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Abstract As a common insecticide, nitenpyram (NTP)

seriously threatens the human health and environmental

safety. In this work, a visible-light-responsive photocata-

lyst two-dimensional (2D) Bi2WO6 was synthesized and

applied to degrade NTP. Compared with bulk Bi2WO6, the

2D Bi2WO6 exhibits better photocatalytic performance for

NTP degradation under visible-light irradiation. The

enhanced activity can be ascribed to the unique 2D struc-

ture which would induce to higher efficiency of carrier

separation. Moreover, hole (h?) plays a major role (and

�O2
-) in the degradation of NTP. Based on the interme-

diates detected by high-performance liquid chromatogra-

phy–mass spectrometry (HPLC–MS), the degradation

pathway of NTP was proposed. In addition, the influence of

typical environmental factors (pH, water matrix, inorganic

cations and common anions) on the degradation of NTP

was also investigated. This work not only helps people to

understand the degradation of pesticides in actual water

bodies, but also provides reference for the subsequent

treatment of agricultural wastewater.

Keywords Photocatalysis; Two-dimensional (2D)

Bi2WO6; Nitenpyram; Degradation pathway

1 Introduction

The water pollution caused by pesticide using has always

been a serious problem getting more and more concerns

recently [1–3]. Massive pesticides residual in the farmlands

are mainly collected into natural water bodies and further

cause adverse influence on the human health and envi-

ronment [4–6]. Nitenpyram (NTP), based on its high effi-

ciency, systemic pest control and non-interaction, becomes

one of the commonly used neonicotinoid pesticides [7].

Despite the above-mentioned advantages, the solubility of

nitenpyram in water is very high, up to 590 g�L-1 [8].

Thus, as the rain washes, NTP residual on the farmlands

easily migrates to the soil and water bodies [9]. Addi-

tionally, the soluble NTP appears particularly hard to

adsorb and degrade in the water bodies. Except for the

aforesaid study, research reports have shown that non-

degradable NTP disrupts the ecology by the use of

affecting bee pollination and the intestinal health commu-

nity structure of pregnant mice [10, 11]. Traditional

methods currently used to treat nitenpyram include plant

microbial methods, physical adsorption methods and

electrochemical methods [12–14]. However, on account of

treatment effects, cost and recyclability, these methods

mostly cannot be widely used. Therefore, there is an urgent

need for an environmental, friendly and low-cost way to

degrade NTP in the aquatic environment. Photocatalytic

degradation of pollutants in the water environment has

attracted much attention because of its sustainable devel-

opment strategy and good application prospect [15–20].
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Bismuth tungstate (Bi2WO6), as a kind of Aurivillius

compound, is known as an efficient, active and

stable photocatalyst [21, 22]. Because of its unique

orthogonal structure (consisting of alternating WO4 octa-

hedral layers and Bi-O-Bi composite layers) [23], open

structure of Bi2WO6 nowadays attracts more and more

attention due to its usage as photocatalytic active sites. This

material is also visible-light-responsive, stable and con-

trollable of its shape. However, its performance is

adversely affected by its fast photogenerated carries

recombination and fewer active sites for pollutions. For

long, many works have been reported to improve the

photocatalytic performance of Bi2WO6 [21, 24–27]. Many

methods such as changing morphology [28], oxygen

vacancy construction [29, 30], metal doping [31] and

heterojunction engineering [32–35] were used to improve

photocatalytic performance. Especially, the heterojunction

system of layered materials can greatly improve photo-

catalytic performance [36]. Compared with single catalyst,

the visible-light response and the photogenerated carrier

rate are simultaneously improved. It was reported that the

2D/2D CsPbBr/Bi2WO6 heterojunction synthesized by

electrostatic self-assembly technology has extremely fast

charge transfer speed, thus highly improving the photo-

catalytic reduction of CO2 [37]. NH2MIL-125(Ti)/Bi2WO6

composite material which is also synthesized by electro-

static self-assembly possesses suitable bandgap because of

Bi2WO6. Moreover, this photocatalyst can highly improve

carrier separation and excellently degrade organic pollu-

tants [36]. However, for Bi2WO6 layered material, the

structure of the composite material will affect its mor-

phology and surface-active sites [38]. Thus, the construc-

tion of two-dimensional (2D) nanomaterials can

significantly improve the photocatalytic performance of the

material because of the heterojunction-like structure

between the double layers. In short, this has a strong

application prospect [27, 39].

During the photocatalytic degradation of pollutants, we

often pay more attention to the intermediate product of the

reaction process and propose the corresponding degrada-

tion path according to the results of the characterization.

For NTP, some studies have shown that photocatalyst can

degrade it very rapidly, and the corresponding reaction

mechanism and possible degradation path have been pro-

posed [40]. But the intermediation in the reaction may

cause greater harm to the environment than the original

pollutants. Furthermore, in practical applications, pH,

common ion influence and water types all affect the pho-

tocatalytic reaction. However, there are few studies on the

impact of water environmental factors on the photocat-

alytic degradation of NTP and the possible environmental

risk caused by reaction intermediates.

In this work, ultrathin 2D bismuth tungstate nanosheets

(2D Bi2WO6) were synthesized and applied to degrade

NTP. The degradation principle of nitenpyram was ana-

lyzed, including the main active substances, principles and

intermediate products of the reaction. Ultimately, we also

studied the effects of common water environmental factors

on the degradation reaction of nitenpyram (pH, common

anions, common cations and water matrix).

2 Experimental

2.1 Preparation of 2D Bi2WO6 and bulk Bi2WO6

2D Bi2WO6 was synthesized as follows. 1 mmol

Na2WO4�2H2O and 50 mg cetyltrimethylammonium bro-

mide (CTAB) were added to 80 ml deionized water. The

mixture was stirred until there is no solid in the solution,

and then, 2 mmol Bi(NO3)3�5H2O was added to the solu-

tion and stirred with a magnetic stirrer. The above solution

was transferred to a 100-ml reactor and heated at 120 �C
for 24 h. Finally, the obtained sample was washed 5 times

with deionized water and then washed 2 times with abso-

lute ethanol and dried at 60 �C for 10 h.

Bulk bismuth tungstate (bulk Bi2WO6) was compounded

by the hydrothermal method, and the only difference from

the synthesis of 2D Bi2WO6 is that CTAB is not added.

2.2 Characterization

X-ray diffraction (XRD, Rigaku, SmartLab) was used to

test and analyze phase purity and crystallinity of the pre-

pared samples. The scanning range was 2h = 10�–90�, the
scanning speed was 7 (�)�min-1, and the step size was

0.02�. The morphology and microstructure were observed

and analyzed by transmission electron microscope (TEM,

JEOL, JEM-2100 (HR)). X-ray photoelectron spectra

(XPS) was recorded by Thermo ESCALAB 250 with Al

Ka X-ray. The optical properties of the obtained samples

were measured by an ultraviolet–visible spectrophotometer

(Shimadzu, UV-3600), and the photoluminescence spec-

trum was measured by a fluorescence spectrophotometer

(PL, Hitachi, F-7000). During the test, an external dual

detector was used with a slit width of 20 nm, barium sul-

fate (BaSO4) was used as a reference, and the scanning

range was from 200 to 800 nm.

2.3 Photocatalytic studies

Under visible-light irradiation, the photocatalysis experi-

ment was carried out in pure water with a natural pH of 7.

25 mg catalyst and 50 ml (5 9 10–6) nitenpyram were
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added into the beaker and stirred for 30 min in the dark, the

0 min point was taken, and then it was irradiated under a

300-W lamp (k[ 420 nm) light reaction for 10 min. After

filtration, the concentration of nitenpyram in the samples

was determined by high-performance liquid chromatogra-

phy (Waters e2695, the liquid chromatograph conditions

are: column temperature of 26 �C, C18 column, mobile

phase: 60% water ? 40% acetonitrile, flow rate of

1 ml�min-1).

2.4 Photochemical characterization

The photoelectric response performance of the synthesized

sample, including photocurrent and electrochemical impe-

dance, can be measured by an electrochemical workstation

(Shanghai Chenhua Instrument, CHI660D). The standard

three-electrode system was used, namely the sample

membrane, Ag/AgCl electrode and platinum electrode,

corresponded to the working electrode, reference electrode

and counter electrode, respectively. The electrolyte was a

0.1 mol�L-1 sodium sulfate (Na2SO4) solution, and the

visible-light source was 250-W mercury lamp (Zhongjiao

Jinyuan) provided. The sample film was prepared by the

following steps: 20 mg photocatalyst was dissolved in

1.5 ml absolute ethanol and 20 ll naphthol was added, and
then the resulting uniform liquid was coated on a 1-cm2

conductive glass (FTO), and then waiting for it after nat-

ural air drying, it was transferred to an oven and calcined at

150 �C for 2 h to prevent falling off during the experiment.

3 Results and discussion

3.1 Characterization

XRD results of the synthesized samples are shown in

Fig. 1. For two samples, 2h pattern has characteristic peaks

at 28.3�, 32.8�, 47.1�, 55.8�, 58.7�, 68.8�, 76.1� and 78.2�,

corresponding to (131), (002), (202), (331), (262), (262),

(391) and (460) planes of orthorhombic Bi2WO6 phase

(JCPDS No. 39-0256). The above result indicates that the

Bi2WO6 sample was successfully synthesized [41–43]. In

addition, the two synthetic materials have no other peaks,

indicating that the synthesized 2D Bi2WO6 and bulk

Bi2WO6 have high purity and no other impurities are

introduced. Besides, the morphologies of samples were

tested by TEM and high-resolution TEM (HRTEM). In

Fig. 2a, c, 2D Bi2WO6 is evenly laid out in flakes and less

agglomerated, indicating that we successfully synthesized

the lamellar Bi2WO6. Figure 2b shows its HRTEM image.

It is not difficult to find that the sample has good crystal-

lization properties. The Gatan digital micrograph was used

to analyze it, and the interplanar spacing of 2D Bi2WO6

was measured to be 0.273 nm, corresponding to the crystal

surface (200) of Bi2WO6. As present in TEM images of

bulk Bi2WO6 (Fig. 2d, e), the bulk Bi2WO6 shows more

serious agglomeration, compared with 2D Bi2WO6. As

shown in HRTEM image of bulk bismuth tungstate

(Fig. 2f), compared with 2D Bi2WO6, the accumulation is

too thick although the crystallinity is still good. TEM

analysis can preliminarily show that CTAB as a long-chain

molecule can be inserted between the [Bi-O-Bi] layers,

thereby reducing stacking and inducing to the ultrathin 2D

structure [44]. However, the bulk Bi2WO6 does not use

CTAB, which shows more serious reunion. From this, the

reason we speculate why the 2D Bi2WO6 photocatalyst is

better than the bulk is due to its single-layer structure. A

thinner plane can provide more active sites to adsorb pol-

lutants at the same mass, which further confirms the

experimental results of the adsorption dark reaction stage.

Moreover, to further understand the atomic composition

of the material, XPS was used to probe. It can be seen that

2D Bi2WO6 contains Br in addition to Bi, W and O

(Fig. 3a). As shown in Bi 4f spectrum (Fig. 3b), the

shoulder peak appears at higher binding energy (Bi 4f5/2,

164.78 eV; Bi 4f7/2, 159.27 eV), indicating that a higher

positive Bi appears in the monolayer [44]. This indicates

that some Bi atoms are bonded with surface Br atoms.

Moreover, the binding energy difference between both

peaks is about 5.5 eV, which is considered to be Bi3?

[45, 46]. Figure 3c shows W 4f spectrum of the sample. It

is observed that the two peaks appear at 35.57 and 37.8 eV

which are attributed to W 4f7/2 and W 4f7/4, respectively.

This indicates a valence state of ? 6 for tungsten appears

and this result is consistent with previous studies of bulk

Bi2WO6, because the [WO4]
2- layer is located in the

middle and is hardly affected by the surface Br atoms

[27, 47, 48]. As show in O 1s spectrum (Fig. 3d), two

peaks at 529.9 and 530.7 eV are observed. This is attrib-

uted to lattice oxygen and bridged hydroxyl groups,

respectively. The peak caused by absorption of water wasFig. 1 XRD patterns of 2D Bi2WO6 and bulk Bi2WO6
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not detected, indicating that the sample has a certain degree

of hydrophobicity which can provide more sites for the

adsorption of pollutants [44, 47, 49]. As shown in Fig. 3e,

an obvious Br 3d peak appears at 68.6 eV, indicating that

the Bi atoms of the monolayer bond with Br- from CTAB,

which corresponds to TEM results.

The application of ultraviolet diffuse reflection can show

the optical properties of this material. From Fig. 4a, the

absorption edge of 2D Bi2WO6 is at * 450 nm. The bind

energy can be calculated by the following formula [50]:

ðahvÞn=2 ¼ A hv� Eg

� �
ð1Þ

where a, h, v and A are the absorption coefficient, Planck’s

constant, light frequency and a constant, respectively; Eg is

the bind energy. n is related to the type of semiconductor

(n = 1 or 4, for a direct or indirect transition, respectively),

and the n value of Bi2WO6 is 1. The calculated results

show that the band gap of both 2D Bi2WO6 and bulk

Bi2WO6 is 2.67 eV (Fig. S1). Put the result into the

formula:

kg ¼ 1240=Eg ð2Þ

where kg is the light-absorbing edge (kg = 464.4 nm).

Compared with ultraviolet–visible diffuse reflectance

spectroscopy, two samples both have well visible-light

absorption. Furthermore, the valence band (VB) of 2D

Bi2WO6 is determined by XPS valence spectrum, as shown

in Fig. S2. Combined with the band gap settled above, the

valence band and conduction band of 2D Bi2WO6 are

2.29 eV (relative to the Fermi level), and - 0.33 eV,

respectively.

The PL spectra of pure 2D Bi2WO6 and bulk Bi2WO6

with an excitation wavelength of 300 nm were measured

under a voltage of 700 V to probe the recombination of

photogenerated electron–hole charges [51]. For bulk

Bi2WO6, due to the ultrafast recombination of excited

electron–hole pairs, two strong emission peaks can be seen

near 469 and 450 nm (Fig. 4b). However, the intensity of

2D Bi2WO6 decreased significantly, indicating that the

generated electrons migrate to the [WO4]
2- layer in the

sandwich structure, thereby inhibiting the recombination of

carriers [52]. In the photocatalytic reaction, the carrier

transfer efficiency has a great influence on photocatalysis.

Therefore, we used the electrochemical workstation to

measure the transient photocurrent response (Fig. 4c) of

2D Bi2WO6 and bulk Bi2WO6 under visible light (the

applied voltage was 0.3 V vs. (Ag/AgCl electrode)). As

seen, these samples all have obvious responses to the light,

but the photocurrent intensities are different. Compared

with bulk Bi2WO6, the photocurrent intensity of 2D

Bi2WO6 is significantly improved, which is almost 1.5

times that of bulk Bi2WO6. Thus, the charge transfer effi-

ciency is higher. Besides, we also used electrochemical

impedance spectroscopy (EIS) to characterize the charge

Fig. 2 TEM images of a–c 2D Bi2WO6 and d–f bulk Bi2WO6
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transfer efficiency of the sample. As shown in Fig. 4d, the

radius of 2D Bi2WO6 is clearly smaller than that of bulk

Bi2WO6, which indicates that the layered structure is more

helpful for the interface charge transfer of the catalyst.

To reveal the generation of holes and hydroxyl radicals

in 2D Bi2WO6, the samples were detected by electron spin

resonance (ESR). The 2,2,6,6-tetramethylpiperidine-1-oxyl

(TEMPO) and 5,5-dimethyl-1-pyrroline N-oxide (DMPO)

were used to capture holes (h?) and hydroxyl radicals

(�OH) on the surface of 2D Bi2WO6. As shown in Fig. 4e, a

quadruple characteristic velocity signal can be observed in

the collected ESR spectrum. As the illumination increases,

the signal of DMPO-�OH gradually increases, which indi-

cates that photo-induced 2D Bi2WO6 generates hydroxyl

radicals [53]. In addition, the characteristic triple velocity

signal with an intensity of 1:1:1 can be observed in the

Fig. 3 a XPS survey, high-resolution spectra for b Bi 4f, c W 4f, d O 1s and e Br 3d of 2D Bi2WO6
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collected ESR spectrum (Fig. 4f), and the signal intensity

drops sharply with the illumination of visible light. This is

because the TEMPO molecule is oxidized to the corre-

sponding oxygen ammonium cation (TEMPO?) by com-

bining with holes in acetonitrile. The reaction is listed [54]:

TEMPOþ hþ ! TEMPOþ ð3Þ

This phenomenon can clearly verify that the optically

excited 2D Bi2WO6 produces holes. As for the role of these

actives substances in the degradation of NTP, it is still not

possible to judge.

3.2 Photocatalytic performance and mechanism

As shown in Fig. 5a, there is no photolysis of NTP. The

degradation percentages of 2D Bi2WO6 on NTP are 94.6%

and 25.4% by 2D Bi2WO6 and bulk Bi2WO6, respectively.

To explore the reasons for this phenomenon, we divided

the entire reaction process into two stages (dark reaction

and light reaction). However, Fig. S3 shows that the con-

centration of pollution decreased significantly without

lighting, which can be attributed to that NTP is adsorbed on

the surface of the photocatalyst. The concentration of

nitenpyram in the 2D Bi2WO6 solution dropped by 49.8%,

while that of the bulk Bi2WO6 was only 7.8%. This is

attributed to that the 2D Bi2WO6 has a larger specific

surface area, which can provide more adsorption sites for

NTP. After the adsorption reached equilibrium, light was

added and the degradation of pollution happened in the

presence of a photocatalyst. For the photoreaction stage, it

is not difficult to find that the degradation ability of 2D

Bi2WO6 is much stronger than that of bulk one. In order to

visually display the nitenpyram degradation ability of dif-

ferent samples, we fitted the degradation kinetic curve

through the first-order kinetic equation. The apparent rate

constants of different samples are shown in Fig. 5b. The

value of 2D Bi2WO6 is 0.331 min-1, which is 11.4 times

that of bulk Bi2WO6. Moreover, we have compared with

other work to prove the degradation efficiency of 2D

Bi2WO6 (Table S1). In summary, compared with bulk

Bi2WO6, 2D Bi2WO6 shows better performance in

degrading nitenpyram under visible-light irradiation.

As we all know, photocatalytic reactions involve major

active species such as holes, hydroxyl radicals and super-

oxide radicals. In order to further find out what role active

free radicals can play in the degradation process, we car-

ried out capture experiments. Here, 1 mmol isopropanol

(IPA) and triethanolamine (TEOA) were added to the

degradation system for capturing hydroxyl radicals and

holes. Then, the solution was discharged the dissolved

oxygen in the solution by introducing argon gas during the

experiment [55–57]. Later, by detecting the changes in the

degradation reaction of NTP after adding several capture

agents, the main active species in the reaction system were

further confirmed. As shown in Fig. 5c, d, argon gas and

isopropanol all have a significant inhibitory effect on the

Fig. 4 a UV–Vis diffuse reflectance spectroscopy results, b PL spectra, c photocurrent curves and d EIS Nyquist plots of as-prepared
samples; ESR diagram of e hydroxyl radicals and f cavity
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photocatalytic degradation of nitenpyram. The degradation

rate is reduced by 28.7% and 13.4%, respectively, and the

kinetic constant (k), respectively, dropped by 0.222 and

0.153 min-1. When TEOA is added, the degradation rate

of nitenpyram is only 1.9%, and the kinetic constant (k) is

only 0.002 min-1. The above results indicate that in this

degradation reaction, holes play a major role (this matches

our ESR characterization results). However, �OH and �O2
-

play a smaller role than h? in the degradation of NTP.

Moreover, three-dimensional (3D) EEMs technology

was used to deeply understand the NTP process based on

2D Bi2WO6. As shown in Fig. 6, four samples were col-

lected under different conditions. It can be seen that with

light irradiation, the fluorescence signal first increases

because NTP is converted into other substances during the

reaction. Subsequently, the fluorescence signal weakens,

and nitenpyram is completely decomposed and mineralized

into water and carbon dioxide [55]. This phenomenon also

demonstrates the high mineralization ability of the pre-

pared 2D Bi2WO6 photocatalyst.

On this basis, the mechanism on nitenpyram degradation

by 2D Bi2WO6 is proposed (Fig. 7). Under visible-light

irradiation, 2D Bi2WO6 undergoes a charge transition.

Valence electrons excited by the light irradiation migrate

from the valence band (VB) to the conduction band (CB);

thus, photo-generated electrons and holes are generated.

The h? in the valence band is located in the outer layer of

the sandwich structure ([BiO]? layer), which can directly

oxidize the nitenpyram adsorbed on the surface of the

catalyst. In addition, photo-generated electrons can also

react with O2 to form superoxide radicals, which react with

NTP and finally convert it to CO2 and H2O [58]. In addi-

tion, because of the unique layered structure of 2D layered

bismuth tungstate, namely [BiO]?-[WO4]
2--[BiO]? struc-

ture, e- that will be left in the conduction band during the

migration process [WO4]
2- layer causes the rapid separa-

tion of photogenerated electrons and holes. This is favor-

able for inhibiting their resetting and improving the

photocatalytic activity of the material.

To evaluate possible photocatalytic degradation prod-

ucts, high-performance liquid chromatography–mass

spectrometry (HPLC–MS) was used to identify the solution

collected in the photocatalytic reaction (reaction solutions

were pure samples with light response of 5 and 10 min).

Fig. 5 a Degradation curves and b rate constants of NTP degradation over different samples; c degradation curves and d rate
constants of NTP degradation under different scavengers for 2D Bi2WO6
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According to the records of HPLC–MS, we analyzed the

main intermediate structure and proposed the possible

degradation pathway of nitenpyram (m/z =

270.7 g�mol-1). The results are proposed in Fig. 8. There is

a main peak with a mass-to-charge ratio m/

z = 270.8 g�mol-1, which corresponds to the nitenpyram

molecule. As the reaction proceeded, NTP is oxidized and

degraded into small molecules with m/z values of 223.9,

194.7, 149.7, 142.1, 116.8 and 102.1, respectively. Gen-

erally, the oxidation of organic compounds mainly occurs

at the oxidation sites of organic molecules, and the oxi-

dation sites are mainly located on functional groups. First,

under the action of �O2- and h?, NTP falls off its methyl-

linked nitro group on the side chain to form P1 (m/

z = 223.9 g�mol-1). With the continuous action of O2- and

h?, the secondary amine bond of the branch chain breaks to

form P2 (m/z = 194.7 g�mol-1). And then, the groups at

both ends of the tertiary amine bond of P2 are replaced to

form an amine group, which forms the product P3 (m/

z = 142.1 g�mol-1). Finally, the branched chain is removed

Fig. 6 a 3D EEMs results of original nitenpyram solution and samples obtained with visible-light irradiation time of b 4 min, c 8 min
and d 12 min, where Em is emission wavelength and Ex is excitation wavelength

Fig. 7 Possible separated behaviors of charge carriers and
photocatalytic mechanism of 2D Bi2WO6 for NTP degradation
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2446 Y.-H. Cheng et al.



under the oxidation of the hole h? to form 2-chloropyridine

P5 (m/z = 116.8 g�mol-1). Besides, under the oxidation of

the hole, NTP may directly break the branch to form P4 (m/

z = 149.7 g�mol-1), or directly break the bond with the

2-chloropyridine ring to form P6 (m/z = 102.1 g�mol-1).

P4, P5, and P6 will be fully mineralized into CO2 and H2O

under further degradation [40, 59, 60].

3.3 Water environment factor

The degradation reaction of NTP generally needs to be

carried out in an aqueous environment. Water has the

function of source and sink in the process of material

migration and conversion. Therefore, it will contain vari-

ous water environmental factors such as anions and cations,

organic matter and heavy metal pollutants. At the same

time, environmental factors, such as water level, velocity

and temperature, will also increase the complexity of the

water environment. These factors often have a non-negli-

gible impact on water ecological restoration and pollution

control activities. Studies have shown that the outbreak of

algae in lakes is affected by temperature, wind speed and

direction [61]. Similarly, when we use photocatalysts to

degrade pollutants in water bodies, water environmental

factors will also play an important role [62]. Our research

will ultimately be devoted to environmental governance, so

it is necessary to find the best conditions for photocatalytic

materials to degrade pollutants by simulating the different

water environmental factors, so that targeted application

development is necessary. Hence, we simulated the com-

mon water environmental factors (pH, common anions,

common cations and water matrix) to complete the

experimental system and find the best application condi-

tions for the material.

3.3.1 pH

The concentration of hydrogen ions (H?) or hydroxide ions

(OH-) affects the protonation or deprotonation of pollu-

tants and photocatalysts. Therefore, the adsorption capacity

and catalytic activity of the photocatalyst will be affected

by the initial solution pH [63]. In the water environment,

pH is a basic water index. The original pH of the niten-

pyram solution was measured to be 7.3. 0.1 mol�L-1 HCl

solution and 0.1 mol�L-1 NaOH solution were used to

adjust the pH to 3, 5, 7 and 9, respectively. Then, 2D

Bi2WO6 was added to the solution, and the effect of acidity

and alkalinity on the degradation reaction (experimental

conditions were the same as the degradation experiment)

was investigated. From Fig. 9a, it can be seen that the

effect of acidity and alkalinity on the degradation of

nitenpyram is not significant, all reaching more than 80%.

The main effect is the adsorption stage. As shown in

Fig. S4, whether it is an acidic or alkaline solution, the

adsorption efficiency of nitenpyram is reduced compared to

that of the original solution. This can be attributed to the

Fig. 8 Proposed possible degradation pathway of NTP in the presence of 2D Bi2WO6
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fact that the active sites of the unsaturated Bi atoms on the

surface have competed with Cl- and OH-, resulting in

weaker adsorption capacity. It can be seen that as the

adding amount of hydrochloric acid increases, the con-

centration of Cl- increases (pH 7 ? 3), and the inhibition

of adsorption in the dark reaction stage is enhanced. In

addition, in Fig. 9b, although the degree of impact is not

obvious, as the pH decreases (pH = 5 ? 3), the kinetic

curve constant (k) increases. This can be attributed to the

fact that more hydrogen is absorbed on the surface of the

catalyst under acidic conditions, which enhances the elec-

tropositivity of the 2D material surface layer [BiO]?.

Thereby, this advantage promotes the reaction between e-

and adsorbed oxygen on the surface to form �O2
-

(e- ? O2 ? �O2
-) transfer. At the same time, it also can

effectively inhibit the recombination of photogenerated

electrons (e-) and holes (h?), so that h? and H2O produce

more �OH (h? ? H2O ? �OH ? h?) [56]. Also, because

the two active species �O2
- and �OH have strong oxidizing

properties, they promote the degradation of nitenpyram by

the 2D Bi2WO6.

3.3.2 Water matrix

Three different water bodies, pure water, tap water, and

rainwater, were selected for the photocatalytic degradation

experiment of nitenpyram. The tap water source was a

laboratory tap water pipe, and the rainwater came from the

rainfall in Gulou District, Nanjing City on May 1st, 2020.

Both tap water and rainwater have an inhibitory effect on

the adsorption in the dark reaction stage. This is because

both tap water and rainwater contain inorganic anions and

inorganic cations, which will compete for the adsorption

sites of nitenpyram (Fig. S5). In addition, as shown in

Fig. 9c, d, tap water and rainwater also showed a signifi-

cant inhibitory effect on the degradation of nitenpyram,

and its degradation rate decreased by 60.1% and 19.5%,

respectively. The reason is that tap water contained chlo-

rinated disinfection by-products and a small amount of

organic matter will combine with h? and �OH, thus

reducing the active substances in the reaction system [64].

In addition, we also observed that rainwater inhibited the

degradation of nitenpyram to a lesser extent than tap water,

Fig. 9 a Degradation curves and b k values of NTP under different pH for 2D Bi2WO6; c degradation curves and d k values of NTP
under different water substrates for 2D Bi2WO6
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and the photoreaction did not reach the degradation equi-

librium at the end. First of all, we guessed that this may be

caused by the reason that the local rainwater is acidic,

which has a certain promotion effect. After testing, the

used rainwater is weakly alkaline, which ruled out this

possibility. Therefore, we speculate that the degradation of

nitenpyram may be affected by the number of bacteria and

unique organic matter in the rainwater, which may require

further study.

3.3.3 Common anions

Adding 5 mmol Na2SO4 (0.071 g), NaCl (0.0292 g),

NaNO3 (0.0425 g) and NaHCO3 (0.042 g) to the photo-

catalytic reaction solution is conducted to detect the impact

of common anions (SO4
2-, Cl-, NO3

- and HCO3
-) in the

water environment. The investigated concentrations are all

0.01 mol�L-1, and the pure water group is added as a

control. The results are shown in Fig. 10a, b. For chloride

ion, the total inhibitory effect on nitenpyram in its degra-

dation is not obvious (degradation rate decreases by 6.3%),

but the inhibition on the adsorption stage is more obvious.

The reason why the adsorption effect becomes worse after

adjusting the pH is that chloride ions compete for the active

sites of the [BiO]? layer. In addition, some studies have

shown that Cl- inhibits the photocatalytic reaction only

under acidic conditions (pH 3–4), while the degradation

reaction is carried out under near neutral conditions, so the

inhibition effect is not obvious. In the presence of HCO3
-,

SO4
2- and NO3

-, the degradation rate of nitenpyram is

significantly lower than that of pure water, which are

decreased by 52.6%, 21.6% and 17.2%, respectively. The

reason may be that HCO3
- and SO4

2- are very strong

scavengers for h? and �OH, and the reaction formulas are

as follows:

HCO�
3 þ hþ ! HCO��

3 ð4Þ

HCO�
3 þ �OH ! CO��

3 þ H2O ð5Þ

SO2�
4 þ hþ ! SO��

4 ð6Þ

SO2�
4 þ �OH $ SO��

4 þ OH� ð7Þ

It can be seen from the capture experiment results in

Sect. 3.2 that h? is the main active substance involved in

the photocatalytic degradation of nitenpyram. For NO3
-,

its mechanism of action is the same as that of SO4
2-. In

addition, the degree of hydrolysis of HCO3
- is higher than

Fig. 10 a, c Degradation curves and b, d k values of NTP under different anions and cations for 2D Bi2WO6
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the degree of dissociation. OH- is also generated during

the process of free radical capture, thereby increasing the

pH of the reaction solution. In the above section, we know

that the catalytic reaction will be inhibited to a certain

extent as the pH increases. Therefore, HCO3
- can inhibit

degradation the most.

3.3.4 Common cations

We studied the influence of inorganic cations on the

degradation effect of nitenpyram in the presence of Cl-. By

adding 5 mmol NaCl, KCl and MgCl2�6H2O to the

experimental system, the cation concentration in the solu-

tion maintains at 0.01 mol�L-1 (adding 0.0292, 0.3725 and

0.1015 g reagents to 50 ml reaction solution, respectively).

By analyzing the degradation curve (Fig. 10c, d), it is not

difficult to find that the addition of K? and Mg2? signifi-

cantly inhibited the photocatalytic degradation of niten-

pyram. However, the degradation rate of nitenpyram did

not change much after adding Na? (a decrease of 6.4%).

The reason may be that the radius of K? is larger than that

of Na?, so its adsorption to the catalyst surface occupies a

large area, resulting in a smaller amount of nitenpyram

adsorbed by the catalyst [65, 66]. Compared with other

cations, Mg2? with a higher charge has stronger electron

adsorption capacity, and the decrease of electrons amount

will lead to a decrease in the yield of �O2
-, thereby

inhibiting the degradation of nitenpyram. Therefore, the

addition of cations will inhibit the degradation of niten-

pyram, and as the ability to add ions to absorb electrons

increases, the inhibition effect increases.

4 Conclusion

In summary, 2D Bi2WO6 was synthesized in one-step

hydrothermal method by introducing CTAB to prevent

layered stacking. Meanwhile, the degradation experiments

demonstrated that 2D Bi2WO6 has excellent NTP photo-

catalytic degradation ability. This is mainly due to the

excellent visible-light absorption, optical carrier separation

efficiency and more active sites of the layered materials. In

addition, free radicals h? and �O2
- play a major role in the

degradation of NTP, which are eventually decomposed into

carbon dioxide and water under the continuous attack of

two active species. The study on the influence of common

water environmental factors in the environment testifies to

that the optimal pH is neutral, and the inhibition degree of

Mg2? and SO4
2- is the largest, 37.8% and 52.6%,

respectively. At the same time, compared with rainwater,

the inhibition effect of tap water which contains more

anions and anions is more obvious. This work provides a

theoretical basis for the application of photocatalyst in

environmental water.
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