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a b s t r a c t

Local heating under light illumination provides a noncontact way to present an enormous superiority
for minimum heat dissipation compared with other cases, such as floating on the surface of water.
The highly-effective broadband absorption of Bi2Se3 covering both infrared and visible wavelength
range can result in a high efficiency of 68% at 1 W/cm2 light illumination. The device possesses the
barrier-free path to ensure the generated steam fast escape from the water surface also achieves the
local heat generation and straightway wicks the adequate micro-flow to hot zone. The highlighted
advantage of our design is that the efficiency is scarcely susceptible even the uninterrupted water flow,
unlike the floated film, the heat dissipation is bound to generate due to the heat exchange between
the heated and unheated water. The trade-off between temperature and water supplement should be
ensured under the large heat generation and maintain an ideal evaporation rate for solar desalinate
application.

© 2020 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Rising demand for freshwater source is becoming increasingly
challenging in global for the human’s basic survival (Elimelech
and Phillip, 2011; Shannon et al., 2008; Koutroulis et al., 2019;
Mekonnen and Hoekstra, 2016; Taylor et al., 2014; Degefu et al.,
2018). Among the significant solution for freshwater technol-
ogy, light-to-heat desalination is a prominent pathway based
on the clean solar energy and the abundant of sea water on
earth (Chandrashekara and Yadav, 2017; Raza et al., 2018a,b;
Ambika et al., 2019; Lin et al., 2019a,b; Shan et al., 2019). The
investigators have tried their best to realize the steam generation
to obtain the freshwater from the seawater using the renewable
solar energy. Zhou’s group demonstrated the plasmonic absorbers
fabricated by self-assembly of aluminum and gold nanoparti-
cles for solar desalination (Zhou et al., 2016a,b,c). Chen’s group
fabricated a double-layer structure to achieve high temperature
by thermal concentration heat localization. Semiconductors were
also considered as the effective light-to-heat conversion candi-
date system to realize the light-to-water evaporation research
(Ni et al., 2016). Li Ren’s group designed a self-floating MXene
Ti3C2 thin membrane (Li et al., 2017) and Wu’s group developed
the Ni-NiOx/Ni foam for solar thermal water evaporation (Wu
et al., 2019). Li Zhuo’s group achieved excellent photothermal
conversion efficiency by SnSe@SnO2 core–shell nanocomposite
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for water evaporation utilizing solar energy (Li et al., 2019).
Shan’s group fabricated a porous graphene oxide (rGO)/nickel
foam structure to realize the harvest of light and the rapid flow
of steam, which can converts the absorbed solar energy into heat
energy at the water-air interface and can effectively evaporate
(Shan et al., 2019). More recently, Shan’s group prepared the
super-hydrophilic carbonized towel-gourd sponges/paper pho-
tothermal layer by the capillarity-driven interfacial self-coating
method to improve evaporation rate (Shan et al., 2020). Various
studies show that efficiency and cost is the largest obstacle to re-
alize possibility of steam generation industrialization (Fang et al.,
2019).

Considering a few fronts, importantly, there are generally
a few critical elements for potential applications (Raza et al.,
2018a,b; Zhang et al., 2016; Liu et al., 2015; Bae et al., 2015; Zhou
et al., 2016a,b,c; Zhang et al., 2015; Tian et al., 2016; Jiang et al.,
2016; Liu et al., 2016; Wang et al., 2017a,b; Lin et al., 2019a,b):
(i) surface evaporation by heating floating film with or without
insulator is one of the significant ways based on the convection
properties, by this means, it can achieve the perfect efficiency and
minimum heat dissipating to the bulk water. (ii) Floating film
can be efficiently wicked the micro-flow to heating zone, thus
makes it easier to generate vapor for micro-flow than bulk water.
(iii) The selected materials must not only consider the excellent
light-to-heat performance, but also the environmental stability
due to the severe nature environment and corrosion in potential
application (Deng et al., 2014; Birnhack et al., 2008). For above
premise critical factors, impressive high-efficiency of evaporation
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has been indeed achieved, but the efficiency is bound to undergo
a negative impact because heat loss may be generated between
heated and unheated water with the flow in practical application.
Undoubtedly, noble metal-based thin film is utilized as an optimal
light-to-heat converter (Ang et al., 2019; Wang et al., 2016; Skir-
tach et al., 2005; Zhu et al., 2016, 2018). However, the high-cost,
its complex fabrication and inadequate resource restricted its
practical application. Bi2Se3, one of the novel topological insulator
materials, is a promising candidate in many optical and electrical
endeavors (Guo et al., 2015, 2013; Peng et al., 2012; Zhang et al.,
2011; Yan et al., 2014), especially, its facile fabrication (Min et al.,
2012; Lin et al., 2014), abundant resources, as well as excellent
photothermal property (originating from the localized resonant
surface plasmon) (Jia et al., 2015; Xie et al., 2016; Zhao et al.,
2019) making it could be an extraordinarily rational chosen as
the photothermal material for water evaporation in practical
application.

Herein, we demonstrate a highly-effective Bi2Se3-coated cap-
illary tube (Bi-CT) evaporation device. Our device is composed
of low-cost Bi2Se3 and common glass capillary tube without any
insulation, presenting enhanced light-to-heat conversion as well
as effective localized heat, especially, noncontact way (the Bi2Se3
coating without any contact with water) is more significantly
for minimum heat dissipation under light illumination during
evaporation process. Combination with the efficient paths for
enough water supply and barrier-free steam escape from capillary
tube, our design is particularly favorable for effective evapora-
tion. Furthermore, the efficiency is scarcely affected even the
water flow continually under the action of natural environment,
which provides a crucial guiding significance for the potential
application. Besides, based on such-designed evaporation device,
evaporation rate and thermal efficiency could be significantly
enhanced in comparison with Bi2Se3 film under the same light
illumination.

2. Results and discussion

A detailed characterization of Transmission electron
microscopy (TEM) was performed to elucidate the crystalline
structure of the as-grown Bi2Se3 nanostructure, as shown in
Fig. 1a. The inset (I) of Fig. 1a shows a low magnification bright
field TEM image of the Bi2Se3 with a folded edge and demon-
strates the layer like structure of Bi2Se3. A fast Fourier transform
(FFT) analysis as depicted by the red box area in Fig. 1(a) verifies
high quality crystalline nature of Bi2Se3 nanostructure. The ex-
pected hexagonal lattice fringes with a lattices pacing of 0.234 nm
and 0.31 nm in insert (III), consistent with the spacing of the
(1010) planes and (015) of layered Bi2Se3, respectively. The exis-
tence of Bi and Se in the sample with approximate atomic ratio of
2:3 based on Energy-dispersive X-ray spectroscopy (EDS) analysis
(Fig. 1b). Fig. 1c shows the XRD patterns of the as-synthesized
powder. All diffraction peaks can be exclusively indexed as rhom-
bohedral structured Bi2Se3 phase with lattice constants of a
= 0.4139 nm and c = 2.8636 nm and space group of R3m
(JCPDS Card No. 33-0214). There were no detectable second phase
impurity peaks in the XRD diffractograms. The full width at
half maximum (FWHM) of (015) peak suggests that the average
crystallite size of the hierarchical Bi2Se3 nanostructures to be
319 nm by using the Debye–Scherrer formula. The binding energy
of the XPS spectra in Fig. 1d was calibrated based on the carbon
C1s peak at 284.6 eV. In the survey spectrum (Fig. 1(d), all of the
peaks corresponding to the elements Bi, Se, and C were identified.
The presence of a trace amount of C in the spectrum is due
to atmospheric carbon, but the gas molecules do not form any
chemical bonds with Bi, or Se.

Fig. 2a shows the high concentration Bi2Se3 paint by dispers-
ing as-prepared Bi2Se3 product into ethanol, where the ethanol

is used because of the fast volatilization and solidification for
Bi2Se3 coating. The Bi-CT was fabricated by brushing Bi2Se3 paint
onto one end of capillary tube and then immobilization at 150 ◦C
for 3 h. As shown in Fig. 2b, the uniformly Bi2Se3 coating is
formed and the thickness is easily-controlled through the cycles
brushing times. Then the as-fabricated Bi-CT is inserted into the
bulk water, and one end of Bi2Se3 is exposed in air without
any insulation, naturally. The micro-flow quickly climbs up to a
certain height in a capillary. Fig. 2c shows the steam generation
under the excitation of 808 nm laser, the heating zone of device is
not in direct contact with bulk water, instead, the Bi2Se3 coating
is exposed to the air ensuring much suppressed heat loss to
the bulk water. As we seen, the capillary tube wicks micro-flow
to the heating zone, the generated heat energy easily transfers
to the steam. Simultaneously, efficient water provisions to the
heating zone with the escape of the generated vapor in a capillary
tube. Therefore, high evaporation rate and thermal efficiency of
our device are based on the above-mentioned particular advan-
tages. There is no doubt that the absorption characteristics of
nanomaterials in the near-infrared band largely determine the
photothermal conversion performance. The absorption spectra of
Bi2Se3 nanosheets in the band of 200–900 nm are given in Fig. 2d.
It can be clearly seen that the nanosheets have good absorption
characteristics in the visible and near-infrared band.

The photothermal property of the Bi-CT is investigated un-
der 808 nm near-infrared laser illumination with a density of
2 W/cm2 (available illumination area is 0.25 cm2). An infrared
thermo detector is used to measure the temperature in air. Under
the light irradiation, a steady-state temperature for the Bi2Se3
coating could be reached in a short time, which is defined as
the temperature when the radiative heat flux is at equilibrium
between heat generation and heat dissipation (Zhang et al., 2015).
Fig. 3a presents a similar steady-state temperature for varying
diameter of Bi-CT under the same light irradiation area. The Bi-
CT quickly increases to its steady-state temperature of 82 ± 2 ◦C
while the blank capillary tube presents a steady-state temper-
ature of ≈25.7 ◦C. It indicates the outstanding photothermal
conversion property of Bi2Se3 coating. Fig. 3b shows the fre-
quently fluctuated steady-state temperature of Bi-CT, which may
originate from the supplementary cold water from the below
with the vapor escape during evaporation. The following de-
tailed explanation, for supplementary cold water, it certainly will
absorb heat energy before phase changed to steam. The tempera-
ture would restore after steam generation. Apparently, Bi-CT-1.0
presents a higher temperature than those (Bi-CT-0.5 and Bi-CT-
0.3 shows almost accordance temperature) are less mass change
(Fig. 3c) during evaporation. The seemingly unreasonable results
can be explained as follows: the corresponding mathematical
mode is used to illustrate the water column height in different
capillary tube, the formula: h = 4γcosθ/ρgd, where h is the
water column height, γ and θ are the surface tension and contact
angle, respectively. The ρ, g, d are water density, acceleration of
gravity and diameter of capillary tube, respectively. According to
the formula, the water column height is lower for Bi-CT-1.0 than
that for Bi-CT-0.5 and Bi-CT-0.3, as shown in Fig. 4a. Factually,
in the case of using Bi-CT-1.0, only a part of laser is irritated
into the micro-flow, while another part merely heats the upper
air. Therefore, there occur such results that higher temperature
but less mass change for Bi-CT-1.0 compared with Bi-CT-0.5 and
Bi-CT-0.3.

The mass change over time under light illumination at 2
W/cm2 is recorded in Fig. 3a. Obviously, the Bi-CT presents high
efficient steam generation when it contrasts with blank CT (there
is almost no mass change) under light illumination at 2 W/cm2.
Compared with the results of mass change for Bi-CT-0.5 and Bi-
CT-0.3, the less mass change for Bi-CT-1.0 (the red diamond in
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Fig. 1. (a) Magnified TEM image of Bi2Se3 nanostructure, showing the highly crystalline nature of the basal plane of Bi2Se3 nanostructure. (I) bright field TEM image
of typical Bi2Se3 nanostructure, (II) corresponding fast Fourier transformation (FFT) pattern (the red box of Fig. 1a). (III) HRTEM image of a Bi2Se3 nanostructure,
lattice fringes were clearly resolved. (b) Energy-dispersive spectroscopy result of Bi2Se3 nanostructure obtained under a TEM. (c) XRD analysis with the black vertical
lines being the peaks of Bi2Se3 (JCPDS Card No. 33-0214). (d) X-ray photoelectron spectra of the Bi2Se3 nanostructure.

Fig. 2. (a) The high concentration Bi2Se3 paint by dispersing the as-prepared Bi2Se3 in ethanol. (b) The Bi2Se3-coating capillary tube (Bi-CT). (c) The schematic
diagram of water column rise in a capillary tube and the evaporation process under laser illumination. (d) The absorption spectrum of Bi2Se3 nanosheets in the
waveband of 200–900 nm.
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Fig. 3. (a) The temperature profile of varying diameter Bi-CT (0.3, 0.5 and 1.0 mm) and the temperature of bare CT. (b) Temperature changes of Bi-CT over time
during evaporation process. (c) Time-dependent of water evaporation performance under various diameter CT. (d) The evaporation rate and thermal efficiency as a
function of output area of steam.. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. (a) The temperature profile of Bi-CT-0.3 under various light densities (1, 2, 3 and 4 W/cm2) in evaporation process. (b) The temperature change of (a), the
fitting formula indicating the linearity relationship between (∆T) and light density. (c) Mass change over time of Bi-CT-0.3 under 1 to 4 W/cm2 irradiation. (d) The
thermal efficiency of the evaporation process by the Bi-CT-0.3 under a range of light density (right-hand side axis) and the corresponding evaporation rate (left-hand
side axis).. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Evaporation cycle performance of Bi-CT-0.3 over 10 cycles by applying 2 W/cm2 illumination, with each cycle sustained over 15 min (the corresponding
temperature is also shown in figure).

Fig. 3d) demonstrates the small-bore CT is more suitable for evap-
oration application (such as the evaporation rate of Bi-CT-0.5 and
Bi-CT-0.3 reach 0.137 mg/s, while the Bi-CT-1.0 is 0.125 mg/s).
The light-to-heat evaporation conversion efficiency (η) (Fig. 3d)
of the Bi-CT was calculated by the Zhang’s report (Zhang et al.,
2015): η = (v × He)/Q laser , where Qlaser is the incidence laser
density, v is the evaporation rate of water, and He is the heat
of water evaporation. The conversion efficiency of the Bi-CT-0.3
and Bi-CT-0.5 are then calculated to be ∼66% and ∼66.5 even the
output area was only ∼0.64 and ∼1.57 mm2, respectively, which
presents more satisfying result in comparison with the Bi-CT-1.0,
whose conversion efficiency is ∼60% (out area is ∼3.14 mm2).

The selective Bi-CT-0.3 temperature is measured as a func-
tion of the time under different incident light density (Fig. 4a).
The maximum temperature reach ∼30 and ∼45 ◦C under light
illumination at 1 and 4 W/cm2, respectively, when 0.66 mm2 is
devoted to evaporation. Furthermore, the maximum temperature
is linearly increment in incident light density, as shown in Fig. 4b,
where the error bars represent the standard deviation. Fig. 5c
shows the mass change as a function of time during vapor genera-
tion. These figures show the Bi-CT-0.3 reaches steady-state oper-
ation in all evaporation process, demonstrating continuous steam
generation under each light density illumination. The evaporation
rate increases linearly with increasing light density illumination
ascribing to the linear increase in the light density of Bi-CT-0.3
temperature (dark red Pentagram in Fig. 4d). The evaporation
rates of Bi-CT-0.3 are ∼0.07 and ∼0.27 mg/s for light intensities
of 1 and 4 W/cm2, respectively. Fig. 4d provides the thermal
efficiency of the Bi-CT-0.3 at different incident light density.
Thermal efficiency reaches up to ∼68% under laser illumination
at 1 W/cm2, ∼60% under light illumination at 4 W/cm2, which
may be attributed to the enhanced heat dissipate in the air with
increasing incident light density.

Durability and stability are also the significant aspects in prac-
tical application, which directly reflect the sustainable utilization
and insusceptible evaporation performance. Fig. 5 shows the cycle
performance of Bi-CT-0.3 under light illumination at 2 W/cm2.
Each cycle is sustained over 15 min without any thermal insu-
lation. It is clearly shown that the mass and temperature changes
do not deviate far away from the first plot even for 10 cycles,
which are maintained ∼0.12 g and ∼35 ◦C, respectively.

To illustrate high efficiency of Bi-CT device, the temperature
and mass change of Bi2Se3 film are recorded under light illu-
mination at 2 W/cm2 in comparison with CT device, as shown
in Fig. 6 a and b. Herein, the Bi2Se3 film is fabricated by filter
technology. The evaporation device is established as follows: the
film is placed on the top of cuvette, not directly contact with bulk

water, but the water is supplied using the commercial fiber paper
by capillary force. Only one point is touched with Bi2Se3 film,
wicked the micro-flow to Bi2Se3 film along the fiber paper during
evaporation process. Note that the mass change is also increased
linearly and the temperature is vertically increased to maximum
value in a short illumination time (Fig. 6a and b). Based on the
measured mass change, maximum mass change of the Bi2Se3 thin
film (blue) and Bi-CT-0.3 (red) are determined at 1, 2, 3 and 4
W/cm2 light irradiation, as depicted in Fig. 7a. The mass change
for Bi2Se3 thin film is less than that in the case of steam genera-
tion by using Bi-CT-0.3 device at each light density. For example,
the maximum mass change is ∼0.48 g for Bi-CT-0.3, while ∼0.44
g for Bi2Se3 film with 4 W/cm2 illumination. The Bi-CT-0.3 device
offers excellent performances for the light-to-heat conversion
efficiency and the evaporation rate that compared with thin film
device even with the merely output area of ∼0.66 mm2, as shown
in Fig. 7b. These results further demonstrate our designed device
is more idealized for exploring a highly efficient and low-cost
desalinate system.

This work for Bi-CT has been compared with other works in
terms of the efficiency, power density and limitation, as shown
in Table 1. A lot of work shows that water evaporation has
become an important development direction based on nanotech-
nology. However, nanomaterials based on practical applications
need several important characteristics, such as low cost, high
efficiency, and stability. Although the efficiency of the Bi-CT is
not the highest, this may provide a new way to avoid the de-
crease of efficiency caused by ion covering during the process of
water evaporation. This may become an important development
direction of water treatment technology based on evaporation
principle. Although the evaporation rate and efficiency of 68%
are lower than the state levels of various evaporation systems,
there are several important advantages for the evaporation sys-
tem. The surface evaporation by heating floating film with or
without insulator is one of the significant ways based on the
convection properties. By this means it can achieve the perfect
efficiency and minimum heat dissipating to the bulk water. The
noncontact way is more significant for minimum heat dissipation
under light illumination during evaporation process. Combine
with the efficient paths for enough water supply and barrier-free
steam escaped from capillary tube. Furthermore, the efficiency
is scarcely affected even the water flow continually under the
action of natural environment, which provides a crucial guiding
significance for the potential application.

In conclusion, we have developed a highly-effective capillary
tube evaporation device. Our device possesses the barrier-free
path to ensure the generated steam fast escape from the water
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Fig. 6. (a) The time-dependent temperature scheme of the Bi2Se3 film in evaporation process, insert shows the formed Bi2Se3 film by filter method. (b) Evaporation
mass change of Bi2Se3 film under a range of incident light density (1, 2, 3 and 4 W/cm2).

Fig. 7. (a) Comparison scheme of the maximum mass change of the Bi-CT-0.3 and Bi2Se3 film under a range of incident light density. (b) The evaporation rate
(left-hand side axis) and corresponding thermal efficiency (right-hand side axis) in the evaporation process, red and blue represent the Bi-CT-0.3 and Bi2Se3 film,
respectively. . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
The important parameters of Bi-CT comparison with other work.
Ref Material Evaporation rate (kg

m−2 h−1)
or efficiency (%)

Power density
(sun; 1 sun = 1 kW
m−2)

Limitation

Lin et al. (2019a) Cu nanoparticles 2.3256 2 Low efficiency
Shan et al. (2019) Grapheme oxide/nickel foam 83.4 1 Expensive
Zhou et al. (2016a) Al nanoparticles 90 6 High power density and Expensive
Zhou et al. (2016c) Au/NPT 90 4 Expensive
Li et al. (2017) MXene Ti3C2 84 1 No cheap
Wu et al. (2019) Ni-NiOx/Ni foam 94 1.41 Poisonous
Li et al. (2019) SnSe@SnO2 1.19 1 Low efficiency
Shan et al. (2020) Carbonized sponges 95.9 1 Energy consumption
Zhang et al. (2016) Cu7S4 nanocrystals 77 1.006 No reusable and Complex
Liu et al. (2016) Carbon nanotube nanofluid 46.8 1 Energy consumption
Wang et al. (2017b) Au nanoparticles 65 1 Expensive
Wang et al. (2017a) Au nanoparticles 85 10 Expensive and high power density
Ang et al. (2019) Pt-MBT@Ag

core–shell NS arrays
98 0.8 Expensive

This work Bi2Se3 nanosheets 68 1 Low cost, no poisonous, reusable

surface. It achieves the local heat generation and straight way
wicks the adequate micro-flow to hot zone. More importantly,
noncontact way with bulk promote the more-effective steam
generation because of the minimum heat dissipate to bulk water,
meanwhile, avoid the corrosion for heating Bi2Se3 coating. In
addition, the efficiency is hardly unaffected even in the flow
of bulk water. Our device presents a thermal efficiency of 68%
at 1 W/cm2 light illumination, while generating vapor in open
air without any insulation. We believe that there is a trade-off

between temperature and water supplement. The proper sup-
plement should be ensured under the large heat generation,
thus available achieving a satisfying result concerning reduce
heat waste, meanwhile, maintain an ideal evaporation rate. Fur-
thermore, the high-effective broadband absorption of Bi2Se3 is
whether in infrared or visible light, actually, the amazing effi-
ciency is bound to achieve under the solar illumination. Our work
opens a significant approach for solar desalinate for potential
application.
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3. Experiment sections

3.1. Synthesis of Bi2Se3 nanomaterial

The Bi2Se3 nanomaterial is synthesized by microwave-assisted
method, as follows: 0.3786 g Bi(NO3)3· 5H2O, 0.2014 g NaSeO3,
0.4666 g PVP and 0.2495 g NaOH were dissolved in 60 mL ethy-
lene glycol. The homogenized mixture was obtained by magnetic
stirring and then heated to 180 ◦C with a power 300 W for
60 min in a microwave. After reaction, when the mixture was
cooled down to room temperature, the precipitate was repeat
washed with deionized water and ethanol for three times through
centrifugation at 8000 rpm for 20 min, respectively. The final
product was collected to further use.

3.2. Characteristics

The microstructure of Bi2Se3 were determined by a scanning
electron microscopy (SEM, Hitachi S-3500N, 20 kV) and a trans-
mission electron microscopy (TEM, FEI Tecnai G2 S-Twin, 300
kV), equipped for energy dispersive X-ray spectroscopy in the
STEM mode. X-ray measurement was performed using a Rigaku-
D/MAX-2550PC X-ray diffract meter using Cu Ka Radiation (λ =

0.15418 nm). Ionic states and composition of the Bi2Se3 were
analyzed via X-ray photoelectron spectroscopy (XPS) (XPS, PHI
5300) with energy of 1486.6 eV.

3.3. Bi2Se3-Coated capillary tube and Bi2Se3 film fabrication

All procedures were performed in ambient environment.
Above as-prepared Bi2Se3 nanostructure was again dispersed in
ethanol and then sonication for a few time, forming the high con-
centration Bi2Se3 paint. Next, the Bi2Se3 paints was painted on the
one end of capillary tube with a common brush. The thickness of
capillary tube was 0.5 mm. The thermal conductivity of the tube
was 0.00484 Cal/(cm s ◦C). The process was carried out repeatedly
under the hot-blast air until to form the uniform coating on
them. Sequentially, the Bi2Se3-coated capillary tube (Bi-CT) was
further dried on a hot-plates at 150 ◦C for 60 min and then they
were cooled down to room temperature naturally. The Bi2Se3
film was fabricated by the filter method, the as-synthesized high
concentration Bi2Se3 paint was diluted by adding to properly
deionized water and 5 ml solution was deposited onto a porous
mixed nylon membrane filter (13 mm in diameter, 0.45 µm pore
size) to form a Bi2Se3 film (∼3 µm), following drying at 60 ◦C in
ambient environment.

3.4. Water evaporation experiment

The evaporation experiments were carried out under a con-
tinue wave 808-nm near-infrared laser (MDL-III-808-2W,
Changchun New Industries, CNI. China). In our experiment, the
water was contained by a cuvette and the Bi-CT placed in the
water (one end with Bi2Se3 was exposed in the air and Bi2Se3
coating was no contact with water, available illumination area
was ∼0.25 cm2, the average thickness of Bi2Se3 coating was
∼0.66 µm). For Bi2Se3 film evaporation device, a paper-based
Bi2Se3 film (∼3.36 µm thick) was placed on the surface of fiber
paper, another fiber bar was used to supply water by contacting
with the fiber paper on the top of cuvette and the other end was
soaked in the water. The evaporation temperature was measured
by an infrared radiation thermometer (LSCI-SJG300A, Jiangsu,
Nanjing Longshu instrument and Meter. China) and was recorded
one time per 5 s. The mass change was measured by a high
accuracy balance (FA 1004, 0.1 mg in accuracy) and real-time
recorded the mass change, then calculating the evaporation rate
and efficiency of light steam generation.
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