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Abstract: Bi,O,Se nanosheets were successfully synthesized via a facile one-step PVP-assisted hydrothermal process
for the first time. Corresponding characterizations, such as XRD, XPS, SEM and TEM, were carried out to investigate the
formation of the products on the amount of PVP in the reaction system. Results revealed that the single-crystalline
Bi,O,Se nanosheets with small mean lateral size of 176.3 nm were obtained when the amount of PVP is 0.75 g. Single-
crystalline Bi;O,Se nanosheets self-powered photodetector exhibited excellent photodetection performance, superior to
that of self-powered photodetectors based on the products synthesized without PVP and other nanomaterials. Under the
illumination of 365 nm ultraviolet light, the rise time, responsivity and detectivity could approach up to 9 ms, 14.24 mA/W
and 3.16x10° Jones, respectively. Bi,O,Se devices have high photoresponse even in the visible and near infrared bands
due to its suitable band gap. The present work provides a novel preparation route of Bi,O,Se via hydrothermal method
and PVP assisted synthesis of Bi,0,Se nanosheets is reported for the first time. Bi,O,Se nanosheets self-powered
photodetector exhibited excellent photodetection performance and points out a direction for the evolution of self-powered

photodetectors in the in the future.
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1. INTRODUCTION

In recent years, self-powered photodetectors have
attracted great interest among researchers due to
environmental friendliness and simple fabrication,
which play a vital role in the aspects of military,
communication, gas sensor and biomedical imaging [1-
4]. In comparison with conventional photodetectors,
self-powered photodetectors not only exhibit the
excellent photodetection performance with high
photoresponsivity and fast photoresponse rate, but also
can work without external power, which meets the need
of photodetection in a variety of complex environments
[5-6].

However, the inherent characteristics of traditional
semiconductor nanomaterials, such as graphene’s
relatively low absorbance, MoS,’s slow response
speed and BP’ environmental instability, limited their
further application in the field of self-powered
photodetectors [7-9]. Bi,O,Se has emerged as a
promising new semiconductor material with excellent
optoelectronic  properties. It was reported that
photodetectors based on Bi,0,Se demonstrate a
perfectly comprehensive performance consisting of the
high electron mobility, ultrasensitive photoresponse
and outstanding environmental stability [10].
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Furthermore, Bi,O,Se possesses a moderate band gap
(=0.8 eV), which realizes photodetection over a wide
spectral range from ultraviolet light to near-infrared
light. Based on these reasons, Bi,O,Se is considered
as an ideal candidate of next generation optoelectronic
devices [11-12].

Normally, Bi,O,Se nanosheets were synthesized by a
facile hydrothermal method using Bi(NO3);-5 H,O as Bi
source and Se power as Se source. However, Bi,0O,Se
nanosheets reported to date maintain a relatively large
size with the lateral dimension of several micron, to
some extent leading to a poor photoelectric
performance and limiting the development of the self-
powered photodetectors based on BiO,Se
nanosheets. In order to enhance the material’s
performance, considerable efforts have been devoted
to the fabrication of nanomaterials with different
morphologies as a reference of the grown of Bi,O,Se
nanosheets. For instance, Liang et al. have obtained
MoS, nanosheets by PVP-assisted hydrothermal
reaction with improved lithium storage properties [13].
Ding et al. have synthesized single-crystalline
Bi»O,SiO; nanosheets via a facile one-step CTAB-
assisted  hydrothermal method with  superior
photocatalytic performances [14]. Wang et al. have
demonstrated PVP-assisted synthesized Sb,S;
nanowire with good photoresponse properties [15].

In this work, an efficient and scalable strategy has
been developed for the PVP-assisted synthesis of
Bio,O,Se nanosheets via a hydrothermal reaction. The
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obtained Bi,O,Se nanosheets were characterized by
XRD, XPS, SEM and TEM, to explain the effects of
PVP content on the formation and morphology. The
performance of self-power photodetector based on
Bi,O,Se products was discussed in detail. It is hoped
that this study would provide a new preparation route of
Bi,O,Se nanosheets via hydrothermal method and
facilitate the development of novel type self-power
photodetector in the future.

2. EXPERIMENTAL SECTION

2.1. Materials

Bismuth nitrate pentahydrate (Bi(NOs3)3-5H,0
99.99%), Se power (Se, 99.99%), Lithium nitrate
(LINO3, 99%), Sodium hydroxide (NaOH, 96%),
Sodium sulfite (Na,SO3;, 98%) were purchased from
Aladdin. PVP (K30, M,~40,000) was purchased from
Sigma-Aldrich. Potassium nitrate (KNOjz;, 99%) was
purchased from Tianjin Fengchuan Chemical Reagent
Co., Ltd. All the reagents were of analytical grade and
used as received without further purification.

In this study, Bi,O,Se nanosheets were synthesized
by one-step hydrothermal method. Briefly, 1 mmol Bi
(NO3)3-5H,0 and 0.25 g PVP were dissolved in 20 mL
deionized water denoted as solution A. 3.0 g LINO3 and
6.0 g KNO3; were then added to solution A to stir at
constant temperature until being completely dissolved.
Meanwhile, 0.5 mmol Se power and 0.15 g Na,SO;
were dissolved in 20 mL deionized water and were
heated for 0.5 h denoted as solution B. The PH value
of solution B was adjusted by the addition of 1.0 g
NaOH. Subsequently, solution B was slowly added to
solution A with constant stirring for 0.5 h and a brown
suspension was obtained. The suspension was
transferred to a 100 mL Teflon-lined stainless-steel
vessel, which was heated at 200 °C for 24 h under
autogenous pressure in an oven. when cooling down to
room temperature, the product was collected and
washed with deionized water and ethanol for several
times, then dried under vacuum at 60 °C for 6 h.
Products adding different amounts of PVP (x = 0.0,
0.25, 0.50, 0.75 mmol) were prepared according to this
method (similar procedure) and were marked as BP-0,
BP-1, BP-2, and BP-3, respectively.

2.2. Device Fabrication

The ITO substrate was ultrasonically cleaned in
acetone, anhydrous ethanol and deionized water for 30
min, respectively. The as-producted Bi,O,Se
nanosheets were uniformly coated in the conductive

layer surface of the cleaned ITO substrate as a working
electrode. Subsequently, the working electrode,
polysulfide electrolyte (0.5 M Na,S, 2 M S, and 0.2 M
KCl were dissolved in a methanol/water (7:3 by
volume) solution) and the platinum electrode was
sealed at 150 °( as a Bi,O,Se nanosheets self-powered
photodetector to use.
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Scheme 1: lllustration of as-fabricated PEC-type self-
powered photodetector.

2.3. Characterization

The crystal structure and phase composition of the
samples were demonstrated by X-ray diffraction (XRD,
Panalytical Empyrean) with Cu-Ka radiation over the
20 range from 20° to 70°. The surface morphology of
Bi,O,Se nanosheets was characterized using a field
emission scanning electron microscope (FESEM,
Zeiss) at a 20 kV accelerating voltage. Transmission
electron microscopy (TEM, JEM-F200) and high-
resolution transmission electron microscope (HRTEM)
were adopted to characterize the microstructure of the
products. Chemical-state analysis was carried out by
X-ray photoelectron spectroscopy (XPS, Thermo
Scientific) with Al Ka radiation as the excitation source.
Time-depended photoresponse of the devices was
measured using a CHI660E electrochemical
workstation in the light source of a range of
wavelengths (365 nm, 470 nm, 530 nm, 625 nm, 850
nm, 940 nm).

3. RESULTS AND DISCUSSIONS

3.1. XRD and XPS Analysis

Figure 1 shows the XRD patterns of the BP
samples. Most of the diffraction peaks at the two theta
of 24.01°, 29.24°, 31.79°, 32.54°, 44.30°, 46.67°,
56.21° and 57.59° could be indexed to the
orthorhombic phase of Bi,O,Se (PDF#73-1316) with a
space group of 14/mmm, correspond to (101), (004),
(103), (110), (114), (200), (116) and (213) planes of
Bi,O,Se, respectively. Besides, the three weak peaks
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at the two theta of 27.39°, 40.06°, 52.37° is assigned to
(120), (220), (321) planes of monoclinic BiyO3
(PDF#71-0465), indicating the existence of trace
impurity in BP samples. Based on the intensity of the
diffraction peak, the amount of impurity Bi,O3; gradually
decreases with the increase of PVP content and the
sample BP-3 is single-crystalline Bi,O,Se nanosheets,
which demonstrates that PVP plays an important role in
the growth of Bi;O,Se nanosheets. This was revealed
later in the discussion.
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Figure 1: XRD pattern of BP samples.
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The elemental composition and chemical states of
the samples were further characterized by XPS. It can
be seen from the full spectrum of XPS in Figure 2a that
there are four elements Bi, Se, O and C. The fine
spectrum of Bi 4f, Se 3d and O 1s are shown in Figure
2b-d. The peaks of Bi 4f;, and Bi 4f;, are centered at
163.4 eV and 158.1 eV, which can be referred to the
existence of Bi*". The two peaks at 53.7 eV and 52.7
eV in the Se 3d spectrum can be attributed to the Se
3ds» and Se 3ds, states. The positions of the two
peaks in the O1s spectrum are 530.8 eV and 529.1 eV.
All these binding energies are consistent with the
elements in Bi,0,Se, indicating that high-quality
Bi,O,Se nanosheets have been synthesized.

3.2. Morphology

The morphology of BP samples is displayed in
Figure 3a-d. As-synthesized Bi,0,Se presents
rectangular plate-like structure in agreement with its
tetragonal phase, but the size of Bi,O,Se nanosheets
varies within a wide range of 0.1~1 pm. As is showed
in Figure 3e, the average lateral dimension of the
samples and the half peak width of size distribution
both diminishes with the increase of PVP; the former is
238.9 nm, 192.4 nm, 179.8 nm, 176.3 nm, respectively,
the latter indicates that the sample tends to be uniform

(b) Bi 4f

Bi df,
Bi 4f,,

Intensity (a.u.)

168 166 164 162 160 158 156
Binding Energy (eV)

(d) O1ls

Ols
01s

Intensity (a.u.)

538 536 534 532 530 528 526
Binding Energy (eV)

Figure 2: XPS spectra of the BP-3 sample: (a) XPS survey pattern of the BP-3 sample, (b) XPS spectra of the Bi 4f, (c) XPS

spectra of the Se 3d, and (d) XPS spectra of the O 1s.



4 Journal of Solar Energy Research Updates, 2022, Vol. 9

Zhang et al.

—— BP0
(e) ——BP1
—BP2
BP-3

T T T T T
100 200 300 400 500 600

lateral size (nm)

Figure 3: SEM images and size distribution of BP samples: (a) BP-0, (b) BP-1, (¢) BP-2, (d) BP-3 and (e) Size distribution of

BP samples (Fitting by a Gaussian function).

in size. To sum up, PVP has the capability of limiting
the lateral growth of Bi,O,Se nanosheets and enabling
them homogenized as a surfactant or dispersant in the
reaction system.

"(200)
A (110)

4.2

.
(l) Element keV Mass %  Counts  Atom %
Bi (M) 2.419 74.63 7812093 35.39
= 0 (K) 0.525 6.63 19172.34 41.09
g Se (L) 1.379 18.74 20840.40 23.52
S
Bi
(8] Se
A A, k_
1 T T T
0 1 2 3 4 5

Energy (keV)

Figure 4: TEM images of the BP-3 sample. (a, b) TEM; (c)
HRTEM; and (d) SAED images of the Bi.O,Se nanosheets;

(e-h) corresponding elemental mappings of Bi, O and Se; (i)
EDS pattern of the Bi2O>Se nanosheets.

To further study the crystal structure and
microtopography, Bi,O,Se nanosheets can be
transferred onto a Cu grid for transmission electron
microscope (TEM) examination. The TEM images
exhibit that Bi,O,Se nanosheets with flat surfaces show
rectangular or square shape in Figure 4a-b, which
indicates good consistency with SEM measurement. A
high-resolution TEM (HRTEM, Figure 4c¢) image of
Bi,0,Se shows d-spacings of 2.75 A for (110) planes
and a selected area electron diffraction (SAED) pattern
shows (200), (110) spots and square symmetry (Figure
4d), suggesting the formation of Bi,O,Se nanosheets
perpendicular to the ¢ axis. EDS analysis also provided
more direct evidence for the chemical composition of
Bi,O,Se. As shown in Figure 4e-h, the mapping
scanning reveals the uniform distributions of Bi, O and
Se. It is found from Figure 4i that EDS spectrum exists
the peaks of Bi, O and Se with a Bi:Se:O chemical
composition of 2:2:1 (inset of Figure 4i)

3.3. The Optimization Mechanism of PVP

Scheme 1 displays the synthetic process of Bi,O,Se
nanosheets. In short, Bi(NO3);-5H,0 was hydrolyzed to
form [Bi,O,1*" group and Se power was reduced to Se”
, then the two interacted to obtain Bi,O,Se. The main
roles of PVP in reaction systems are that 1) PVP could
suppress the growth of some special crystal planes of
Bi,0,Se nanosheets by combining the cationic [Bi,O,]**
with its carbonyl (C=0), and 2) PVP was served as a
dispersant to form a large quantity of nucleation sites,
which obtained small-size nanosheets because of the
insufficiency of raw materials. In addition, the reason
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Scheme 2: lllustration of the growth of Bi.O>Se nanosheets.

why the impurity Bi,O; existed may be that the
aggregated [Bi,O,]** group couldn’t be bound with Se”
and generated the precipitation of Bi,O; in the
conditions of no PVP or insufficient PVP.

3.4. Photoelectric Properties

To further evaluate the photoelectric properties of
the samples, we fabricated the PEC-type self-powered
photodetector based on Bi,O,Se nanosheets. Details of
the device fabrication processes are described in the
Experimental Section and all performance
measurements of the devices were completed at a bias
potential of 0 V.

Figure 5a shows the current density of the Bi,O,Se
devices distinguished through PVP addition amount
under illumination of 365 nm ultraviolet light. It can be
clearly seen that the photocurrent (lon = fijuminated - laark)
gradually decreases with the increase of PVP content
in the reaction system, which can be explained that
larger specific surface area lead by adding PVP
content promotes the number of photons absorbed and
accelerates the separation of photogenic electron hole
pairs.

Response time, regarding to the rise (1) and decay
(tg) time, is one of the important indexes to evaluate
device performance. The 1, is defined as the time for
the photocurrent to increase from initial value to 63% of
the maximum, while the 14 is identified as the time for
the photocurrent to decline from the peak value to 37%
of the maximum. In Figure 5b, the 1, is 9 ms and the 14
is 12 ms, which these values are superior to those of
self-powered  photodetectors based on other
nanomaterials (Table 1).

To evaluate the photoelectric properties of the
Bi.O,Se self-powered photodetector, the variation of

(b)

dAd Buiseanu)

-

photocurrent of BP-3 device with power and
wavelength is shown in Figure 5c-d. Under the light
power density of 15 mW/cm®, the I, presents a
downward trend from 164 .4 pA/cm2 to 37.1 pA/cm2 as
the wavelength of incident light decreases in Figure 5c.
Moreover, the device still generates a large
photocurrent even in the near infrared band, such as
850 nm and 940 nm, attributed to the narrow band gap
of BioO,Se that makes it absorb low-energy photons. In
Figure 5c, the Iy, varies along a nonlinear curve from 5
mW/cm® to 80 mW/cm?, and the minimum and
maximum value are 70.5 pA/lcm® and 420.6 pAlcm?,
respectively. It is reported that the nonlinear
characteristic is attributed to the complex processes
including the electron—hole generation, trapping, and
recombination within the semiconductor.

Responsivity (R) and detectivity (D*), as the vital
parameters to  evaluate the photodetection
performance of optoelectronic devices, are expressed
by the following formula:

R=1,/PS (1)
D*= 1phs” /PSQel )" (2)

where [ is photocurrent, / _ is the dark current, 7 is

the light intensity, s is the effective area, ¢ is the
electronic charge. As Figure 5e-f show, R and D* of
BP-3 device maintain the same trend with the
corresponding photocurrent (Figure 5¢) from ultraviolet
light to near infrared light, and their values can
approach up to 10.93 mA/W and 2.45 x10°® Jones
under the illumination of 365 nm light at the light power
density of 15 mW/cm?, respectively. In the visible and
near infrared regions, Bi,O,Se still has high
responsivity and detectivity, such as 2.47 mA/W and
7.61x10’ Jones under 940 nm, enabling the capacity of
broadband photodetection. R and D* of BP-3 device
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Figure 5: The photoelectric properties of the PEC-type Bi2O2Se self- powered photodetectors at a bias potential of 0 V. (a) The
current density of BiO>Se devices in the light power density of 15 mW/cm?, (b) The current density of BP-3 device at different
light wavelengths (Light power density: 15 mW/cm ) (c) The current density of BP-3 device at different light power density (light
wavelength: 365 nm), (d) The rise and delay time of BP-3 device, (e)-(f) Responsivity and Detectivity of BP-3 device at different

light wavelengths and light power density.

are the reverse with the trend of photocurrent from 5
mW/cm?® to 80 mW/cm?, and both reach the maximum
at 5 mW/cm® and are 14.24 mA/W and 3.16x10°
Jones, respectively. This phenomenon is due to
nonlinear increase of photocurrent and large dark
current at high optical power density.

4 CONCLUSIONS

In summary, the Bi,O,Se nanosheets with small
size were successfully synthesized via a facile one-

step PVP-assisted hydrothermal process for the first
time. Self-powered photodetector based on Bi,O,Se
nanosheets  exhibited excellent photodetection
performance with the responsivity of 14.24 mA/W and
detectivity of 3.16x10% Jones. This work could be
hoped to play a part in the preparation of Bi,O,Se
nanomaterials and promote the development of novel
self-powered photodetectors in the future.
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Table 1: Comparison of Different Self-Powered Photodetectors Performance Based on Nanomaterials
Materials Light source Measurement Condition Responsivity Detectivity Rise Time Refs
Bi nanosheets Optical-fiber source 1 M NaOH, 0.5V ~1.8 AW — ~1.45s [16]
Te/Se nanotubes Simulated light 0.5 M KOH, 0.6 V 98.8 uAW™ — — [17]
GaN nanowires 365 nm lodine electrolyte, 0 V 250 yA W™’ — 0.28s [18]
BP nanosheets 350 W Xenon arc lamp 0.1 mKOH, 0V 22 AW — 05s [19]
InSe nanosheets | 500 W Xenon arc lamp 0.2m KOH, 1.0V 49 pA W™’ — 50s [20]
WS,/graphene 350 W Xenon arc lamp | Solid polymer gel electrolyte, 0V | 46.7 yAW™ — 12s [21]
Bi,O,S nanoplates 150 W xenon lamp 0.5 M KOH, 0.6 V 231 mAW" 80 ms [22]
8
Bi,O,Se nanosheets 365 nm Sulfur electrolyte, OV 14.24maw | 31010 90ms | This work
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