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Abstract
Researchers are already becoming willing to get involved in bismuth oxysulfide  (Bi2O2S), a new two-dimensional optoelec-
tronic material with a lengthy carrier lifetime and a unique loose structure. In this work, the  Bi2O2S nanosheets are produced 
by room temperature chemical synthesis and built a  Bi2O2S nanosheets flexible photodetector based on deionized water solid-
state electrolytes. Photoelectrochemical tests showed that the photodetector based on deionized water solid-state electrolyte 
had excellent photoresponse performance under 0 V, and its photocurrent density was 0.55 μA/cm2 when the optical power 
was 75 mW/cm2. In addition, the photodetector exhibited superb stability. After cycling the “on–off” behavior for 1000 s, 
the photocurrent slightly decreased 8% than initial state. At a bending angle of 30°, the photocurrent density was about 91% 
of the original state, but when the bending angle is 60°, the photocurrent density was about 76% of the original state, which 
may be caused by the small cracks formed during the bending process. The results showed that the flexible photodetector 
based on  Bi2O2S nanosheets had decent stability and mechanical flexibility, and were safer and more environmentally friendly 
than traditional detectors, providing a workable option for the flexible photodetector’s construction.
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1 Introduction

Photoelectric detection has been commonly used in a range 
of industries [1–5], encompassing biological imaging, 
medical, military, information, and energy. The majority of 
today’s commercial photodetectors are built on stiff silicon 
and germanium substrates, which have suffered several dis-
advantages such as being unpredictable, unbendable, and 
vulnerable. In contrast, the flexible photodetector has the 
advantages of being small in size, lightweight, bendable and 
convenient to carry, which is more in line with the develop-
ment prospects of the photodetector. The mechanical ductil-
ity of traditional two-dimensional materials on the flexible 
substrate is relatively poor, and the overall stability depends 
on the rigidity of the substrate, which limits the development 
in the field of flexibility. As a result, scientists are eager 

to discover novel materials with superior mechanical flex-
ibility, tunable bandgap, strong light absorption, and simple 
preparation for flexible substrates.

Two-dimensional (2D) materials [6, 7] had turned into 
the material of decision for flexible photodetectors because 
of their smaller expense, adjustable bandgap, excellent elec-
tronic transmission characteristics, great mechanical flex-
ibility, and excellent optical properties [8–12]. Be that as it 
may, conventional two-dimensional materials such as gra-
phene [13] do not have bandgap and limits of light absorp-
tion, transition metal dichalcogenides (TMDs) [11, 14] and 
black phosphorous (BP) [15] require complex packaging 
and numerous different problems restrict the advancement 
of the materials on flexible substrates. In recent years, a nar-
row bandgap layered  Bi2O2Se [16–18] consisting of cation 
 [Bi2O2]n

2n+ and anion  [Se]n
2n− has entered the research 

neighborhood. It has excellent air stability and high elec-
tron mobility (> 20 000  cm2  V−1  s−1 at 2 K), long carrier 
life, high electron hole decomposition efficiency and adjust-
able bandgap which has stimulated researchers' interest in 
bismuth oxygen chalcogenide  (Bi2O2X (X = Bi, S, Te)) 
[19–22] because of these excellent properties. Huang et al. 
discovered that doping  Bi2O2S could extend the life of solar 
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cells and increase battery performance [23], and Zhang et al. 
discovered that lowering the dimensionality of  Bi2O2S could 
improve thermoelectric performance [24]. By analyzing the 
atomic structure of  Bi2O2S, it is found that the Bis donor 
defect is dominant, leading to the introduction of n-type 
carrier in  Bi2O2S [25–28]. Furthermore, a decent bandgap 
(1.5 eV) and orthorhombic crystal structure, as well as a 
low crystal accumulation factor (PF = 0.66) give a vast space 
for atom vibration, resulting in a bigger Bohr radius and a 
longer carrier lifetime for  Bi2O2S [29, 30].

Photodetectors have been studied in more detail to 
improve their performance and manufacturing process [31]. 
Photodetectors with flexible substrates have two key advan-
tages: first, they have better mechanical resilience; second, 
the production process is simple, low cost, and more suit-
able for use in daily life [32]. Whether the photodetector 
is based on a rigid or flexible base, an emergency outage 
will occur. However, photochemical (PEC) photodetectors 
can operate without external bias [33]. The working proper-
ties of the photochemical-type photodetectors are similar to 
those of the Schottky junction photovoltaic photodetectors. 
The essence of the Schottky junction photodetectors is that 
the two materials have different work functions which cause 
the diffusion of charge carriers. In the photochemical-type 
detector, these two materials are electrolyte and electrode 
materials respectively. Bellani and his colleagues created 
PET-type photodetectors [34] with GeSe nanoflakes as the 
active material that had fallen off from the liquid phase. The 
photocurrent density of the GeSe photocathode could reach 
10.9 A  cm−2 without an external bias, 0.5 mol/L  H2SO4 
electrolyte, and 455 nm excitation wavelength, and the 
response rate and external quantum efficiency were 0.32 A 
 W−1 and 86.3%, respectively. Renet et al. also created black 
phosphorous nanosheets for photoelectrochemical photo-
detectors’ electrode fabrication. The constructed photode-
tectors displayed a photocurrent density of 265 nA under 
a 100 mW  cm−2 irradiation [35]. In addition, traditional 
PEC photodetectors have some defects, such as leakage of 
packaging liquid and large device size and material attached 
to a rigid substrate, which limits their development in this 
field. However, the combination of solid-state electrolytes 
and active materials is an excellent solution to these prob-
lems, mainly because solid-state electrolytes are more stable, 
more malleable, and have excellent ionic conductivity than 
liquid electrolytes [36] and the combination of the two can 
be better attached to the flexible substrate. Therefore, the 
solid-state electrolyte based on PEC flexible photodetector 
is an upgraded version of the traditional PEC photodetector 
[37–39].

In this study, we synthesized  Bi2O2S nanosheets using 
a one-pot wet-chemical synthesis process and constructed 
a photodetector based on  Bi2O2S. The photoresponse 
and mechanical flexibility of  Bi2O2S photodetector were 

tested in neutral and solid-state electrolytes. Finally, the 
experimental results showed that the device had good light 
response performance and remarkable environmental sta-
bility. Because the equipment has the advantages of low 
cost, lightweight and easy carrying, this study has refer-
ence value for the development of flexible equipment.

2  Experimental section

2.1  The preparation process of materials

To prepare  Bi2O2S nanosheets, 100 mg of bismuth nitrate 
pentahydrate was poured into beaker A with 20 mL of 
deionized water in the first step, and beaker A was placed 
under ultrasonic treatment to make the internal mixture 
more uniform until all dissolved. Left beaker A for a while 
and no precipitation was produced. The materials were 
fully mixed after 1 mL of hydrazine hydrate and 12.7 mg 
of thiourea were mixed and placed in beaker B, which was 
exposed to ultrasonic treatment for 2 h. After mixing the 
solutions in beakers A and B, 120 mg potassium hydroxide 
and 320 mg sodium hydroxide were added for stirring. 
Afterward, the solution was observed to change color from 
milky white to brown. Stirred the mixture continuously for 
30 min and stood overnight. Collected the dark precipitate, 
washed it with water and alcohol at least 5 times, and then 
dried it in a 70-degree vacuum drying oven. The specific 
preparation process is shown in Fig. 1.

2.2  Preparation of solid‑state electrolytes

The solid-state electrolyte was prepared by adopting the 
previously reported water bath method [40]. Of which, the 
neutral solid-state electrolyte was to add 1.5 g polyvinyl 
alcohol (PVA, 1.5 g, Qingdao YouSuo Chemical Technol-
ogy Co., Ltd.) to the beaker containing 16 mL of deionized 
water and the KOH solid-state electrolyte also requires an 
additional 1 g of potassium hydroxide (KOH, 1 g, Analysis 
of pure, Hunan HuiHong Reagent Co., Ltd.). To make a 
translucent colloid, place the mixed solution in a water 
bath stirring furnace and stir rapidly at 95 °C for 20 min. 
Polyvinyl alcohol is a kind of polymer organic compound, 
odorless, non-toxic, no irritation to human body. Potas-
sium hydroxide is highly corrosive and will cause certain 
impact on human body and environment. Alkaline solid 
electrolytes were not used in this work, and the alkaline 
solid electrolytes mentioned in the paper are only to enrich 
the types of solid electrolytes. Therefore, this work is still 
in line with the concept of environmental protection and 
non-toxic.
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2.3  Device fabrication and measurements

On an ethylene terephthalate (PET) substrate, a flexible pho-
todetector based on  Bi2O2S was constructed. To obtain a 
consistent suspension, we added 1 mg of  Bi2O2S to 1 mL 
of alcohol and used an ultrasonic treatment. Used a drop-
per, and dropped the prepared suspension onto the PET sub-
strate. To make a carbon black solution, 1 mg carbon black 
was mixed with 1 mL NMP (N-Methyl-2-pyrrolidone), and 
200 µL of the carbon black solution were dropped on the 
PET substrate. The two substrates were dried for 8 h in a 
vacuum drying oven at 60 °C. After the substrate was fully 
dried, the solid electrolyte was uniformly covered on the 
PET substrate containing  Bi2O2S nanosheets, and then the 
PET substrate containing carbon black was covered on the 
 Bi2O2S nanosheets substrate and dried at room temperature 
for 4 h, and finally, the flexible device was obtained. The 
specific assembly schematic diagram is shown in Fig. 2a.

In this article, the photoelectric performance test was car-
ried out in a photoelectrochemical workstation (CHI660D, 
Chen Hua, China). The working electrode was placed in the 

PET substrates that had been coated with  Bi2O2S nanosheets, 
while the reference and counter electrodes were sandwiched 
in the PET substrates that had been coated with carbon 
black. The scan rate in the linear volt-ampere characteristic 
(LSV) test was 10 mV/s. The period of the current–time 
relationship (i–t) curve was 20 s, the test light source was 
a 350 W xenon lamp (CEL-HXF300/CEL-HXUV300, 
190–1100 nm), and a radiometer was utilized to objectively 
examine the varied powers.

2.4  Materials' characterizations

A Scanning Electron Microscope was used to examine the 
morphology of the produced  Bi2O2S nanosheets (SEM, 
ZEISS, Sigma300). The distinctive peaks of  Bi2O2S 
nanosheets were seen using Cu K radiation X-ray diffrac-
tion (XRD). Following that, a Raman microscope was 
used to perform Raman measurements to investigate the 
micro-mechanics of  Bi2O2S (Renishaw, In Via). Finally, 
the absorption range of  Bi2O2S nanosheets was analyzed by 
ultraviolet–visible spectrometer (SHIMADZU UV-2600i).

Fig. 1  The schematic of the synthesis of  Bi2O2S nanosheets

Fig. 2  Preparation process of 
flexible photodetectors based on 
 Bi2O2S nanosheets
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3  Results and discussion

The synthesis roadmap was described in detail in the 
experimental section. The loosely stacked structure was 
confirmed by analyzing the atomic structure simulation 
diagram of  Bi2O2S in Fig. 3a. To confirm the formation of 
the material, we performed a Raman analysis on  Bi2O2S, 

and the results of the Raman analysis are shown in Fig. 3b. 
We could clearly see several spikes through the Raman 
diagram, corresponding to the external manifestations of 
the  B2g,  A1g, and  B1g vibrational modes of  Bi2O2S, which 
were consistent with previous reports. To further con-
firm the synthesis of the material, the prepared  Bi2O2S 
nanosheets were characterized by an X-ray diffractometer 

Fig. 3  a The atomic structure model diagram of  Bi2O2S. b The Raman measurement of  Bi2O2S. c The XRD pattern of  Bi2O2S. d UV–Visible 
absorption spectrum. e and f SEM of  Bi2O2S nanosheets
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(XRD). Figure 3c shows the comparison of the X-ray dif-
fraction pattern and the  Bi2O2S standard card. The com-
parison of the X-ray diffraction pattern and the standard 
card showed that the diffraction peaks were consistent with 
those of the standard card, the diffraction peaks were very 
sharp and there were no excessive burrs in the pattern, 
which indicates that the  Bi2O2S nanosheets had a high 
crystallinity. In addition, Fig. 3d shows the absorption 
spectrum of  Bi2O2S nanosheets, where a strong absorp-
tion in the visible range could be observed, indicating its 
potential for solar energy applications. Therefore, all tests 
in this work were performed in the simulated solar range. 
Finally, the  Bi2O2S nanosheets were characterized by scan-
ning electron microscopy. It could be clearly observed 
from Fig. 3e and f that the material had an obviously lay-
ered structure. The characterization results showed that we 
had successfully synthesized  Bi2O2S nanosheets.

We ran a complete test on the flexible photodetector based 
on  Bi2O2S nanosheets under a photoelectrochemical work-
station to evaluate its light response performance. Figure 4a 
illustrates the LSV curve of  Bi2O2S. The current expanded 
as the applied voltage was enhanced, regardless of whether 
the current was measured in simulated sunlight or dark set-
tings, as shown in Fig. 4a. This was since when a potential is 
applied, a potential gradient was formed inside the  Bi2O2S, 
resulting in the formation of an electric field, but the applied 
bias may initially cancel with the built-in electric field. Elec-
trons could only be transported to the cathode or react with 
the scavenger indicated by the electrode when an electric 
field is applied [41]. This method enhanced electron–hole 
pair separation while less electron–hole pair recombination 
efficiency. In the 0–1 V procedure, no apparent redox peaks 
were identified, indicating that  Bi2O2S was more stable. In 
addition, the  Bi2O2S flexible photodetector based on solid-
state electrolytes similarly displays a significant optical 
response without adding any bias voltage, which indicates 
the potential of the device to be self-powered, as shown in 
Fig. 4b. Therefore, the following tests were performed at 0 V. 
Solid electrolytes prepared based on deionized water were 
used in  Bi2O2S flexible photodetector, which is also very 
consistent with the concept of environmental protection.

Additionally, the bias voltage and the incident light 
intensity was also important parameter that had a signifi-
cant impact on the photodetector’s performance and the 
research's importance was self-evident. It simulated two 
cases, one in sunlight and another in darkness, with 20 s 
as the on-and-off frequency time. The power was evaluated 
from 55 to 95 mW/cm2 at 0 V bias, respectively. A flex-
ible photodetector with a solid-state electrolyte is shown 
in Fig. 5a. Under the forward light intensity, the photocur-
rent density was from 0.5 to 1 μA/cm2. The photocurrent 
density increased by about two times. Figure 5b shows the 
photocurrent intensity of the  Bi2O2S flexible photodetector 

at different bias voltages. We can see from the figure that the 
overall trend is rising, which is in line with the trend of LSV 
curve. However, when the bias voltage increases from 0.3 to 
0.4 V, the increase in photocurrent density is relatively large. 
The reason may be that the increase of bias voltage leads to 
the ionization of deionized water in solid electrolyte, thus 
increasing the ion concentration.

In order to further investigate the photoresponse perfor-
mance of the  Bi2O2S flexible photodetector, the relationship 
was extracted by analyzing the i–t plot and a relationship 
plot between optical power density, photocurrent and pho-
toresponse was generated to further understand the photore-
sponse performance of the  Bi2O2S flexible photodetector. 
The linear relationship presented in the graph implies that 
the material was well crystalline [38]. Response time was 
an important indicator of a photodetector’s performance 
and was defined as how long it took for the photocurrent 

Fig. 4  a The LSV curves of the photodetector based on  Bi2O2S 
nanosheets. b Photocurrent density at 0 V with 75 mW/cm2
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to rise from 10 to 90% and it took to fall from 90 to 10%, 
respectively. Figure 6a , b shows the rise time and fall time 
of photodetectors based on solid-state electrolytes at 75 
mW/cm2 without any bias applied. As shown in Tables 1 
and 2, by comparing the response time of the traditional 
photodetector and the flexible photodetector, it can be seen 
that the detector has a super-fast response rate. Nonetheless, 
analysis of the curve reveals that the fall time was gener-
ally more than the rise time, which was primarily due to 
the temperature. Photogenerated carriers were generated 
when the light was shone on the  Bi2O2S electrode, and the 

temperature of the electrode increased leading to carrier life 
being extended at the same time. In addition, the photore-
sponse rate R under varied incident light power was also 
calculated, revealing the photocurrent generated by the inci-
dent light per unit power in the effective area, the specific 
formula is: R = (Iligh–Idark)/P*S, where Ilight was photocur-
rent, Idark was dark current, P was light intensity, and S was 
effective light area. As shown in Fig. 6c, the photoresponse 
coefficient of the  Bi2O2S flexible photodetector varies from 
6.9 to 10.2 μA/W under solid-state electrolyte and without 
bias conditions.

Fig. 5  a is the photocurrent 
intensity of the flexible photo-
detector based on neutral solid 
electrolyte under different light 
intensities. b is the photocur-
rent intensity of the flexible 
photodetector based on neutral 
solid electrolyte under different 
bias voltages
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To analyze the mechanical strain capability of the  Bi2O2S 
photodetector, we conducted performance tests in three dif-
ferent states without bias, and the detailed test results are 
shown in Fig. 7a. It could be seen from the figure that there 
is no significant change in performance when the angle 
changed from 0° to 30°, and there was a drop in current 
when it switched from 30° to 60°, and the dropping may be 
due to the bending of the PET substrate was leading to an 
imbalance between the central pressure and the two sides 
were generating some cracks in the middle of the  Bi2O2S 
electrode. The results of the mechanical strain test demon-
strated that the device had some resistance to bending and 
stability.

Eventually, it was well known that stability was an impor-
tant indicator to judge the performance of photodetectors 
and to test whether they could be employed effectively in 
real life. Accordingly, we conducted stability tests on the 
 Bi2O2S flexible photodetector. As shown in Fig. 7b, the 
cyclic stability was tested in the state without any exter-
nal bias. The results indicated that after cycling the test for 
1000 s with no bias voltage, the performance decreases by 
8% from the initial state, but is still within the limit. The 
decline in performance may be due to structural damage 
caused by prolonged exposure to light, and the  Bi2O2S 
nanosheets fuse with each other to form a polymer [50]. In 
summary, the solid-state electrolyte-based  Bi2O2S self-pow-
ered photodetector had a kind photoresponse performance 
and fabulous stability.Fig. 6  a Response time at a bias of 0  V and a light intensity of 75 

mW/cm2. b The relationship between the photocurrent, photore-
sponse, and optical power density of  Bi2O2S nanosheets under the 
conditions of deionized water solid electrolyte

Table 1  Comparison with other detectors

Material Measurement condition Wavelength (nm) Response time (s) Responsivity 
(µA/W)

References

Bi2O2S nanoplates Solid-state electrolyte, 0 V White 0.045 10.2 This work
Bi QDs 0.1 M KOH 0.6 V White 0.2 8.64 [42]
Sb NSs 0.5 M KOH 0.6 V White 1 1.5 [43]
Te NSs 0.1 M KOH 0.6 V White 0.055 1.16 [44]
InSe NSs 0.2 M KOH 1 V White 7 3.3 [45]
GeSe NSs 0.1 M KOH 0.3 V UV–Visible 0.2 43.6 [46]

Table 2  Comparison with other flexible detectors

Material Measurement condition Wavelength (nm) Response time (s) Refer-
ences

Bi2O2S nanoplates Solid-state electrolyte, 0 V White 0.045 This work
WS2-graphene nanoplates H2SO4 solid-state electrolyte, 0 V White 2.3 [47]
LSG/CsPbBr3 PET, 0 V 532 nm 0.03 [48]
FePS3/rGO Solid-state electrolyte, 0 V White 0.2 [49]
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4  Conclusions

As previously stated, in our work,  Bi2O2S nanosheets were 
successfully synthesized at room temperature, and a flex-
ible photodetector based on deionized water solid-state 
electrolyte was constructed utilizing  Bi2O2S nanosheets. 
The prepared  Bi2O2S flexible photodetector exhibited 
decent light response, great mechanical flexibility, and 
fabulous environmental stability during the test and were 
environmentally friendly, non-toxic, and consistent with 
sustainable development. At 0 V, the responsivity could 
reach 10.2 μA/W and the response speed reaches 0.045 s. 
When a bending angle of 30°, the photocurrent intensity 
decreased by only 8%, and the photocurrent remains stable 
after 1000 s of “on–off” behavior. In addition, the device 
had the advantages of small size, lightweight, and port-
ability, and had greater potential in wearable photodetec-
tors and low-power photovoltaic applications. Thus, this 
work could promote the progress of flexible optoelectronic 
devices based on solid-state electrolytes.
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