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Bi,Ses has been widely used as a promising photothermal and photoacoustic agent recently. Herein, two-
dimensional (2D) Bi,Ses nanosheets with different sizes of about 30 nm (Bi,Ses-30) and 80 nm (Bi,Ses-80)
have been successfully synthesized via solution-based methods. Both of the Bi,Sesz nanosheets possess
high near-infrared (NIR) optical absorption, efficient photothermal conversion and excellent
photoacoustic behaviors. Meanwhile, the Bi,Ses-30 nanosheets perform better. These results indicate
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1. Introduction

As new quantum matter, topological insulators are one of the
most exciting research topics in physics, chemistry and mate-
rials fields."* In recent years, great efforts have been devoted to
theoretical prediction and experimental confirmation of various
2D topological insulators such as Bi,Ses, Bi,Tez, Sb,Te; etc.’”
Among them, Bi,Se; invokes a research boom due to its simple
band structure near the Dirac point and remarkable band
gap.>”® The unique band structure of Bi,Se; lead to new elec-
tronic and optical properties.*® For instance, owing to its
graphene-like Dirac energy band structure in its surface state,
Bi,Se; can operate as a broadband optical material possess
remarkable NIR absorption capacity. Furthermore, Bi,Se;
nanosheets exhibit good bioactivity, biocompatibility, and
metabolizability, thus have been proposed as a novel NIR
optical nanoagent for bioimaging and therapy applications.**™**
Their advantageous 2D structure is also promising for many
other biomedical applications such as drug delivery.**

It is known that the size of the quantum materials is critically
important to their chemical, physical and biological properties.
For 2D Bi,Se;, the decrease of diameter or thickness can enlarge
the energy gap," enhance the electron-phonon coupling,'® and
regulate the optical properties.” On the other hand, the size of
Bi,Se; is also crucial when used as a nanoagent in biomedical
applications, which influences not only its cell uptake and
biocompatibility,"” but also its in vivo clearance.'® Recently, many
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the smaller Bi,Sez nanosheets are more promising for optical diagnostic and photothermal therapy.

research groups including ours have established polyol synthesis
strategies to prepare Bi,Se; nanosheets and investigate their
optical properties.'***** However, the size effect on the optical
properties of Bi,Se; nanosheets has not been reported.

In this study, two Bi,Se; nanosheets with well-controlled
particle sizes of 30 nm and 80 nm are synthesized and their
optical absorption properties, NIR photothermal and photo-
acoustic performances are systematically investigated.

2. Experimental section

2.1. Materials

The materials used in this study, selenium powders (Se, 99.0%),
acetone (=99.8%) and ethylene glycol (EG, =99.0%) were ob-
tained from Sinopharm Chemical Reagent Co. Ltd. (Shanghali,
China). Sodium borohydride (NaBH,, 96.0%), bismuth nitrate
pentahydrate (Bi(NO3);-5H,0, 99.99+%), poly(vinylpyrrolidone)
(PVP, MW = 55 000), sodium selenite (Na,SeO3, 99.0%), and
hydroxylamine (NH,OH) were purchased from Sigma-Aldrich.
Ultrapure water (18.25 MQ cm, 25 °C) was used in the
experiments.

2.2. Synthesis of Bi,Se;-30 nanosheets

The Bi,Se;-30 nanosheets were synthesized following our
previously reported method.* Firstly, the sodium hydrogen
selenium (NaHSe) solution was pre-produced by the reaction of
NaBH, aqueous solution and Se powders in an ice-water bath.
Then, 0.5 g Bi(NO;);-5H,0 and 0.226 g PVP were mixed at room
temperature in ethylene glycol (EG). The well-mixed transparent
solution turned turbid yellow when heated to 160 °C under
a nitrogen environment. The pre-prepared oxygen-free NaHSe
solution (0.667 mol L™*, 1.048 mL) was rapidly injected into the
mixture by a syringe. The mixture turned dark immediately,
indicating the formation of Bi,Se;-30 nanosheets. The reaction
was continued 10 min before cooling to room temperature.

This journal is © The Royal Society of Chemistry 2017
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2.3. Synthesis of Bi,Se;-80 nanosheets

The Bi,Se;-80 nanosheets were synthesized as previously pub-
lished.” 1.0 g PVP was dissolved in 50 mL EG, then poured into
250 mL round-bottom flask, followed by the addition of a solution
of Na,SeO; (0.242 g in 35 mL of EG) and Bi(NOs);-5H,0 (0.452 g
in 25 mL of EG) under magnetic stirring at room temperature.
The sealed flask was heated to 160 °C under a nitrogen environ-
ment. The reaction took place by rapid injection of a hydroxyl-
amine solution (NH,OH, 2.4 mL in 20 mL of EG). The reaction
mixture turned dark purple immediately, indicating the forma-
tion of Bi,Se;-80 nanosheets. The reaction was continued 10 min
for a complete reaction before cooling to room temperature.

2.4. Characterizations

Transmission electron microscopy (TEM) and high-resolution
TEM (HR-TEM) images were acquired on the Tecnai G2 F20 S-
Twin transmission electron microscope at an acceleration
voltage of 200 kV. Powder X-ray diffraction (XRD) patterns were
obtained on the D8 Advance (Bruker, Germany) with Cu Ko
radiation (A = 0.1542 nm) at 40 kV and 40 mA. Energy-dispersive
X-ray spectrometry (EDS) was performed on the SEM equipped
with an Oxford INCA 300. Atomic force microscopy (AFM) images
were obtained from the MFP-3D-S atomic force microscope
(Asylum Research, USA) using the AC mode (tapping mode) in
the air. The UV-vis-NIR extinction spectra were recorded on
a Lambda25 spectrophotometer (PerkinElmer) with QS-grade
quartz cuvettes at room temperature. The Bi,Se; concentra-
tions were measured by an inductively-coupled plasma optical
emission spectrometry (ICP-OES, 7000DV, PerkinElmer).

2.5. NIR photothermal effect measurement

The NIR photothermal effect was determined with an infrared
thermal imaging camera (Fluke Ti27, USA), using the fiber-
coupled continuous semiconductor diode laser (808 nm, KS-
810F-8000, Kai Site Electronic Technology Co., Ltd. Shanxi,
China) as the irradiation source. All samples were dispersed in
ultrapure water with the same absorbance intensities as 0.3 at
808 nm. Subsequently, a 1 cm path length quartz cuvette con-
taining 1 mL of the corresponding sample was irradiated by the
laser with a power density of 1.0 W cm ™2 for 12 min. The laser
spot was adjusted to cover the entire surface of the sample. The
temperature during the heating and cooling periods was recor-
ded one time per 30 s by the infrared thermal imaging camera.

2.6. Photoacoustic performance

The Bi,Se; nanosheets aqueous solutions were placed in
a hemispherical acrylic holder and suspended in the center of
the imaging dimple of the Endra Nexus 128 photoacoustic
instrument. The transducers were coupled to the sample plane
by filling the bowl with water and maintained at 38 °C by
a pumping system. The photoacoustic signals were obtained at
an incident laser wavelength of 808 nm. The photoacoustic
signal intensities were acquired by using the ROI in the baseline
image and the intensity changes in the ROI of the sample
images were calculated.
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3. Results and discussion

3.1. Synthesis and characterizations of Bi,Se; nanosheets

The two kinds of Bi,Se; nanosheets were synthesized by
solution-based methods illustrated in Experimental section.
The morphologies of these Bi,Se; nanosheets were character-
ized by TEM and HR-TEM (Fig. 1). The TEM images in Fig. 1a
and b reveal the uniform morphologies of these two Bi,Se;
nanosheets. According to the statistical TEM analysis of 200
nanosheets, the average lateral sizes of the two Bi,Se; nano-
sheets are determined to be approximately 30 + 5 nm (denoted
as Bi,Se;-30) and 80 + 15 nm (denoted as Bi,Se;-80), respec-
tively. Different from the smooth surface of the Bi,Se;-30
nanosheets (Fig. 1c), a screw protrusion is observed in the
center of the Bi,Se;-80 nanosheets (Fig. 1e). The morphological
differences may be attributed to the supersaturation of the
reaction system.** However, the lattice fringes in Fig. 1d and f
are both ascribed to the (110) plane of Bi,Se; as 0.21 nm, which
suggest similar crystalline structures between the two Bi,Se;
nanosheets.” Additionally, the XRD analyses confirm the
rhombohedral structure of the two Bi,Se; nanosheets (JCPDS
card no. 33-0214) (Fig. S11).> The chemical compositions of
them were further determined by EDS. It is confirmed that their
ratios of Bi to Se both are 2 : 3 (Fig. S27).

The AFM images in Fig. 2 show the 3D topographic
morphologies of the Bi,Se;-30 and Bi,Se;-80 nanosheets, the
corresponding thicknesses are determined by the cross-
sectional analysis. The average thickness of the Bi,Se3-30
nanosheets measured in the AFM image is statistically 1.8 +
0.5 nm (Fig. 2b), which is as thin as two quintuple atomic layers
of Bi,Se;. Comparatively, the average thickness of the Bi,Se;-80
nanosheets is 8.3 & 1.0 nm (Fig. 2d), corresponding to a stack of
8 £ 1 quintuple layers.

3.2. Optical absorption properties

The absorption properties of the two Bi,Se; nanosheets are
further investigated. As shown in Fig. 3, the aqueous solution of
the two Bi,Se; nanosheets exhibit obvious absorption ranging

Fig. 1 TEM images of (a) Bi,Sez-30 and (b) Bi,Sesz-80 nanosheets.
Insets: diameter statistical graphs determined from the TEM images;
(c) magnified TEM and (d) HR-TEM images of Bi,Ses-30 nanosheets;
(e) magnified TEM and (f) HR-TEM images of Bi,Sesz-80 nanosheets.
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Fig.2 AFMimages and height statistical analysis of (a, b) BiSez-30 and
(c, d) Bi»Sez-80 nanosheets.

from ultraviolet to NIR, which is similar to other 2D layered
materials such as graphene oxide*® and black phosphorus.”

Since the nanosheets concentrations (C) are measured by
ICP-OES, and the extinction intensities against the quartz cell
length (A/L) at A = 808 nm are determined, the corresponding
extinction coefficient ¢ can be obtained by using Beer's law:
A/L = ¢C. The extinction coefficients of Bi,Se;-30 and Bi,Se;-80
nanosheets at 808 nm are determined to be 11.3 and
10.7 L g~ ' em™ ", respectively. Both values are noticeably higher
than the common photothermal agent gold nanorods (GNRs)
(39Lg 'em 1)

The optical band gap (E,) of the two Bi,Se; nanosheets are
also investigated. E, can be determined by the equation: (a/v)"
= B(hv — E,),”® in which « is the absorption coefficient, /v is
photon energy, and B is a constant. Here n = 2 offers the best fit
for the optical absorption data of Bi,Se;.2>** The plots of (ahv)>
versus hv for the Bi,Se; nanosheets are shown in Fig. S3.f The E,
of the two Bi,Se; nanosheets are acquired by extrapolating the
straight portion of the plot to intersect the energy axis. The E, of
the Bi,Se;-30 and Bi,Se;-80 nanosheets are determined to be
2.14 and 1.99 eV, respectively.

28
a ——44.8 ppm b ——47.7ppm
301 ——225ppm £=113Lg"em’ 24] —238ppm £=107Lg'em’
—113ppm g, —11.9ppm £, |
254 ——5.8ppm Py ——5.9 ppm 2
8 20 8
——2.8 ppm 13 ——3.0 ppm ®
° S oz 8 Fozq
3 20 Kl g 16 <
e s
8 2
s 15 0 @ 3 12 10 20 % 40 %
8 Concentration (ppm) 2 Concentration (ppm)
< 10 08
0.0
0.0 T T T 7 T T T T T T T
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000

Wavelength (nm) Wavelength (nm)

Fig. 3 Absorption spectra of (a) Bi,Ses-30 and (b) Bi,Ses-80 nano-
sheets with various concentrations. Insets: absorbance intensities
against the quartz cell length (A/L) with different concentrations (C) at
808 nm.
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3.3. Photothermal performance

The NIR photothermal performances of the two Bi,Se; nano-
sheets were investigated by dispersing them in water with the
same absorbance intensity of 0.30 at 808 nm. Then, the
temperatures were measured during the irradiation of an
808 nm laser at low power density (1.0 W cm™?) for 12 min.

The photographs and corresponding infrared thermal
images of the solutions are shown in Fig. 4a, and their
temperature heating and cooling curves are shown in Fig. 4b.
Compared with pure water, the aqueous solutions of the two
Bi,Se; nanosheets show much more significant temperature
increase. To further uncover the photothermal performance of
the two Bi,Se; nanosheets, the photothermal conversion effi-
ciency (n) is calculated based on the energy balance of the
system as shown below:**-**

n= (hS(Tmax - Tsurr) - les)/l(l - 107‘4) (1)

hS =Y "-mCylty (2)

Where £ is the heat transfer coefficient, S is the surface area of
the container, Ty,ax is the maximum temperature at steady-state,
Tsurr is the surrounding ambient temperature, I is the laser
power density (1.0 W cm™?), and 4 is the absorption intensity at
808 nm (Agos = 0.3). Qqis is the heat associated with light
absorption by the solvent. The variable 74 is the time constant
for the heat transfer from the system, m and C; are the mass
(1.0 g) and the specific heat capacity (4.2 J g~ * C™ ") of the water
used as the solvent. According to eqn (1) and (2), the n values of
the Bi,Se;-30 and Bi,Se;-80 nanosheets are calculated to be 33%
and 25%, respectively. The 7 value of the Bi,Se;-30 nanosheets
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Fig.4 (a) Photographs (top) and infrared thermal images (down) of the

two Bi>Ses nanosheets aqueous solution with the same absorption
intensities of 0.3 at 808 nm. (b) Photothermal heating/cooling curves
of the two Bi,Ses nanosheets under 808 nm laser. (c) Temperature
elevation of the two Bi,Sez nanosheets for five laser on/off cycles.
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is significantly higher than that of the Bi,Se;-80 nanosheets. It
could be a result of lower scattering introduced by the smaller
particles, by which the external light can be efficiently absorbed
instead of being scattered.*® Additionally, the thinner structure
usually performs more violent atomic oscillation, which is
beneficial to the photothermal conversion.

To further evaluate the photothermal stability of the two
Bi,Se; nanosheets, time-dependent heating—-cooling cycles
under NIR laser were measured with 2 min laser heating and
10 min natural cooling (Fig. 4c). The cycles are repeated for five
times and both of the two Bi,Se; nanosheets exhibit excellent
photostability.

3.4. Photoacoustic performance

When nanoparticles absorb external light, their raised temper-
ature will induce a transient thermoelastic expansion,*® which
could launch ultrasonic waves to form photoacoustic images.*”
As aresult, the photoacoustic signal of the nanoparticles heavily
depends on its optical absorption ability and photoacoustic
conversion efficiency, which represents the efficiency of the
conversion of absorbed optical energy to acoustic waves.*®
Therefore, with the same optical absorption, the material with
higher photoacoustic conversion efficiency is able to perform
stronger photoacoustic signal.*

Herein, the photoacoustic imaging is carried out to evaluate
the photoacoustic conversion efficiency of the two Bi,Se;
nanosheets. Fig. 5 exhibits the photoacoustic images of the two
Bi,Se; nanosheets with same absorbance intensities of 0.3 at
808 nm. It is shown that the photoacoustic intensity of the
Bi,Se;-30 nanosheets is 3 times higher than the Bi,Se;-80
nanosheets. Due to the smaller size of the Bi,Se;-30 nanosheets,
the increased temperature introduces more cavities and further
promotes the thermoelastic expansion. Therefore, the more
effective photothermal conversion and greater thermal expan-
sion synergistically will result in the higher photoacoustic
conversion capability of the Bi,Se;-30 nanosheets.*® Besides, the
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Fig. 5 Photoacoustic images of the two Bi,Sez nanosheets with the
same absorbance intensities of 0.3 at 808 nm.
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Fig. 6 (a) Photoacoustic images of the two Bi,Ses nanosheets
aqueous solution with different concentrations. (b) Photoacoustic
signal intensities as function of the concentrations.

photoacoustic signal intensities of the two Bi,Se; nanosheets
are higher than that of GNRs, which is a commonly used pho-
toacoustic agent (Fig. S47).*

Subsequently, the photoacoustic images of the aqueous
solutions of the two Bi,Se; nanosheets with concentrations
from 0 to 250 ppm are illustrated in Fig. 6a. The concentration
dependent intensities are described by the equations in Fig. 6b.
The photoacoustic signals are enhanced with the increased
Bi,Se; concentrations. The Bi,Se;-30 nanosheets show stronger
photoacoustic signal than the Bi,Se;-80 nanosheets at all
concentrations, confirming their better NIR photoacoustic
performance.

4. Conclusions

In this study, we have successfully prepared two Bi,Se; nano-
sheets (Bi,Se;-30 and Bi,Se;-80) and characterized them
utilizing TEM, HRTEM, XRD, EDS, AFM and UV-vis absorption
spectroscopy. The results from optical absorption, NIR photo-
thermal and photoacoustic effect demonstrate that both of the
two Bi,Se; nanosheets present excellent optical performances.
In particular, the optical performances of Bi,Se;-30 nanosheets
with the smaller size are even better. These results indicate that
the smaller Bi,Se; nanosheets are more promising for optical
diagnostic and photothermal therapy.
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