BP exhibited good
photothermal effect, as evidenced by death of cancer cells
(Figure S5). By performing simple TiL,-coordination, BP can
maintain the photothermal performance in a physiological
environment, thereby boding well for biomedical application
of the materials.

To further assess the stability of TiL,@BP with different
sizes, micro-sized BP sheets were synthesized by the liquid
exfoliation method reported by our group previously® and
employing the TiL, coordination as described above. The
TiL,@BP sheets and bare BP sheets (control) were dropped
onto Si/Si0O, substrates and kept in air at a relative humidity
of 95% at room temperature for different time durations
(Figure 4). Figures 4a and 4 b, respectively, present the optical
images of the freshly prepared bare BP and TiL,@BP sheets
and after exposure to humid air for 12 and 24 h. With regard
to the bare BP, the surface appeared optically flat during
initial exposure and the surrounding Si/SiO, substrate is
featureless in the optical micrograph. After exposure for 12 h,
small water droplets are observed from the sheet surface, and
after exposure for 24 h the droplets become larger and denser.
Meanwhile, the color of the sheet changed probably because
it becomes thinner.”*>! It is evident from the AFM images
(Figure 4¢) that the sheet surface was roughened by the
droplets. These findings are consistent with the previously
reported morphological changes on BP sheets in air.’>* In
comparison, the TiL,@BP sheet was almost unchanged after
exposure to humid air for 24 h. The AFM images in Figure 4d
show that the TiL,@BP sheet was smoother than the bare BP
sheet after 24 h. Both optical microscopy and AFM provide
direct evidence about the effectiveness of TilL,-coordination
in protecting BP from oxidation in air with a relative humidity
as high as 95%. BP sheets have potential applications in
electronics because of unique characteristics, including the
anisotropic nature,>*?>2*% Jayer-dependent direct band gap
energy,”!'"! and 2D-layered hinge-like structure.”! In theory,
the surface modification strategy described here should not
influence these characteristics, and the enhanced stability can
in fact be exploited to expedite the use of the materials in
different applications.

In conclusion, a titanium sulfonate ligand (TiL,) was
synthesized to coordinate with BP to form TiL,@BP. The P—Ti
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Figure 4. Stability of micro-sized bare BP and TiL,@BP sheets in air
with a relative humidity of 95 %: Optical images of a) bare BP and

b) TiL,@BP sheets on Si/SiO, and exposed to the humid air at room
temperature for O (left), 12 (middle), and 24 h (right). Selected AFM
scans of ¢) BP and d) TiL,@BP sheet after exposure to the humid air
for 24 h.

coordination occupies the lone pair electrons of phosphorus,
preventing oxidation of BP in air and water. The stability of
the bare BP and TiL,@BP under different conditions was
studied systematically in terms of the structure and perfor-
mance. In contrast to serious degradation observed from the
bare BP, the TiL,@BP nanosheet exhibited excellent stability
during long-term dispersion in water as well as exposure to
air, and degradation in the optical absorbance and photo-
thermal performance was minimal. Optical microscopy and
AFM demonstrated that TiL,-coordination protects BP from
oxidation in air with a relative humidity as high as 95%. Our
findings provide a simple and efficient strategy to enhance the
stability of BP against oxidation and degradation. The
TiL,@BP with excellent stability in air and water has many
potential applications in nanoelectronics, optoelectronics, and
biomedicine.
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