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Synopsis 

This work explores the role of phase engineering in non-centrosymmetric 2D 

MoSe2 and opens a new window for designing efficient piezocatalysts. 
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ABSTRACT 

Piezocatalysis is a promising technology to address environmental pollution by 

converting mechanical energy into chemical energy. Herein, MoSe2 nanosheets with 

different 1T phase percentages (ranging from 31% to 80%) were constructed by 

adjusting hydrothermal temperature. Moreover, the roles of phase engineering in the 

piezocatalysis were thoroughly investigated by degrading Rhodamine B and reducing 

Cr (VI) in ultrasonic vibration. The experimental results indicated that MoSe2 with the 

higher percentage 1T phase contributes to better conductivity, the higher polarization, 

more active centers and better piezocatalytic performance. In particular, the observed 

kobs constant and the ultrafast degradation rate k of MoSe2 prepared at 220 ℃ 

(MoSe2-220) with the highest percentage 1T phase (80%) are the fastest among all 

reported catalysts to date. The ultrahigh activity is attributed to the establishment of 

an internal electric field at the 1T and 2H phase boundaries, which drives the 

segregation of electron-hole pairs in MoSe2-220 nanosheets. Furthermore, ·O2
- 

and ·OH as main reactive species were confirmed and a rational mechanism was 

finally put forward. This study offers a clear understanding of phase engineering in 

piezocatalysis and provides an efficiency strategy to construct highly efficient 

piezocatalysts. 
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1T phase, phase engineering, MoSe2, piezoelectric field, pollutant removal  
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1 Introduction 

In the past decades, environmental contamination has become main problem 

with the rapid development of modern industry. Recently, piezocatalysis based on 

piezoelectric material, is emerging as a progressive strategy to address the 

environmental issue [1-4]. The piezoelectric materials can inhibit the recombination of 

charge carriers by inducing the polarization of positive and negative charges on both 

sides of the catalyst surface when the mechanical force is applied and subsequently 

forming a built-in electric field that separates electrons and holes [5]. Although many 

efforts have been made on innovating the piezocatalysts, most of them still suffer 

from weak piezoelectric polarization and insufficient catalytic active sites. Therefore, 

developing new strategies to boost piezocatalytic efficiency is essential to make a 

breakthrough in piezocatalysis. 

Transition metal dichalcogenides (TMDs) have been heavily investigated in 

photocatalysis [6, 7], energy storage, nanogenerators [8], electronic devices [9], and 

electrocatalysis [10]. It is worth noting that TMDs also show strong piezoelectricity 

due to their non-centrosymmetric structure [11]. Among them, MoSe2 has recently 

attracted attention as a promising piezocatalyst due to its superior physical, electrical 

and electrochemical properties. For instance, Wu et al. demonstrated that few-layers 

MoSe2 have higher piezoelectricity than some common wurtzite crystals [12]. Wu’s 

group reported that MoSe2 nanosheets could degrade RhB by piezoelectric effect [13]. 

Unfortunately, most of reported MoSe2 still show limited piezoelectric properties and 
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low separation efficiency of charge carriers, which largely restrict its piezocatalytic 

performance. 

In fact, according to the arrangement of Se atoms, MoSe2 possesses two phases: 

semiconductor 2H phase with triangular prisms and metallic 1T phase with octahedral 

coordination [14]. Both experiment and analytical findings show that 1T phase MoSe2 

exhibits superior catalysis activities than that of 2H phase MoSe2 due to relatively 

high electronic conductivity [15]. For example, Jiang et al. designed the 1T phase 

MoSe2 with extended interlayer spacing, which exhibited high electrocatalytic HER 

performance [16]. Yin et al. utilized different concentrations of NaBH4 to control the 

phase of MoSe2 and further applied it in electrocatalytic HER performance [17]. 

However, it should be noted a pure 1T phase MoSe2 is transferable and could be shift 

to stabilized 2H phase MoSe2 in the natural environment [18]. Thus, the 1T/2H hybrid 

phase MoSe2 (1T/2H MoSe2) is expected to combine the abundance of active sites 

and good conductivity of the 1T phase and environmental stabilization of the 2H 

phase. Zhang et al. prepared the1T/2H MoSe2 and showed enhanced catalytic activity 

for hydrogen evolution [19]. Xia et al. constructed 1T/2H MoSe2 nanoflowers and 

applied it in the electrocatalysis of rechargeable Li-O2 batteries [20]. To the best of 

our knowledge, modulating the 1T phase content in 1T/2H MoSe2 and exploring the 

role of phase engineering in piezocatalysis have not been reported yet. 

Herein, for the first time, MoSe2 nanosheets with tunable 1T contents 

piezocatalysts were succeeded in the synthesis via adjusting the hydrothermal reaction 
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temperature and applied for removal RhB and Cr (VI) in water. In particular, the 

optimized MoSe2-220 decomposed RhB by 99% within 15 s, and the piezoelectric 

catalytic rate k was the quickest degradation rate of any reported catalysts. Meanwhile, 

the observed constant kobs and the reduction rate k of Cr (VI) by MoSe2-220 were 6 

times higher than those of 2H MoSe2. This work confirms that 1T phase in MoSe2 

improves piezoelectric effect of 1T/2H MoSe2, thereby enhancing the carrier 

transmission capacity and providing more exposed active sites for piezoelectric 

degradation.  

2 Experimental section 

2.1 Raw Materials.  

Sodium borohydride (NaBH4, 99.99%), sodium molybdate (Na2MoO4·2H2O, 

99.99%) and powdered selenium (Se, 99.99%) were bought from Aladdin. All 

solvents and chemicals were analytical and have not been further purified. De-ionized 

water and ultrapure water were used throughout the experiment. 

2.2 Preparation of 1T/2H MoSe2 and 2H MoSe2 

MoSe2 samples were synthesized by a one-step hydrothermal approach. Mixed 

0.304 g NaBH4, 0.316 g Se and 0.484 g Na2MoO4, then dissolved in 75 mL deionized 

water and stirred for 20 min. The solution was then moved to a 100 mL capacity 

Teflon-lined autoclave and heated to reaction temperatures (180 ℃, 220 ℃ and 

240 ℃) for 20 h. Following natural cooling, the black sediment was gathered by 

means of centrifugation and washed several times with deionized water and 
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anhydrous ethanol. Then, the products were dried in vacuum at 60 ℃ overnight and 

marked as MoSe2-180, MoSe2-220, and MoSe2-240, respectively. In order to obtain 

2H MoSe2, the MoSe2-220 sample was calcined at 600 ℃ for 2 h under nitrogen. The 

obtained 2H MoSe2 sample was expressed as MoSe2-600. 

2.3 Characterization 

The crystalline structure of the catalysts was detected by X-ray diffraction (XRD) 

technology (Japan/D/MAX2500). The morphology of the catalyst was examined by 

field emission scanning electron microscopy (SEM, SUPRA55, Carl Zeiss AG, 

Germany). The microstructure of the catalysts was observed by transmission electron 

microscopy (TEM, JEOL JEM-2100, Japan). Raman spectra were obtained by 

measurements performed with a Raman spectrometer (LABRAM HR800). The phase 

composition and chemical elements of the synthesized catalysts were analyzed by 

X-Ray Photoelectron Spectroscopy (XPS, PHI-5000 VPIII). The absorbance of the 

RhB solution and the concentration of unreduced Cr (VI) in the solutions were 

determined using UV spectrophotometer UV-5200. Photo-luminescence (PL) 

emission spectrum was obtained on a fluorescence spectrometer FS5 (Edinburgh 

Instrument) at room temperature. Electron spin resonance (EPR) spectrum were 

obtained by Bruker EMX PLUS EPR spectrometer. The electrochemical properties of 

the catalysts were tested by electrochemical workstation (DH7000, China). The 

surface potential and piezoelectric response of the catalysts were analyzed by a 

combination of Kelvin Probe Force Microscopy (KPFM) and Piezoresponse Force 
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Microscopy (PFM, Bruker Dimension Icon) tests. 

2.4 Piezocatalytic performance of MoSe2 samples 

2.4.1 Piezocatalytic degradation of RhB 

Firstly, 10 mg MoSe2 nanosheets were mixed with 30 mL RhB solution (10 

mg/L). The mixture was stirred continuously under darkness for 120 s before the 

reaction started to reach the adsorption-desorption equilibrium between MoSe2 and 

RhB molecules. Then, ultrasound at 40 kHz (240 W) was applied as a mechanical 

force to study the degradation kinetics of RhB, 3 mL mixture was gathered regularly 

and centrifuged to obtain clarified solution. The concentration of RhB was determined 

by spectrophotometer UV-5200 and the absorbance was measured at 554 nm. 

2.4.2 Piezocatalytic reduction of Cr (VI) 

Firstly, 10 mg MoSe2 nanosheets were mixed with 30 mL Cr (VI) solution (10 

mg/L). The Cr (VI) mixture was stirred continuously under darkness for 30 min 

before the reaction started to reach adsorption-desorption equilibrium. Then, 40 kHz 

(240W) ultrasound was applied as a mechanical force on MoSe2 nanosheets to study 

the piezoelectric activity. At specified time intervals, 2 mL of sample was withdrawn 

and filtrated through a 0.22 μm membrane filtration. The concentration of Cr (VI) was 

determined via a diphenylcarbazide method with spectrophotometer at 540 nm [21]. 

2.4.3 Cycle stability of MoSe2 nanosheets 

The contaminant removal experiments were repeated using recovered MoSe2 

nanosheets. After the experiment were completed, the remainder of the compound 
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was centrifuged via a high-speed centrifuge. Then, the obtained MoSe2 nanosheets 

were washed and dried. Lastly, the recycled MoSe2 nanosheets were used again for 

piezoelectric catalysis experiments of pollutants. 

2.5 Electrochemical measurement 

Electrochemical measurement was carried out by electrochemical workstation 

(DH7000, China) and typical three-electrode battery. The prepared samples were used 

as working electrodes, saturated calomel electrode (SCE) and graphite rod were used 

as reference and counter electrodes, respectively. To produce a working electrode, 5 

mg MoSe2 sample was dispersed in 500 μL mixed solvent 

(VH2O/VCH3OH/VNafion=355/125/20) and ultrasonically treated for 2 h to prepare MoSe2 

ink. Next, 5 μL ink was dripped onto the surface of the polished glass carbon 

electrode (GCE) and dried to form MoSe2 electrode. Oxygen was removed from the 

electrolyte by bubbling N2 before the test, and all measurements were made in 0.5 M 

H2SO4 liquid. The linear sweep voltammetry (LSV) curves were acquired from -1 to 0 

V at the rate of 5 mV·s-1. The electrochemical double layer capacitance (Cdl) was 

determined by cyclic voltammetry (CV). Over the range of 0.17 to 0.47 V, different 

scanning rates (20-140 mV/s) were performed. Electrochemical impedance 

spectroscopy (EIS) was measured at open circuit potential in the frequency range of 

0.01 Hz to 105 Hz. Mott-Schottky curves were acquired at various frequencies (500, 

1000 Hz) of DC potential polarization. Evaluated the electrochemical stability by 

cycling 1000, 2000, 3000 times. All potentials in this research were corrected to RHE 
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using the following equation [22] 

                        𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅 = 𝐸𝐸𝑆𝑆𝑆𝑆𝑅𝑅 + 0.0592𝑝𝑝𝑝𝑝 + 𝐸𝐸𝑆𝑆𝑆𝑆𝑅𝑅0  (𝐸𝐸𝑆𝑆𝑆𝑆𝑅𝑅0 = 0.2415𝑉𝑉)                            (1) 

3 Results and discussion 

3.1 Synthesis, structure and morphology of MoSe2 nanosheets 

Fig. 1 shows the schematic diagram of the MoSe2 synthesis process, including 

the following reactions [23]  

                           2𝑆𝑆𝑆𝑆 + 4𝐵𝐵𝑝𝑝4− + 7𝑝𝑝2𝑂𝑂 → 2𝑝𝑝𝑆𝑆𝑆𝑆− + 𝐵𝐵4𝑂𝑂72− + 14𝑝𝑝2                              (2) 

                       4𝑀𝑀𝑀𝑀𝑂𝑂42− + 𝐵𝐵𝑝𝑝4− + 10𝑝𝑝2𝑂𝑂 → 4𝑀𝑀𝑀𝑀4+ + 𝐵𝐵𝑂𝑂2− + 24𝑂𝑂𝑝𝑝−                        (3) 

                                           𝑝𝑝𝑆𝑆𝑆𝑆− +  𝑂𝑂𝑝𝑝− → 𝑝𝑝2𝑂𝑂 + 𝑆𝑆𝑆𝑆2−                                                   (4) 

                                            𝑀𝑀𝑀𝑀4+ + 2𝑆𝑆𝑆𝑆2− → 𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆2                                                          (5) 

The MoSe2 samples synthesized at various hydrothermal temperatures have different 

structures and 1T contents. 

XRD and Raman analysis were used to study the crystal phase and 

microstructure of as-prepared MoSe2 samples (Figs. 2(a) and 2(b)). The diffraction 

peaks of MoSe2-600 locate at 13.5°, 31.4°, 37.9° and 55.9°, corresponding to (002), 

(100), (103) and (110) crystal plane, indicating that MoSe2-600 is pure 2H phase 

(JCPDS No.29-0914) (Fig. 2(a)) [24, 25]. It should be noted that the positions of (002) 

and (100) diffraction peaks of MoSe2-180, MoSe2-220 and MoSe2-240 samples are 

shifted by a smaller angle compared with MoSe2-600, respectively. Moreover, the 

intensity of all diffraction peaks for MoSe2-180, MoSe2-220 and MoSe2-240 are lower 

and wider than MoSe2-600. All results demonstrate that 1T phase MoSe2 exists in 
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these samples, which is agreeable with the previously reported results [15, 18, 26].  

The Raman spectrum of MoSe2-600 in Fig. 2(b) shows two vibrational peaks 

in-plane and out-of-plane near 240 cm-1 and 280 cm-1, corresponding to the A1g and 

E1
2g modes of prismatic structure in pure 2H phase MoSe2, respectively [13]. As for 

MoSe2-180, MoSe2-220 and MoSe2-240 samples, additional intense peaks are 

observed at 198 cm-1 (J1) and 350 cm-1 (J2), which further prove the presence of 1T 

phase in these MoSe2 samples [27]. Moreover, the 1T content can be indicated by the 

intensity of J1 and J2 peaks, i.e the stronger peaks value, the greater 1T content. Thus, 

it can be seen that 1T content of samples meets the following order: MoSe2-220 > 

MoSe2-180 > MoSe2-240. 

The chemistry of all MoSe2 samples was further studied through XPS. The 

survey XPS spectra of all four MoSe2 samples are shown in Fig. 2(c), giving all Mo, 

Se, C and O signals. The Mo 3d and Se 3d spectrum of MoSe2-180, MoSe2-220, 

MoSe2-240 and MoSe2-600 are displayed in Fig. 2e and f. The peak of Mo 3d3/2 can 

be further divided into 232.2 and 231.6 eV, while the peak of Mo 3d5/2 is decomposed 

into 229.1 and 228.5 eV. The Mo 3d peaks of the 2H phase is at 232.2 eV and 229.1 

eV, respectively, and the 1T phase is revealed at 231.6 eV and 228.5 eV, respectively. 

Meanwhile, the Se 3d spectra can be further decomposed into four contributions, 55.5 

eV (3d3/2) and 54.6 eV (3d5/2) for the 2H phase and 54.9 eV (3d3/2) and 54.1 eV (3d5/2) 

for the 1T phase, respectively [12, 13, 28]. Therefore, the 1T phase content of MoSe2 

catalysts is calculated as MoSe2-180 (67%), MoSe2-220 (80%), MoSe2-240 (30%) and 
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MoSe2-600 (0%) based on the peak area ratio of the deconvoluted peaks in the Se 3d 

XPS spectrum, respectively (Fig. 2(d)). Impressively, the highest 1T content is 

detected in MoSe2-220 with up to 80%. The results show that reaction temperature is 

the decisive factor in the phase engineering of MoSe2, i.e. the 1T phase in MoSe2 is 

successfully modulated by tuning different temperatures. 

The morphology of MoSe2-220 is shown in SEM and TEM images (Figs. 3(a) to 

3(c)), indicating that MoSe2-220 is composed of outwardly extending nanosheets. The 

TEM images of MoSe2-600 are shown in Fig. S1(a), which is also nanosheet 

morphology. Moreover, the (002) planar spacing in MoSe2-600 is about 0.65 nm (Fig. 

S1(b)), which demonstrates that the MoSe2-600 is pure 2H phase [29]. Fig. 3(d) 

shows the HRTEM image of synthesized MoSe2-220 nanosheets, and it can be seen 

that lattice distance of (002) plane in MoSe2-220 (0.75 nm) is much larger than the 

standard value of 2H phase MoSe2 (0.65 nm). This increased planar spacing is caused 

by the transition of MoSe2 structure from the 2H to the 1T phase, consistent with the 

previous work [24]. Furthermore, the red and blue box area of Figure 3d is enlarged 

and shown in Fig. 3e and f, revealing both triangles atomic arrangement of 1T phase 

(Fig. 3(e)) and honeycomb shape arrangement of 2H phase (Fig. 3(f)) structure exist 

in MoSe2-220 [30]. The fast Fourier transform (FFT) images corresponding to Figs. 

3(e) and 3(f) also verify the structure of the coexisting 1T and 2H phases of the 

MoSe2-220 nanosheets (Figs. 3(g) and 3(h)) [20]. The HRTEM images in Fig. 3(i) 

reveals that every nanosheet is composed of a number of monolayers and few layers 
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of MoSe2. Furthermore, it can be observed from EDS mappings that both Mo and Se 

elements are evenly spread among the MoSe2-220 nanosheets (Figs. 3(j) to 3(l)). 

3.2 Piezoelectric properties of MoSe2 nanosheets 

To get an insight into the piezoelectric performance, MoSe2 nanosheets were 

characterized by KPFM and PFM. Figs. S2(a) and S2(b) are the morphological 3D 

images of MoSe2-220 and MoSe2-600 samples, which shows a nanosheet morphology 

[31]. As shown in Figs. 4(a) and 4(b), the average surface potentials of the MoSe2-220 

and MoSe2-600 samples are calculated as 282.0 mV and 16.1 mV by NanoScope 

Analysis software, respectively. Therefore, MoSe2-220 exhibits a stronger surface 

potential than MoSe2-600, and the corresponding surface potential curves are shown 

in Figs. S2(c) and S2(d). Figs. 4(c) to 4(f) show the vertical piezo-response amplitude 

phase and amplitude images of MoSe2-220 and MoSe2-600 nanosheets, respectively. 

It can be seen that MoSe2-220 and MoSe2-600 nanosheets both have significant 

contrast in the amplitude and phase images, which indicates different polarization 

directions, further confirming the piezoelectricity of MoSe2 samples (Figs. 4(c) and 

4(d)) [32]. Moreover, the piezoelectric potential of MoSe2-220 and MoSe2-600 

nanosheets are 1898.1 μV and 1696.5 μV, respectively, demonstrating that 

MoSe2-220 exhibits much higher piezoelectricity than that of MoSe2-600 (Figs. 4(e) 

and 4(f)) [33]. 
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3.3 Piezocatalytic performance of MoSe2 nanosheets 

3.3.1 Piezocatalytic RhB degradation performance 

Figs. 5(a) to 5(c) show the performance of piezoelectrically degraded RhB. Fig. 

5(a) presents that the catalytic activity of MoSe2-240 and MoSe2-600 is poor. In 

contrast, the MoSe2-180 increases the removal efficiency of RhB to 39% within 15s. 

Surprisingly, the MoSe2-220 exhibits high removal efficiency, removing 99% of RhB 

in 15s. The inset picture of Fig. 5(a) shows that the MoSe2-220 degrade the RhB dye 

from pink to fully clear during ultrasonic vibration. Application of a pseudo-level 

kinetic model, the observed rate constants (kobs) of the corresponding MoSe2 samples 

are calculated by the flowing equation [23, 34, 35]. 

                                                         𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 =
𝐶𝐶 − 𝐶𝐶0𝑡𝑡                                                                   (6) 

C and C0 are the concentrations of pollutants at time t and t=0, respectively. The rate 

constant k is further calculated by 
𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜
[𝑀𝑀]

, [M] represents the dye concentration. The 

corresponding k decreases in the order: MoSe2-220> MoSe2-180> MoSe2-240> 

MoSe2-600. Among them, the k of 1/2H MoSe2-220 is 92253 ppm L mole-1s-1, which 

is 13 times greater pure 2H MoSe2-600 (7380 ppm L mole-1s-1) and is quickest 

degradation rate of all reported so far [23, 28, 36]. 

In order to determine the main active substance for RhB removal by MoSe2-220 

nanosheets, free radical trapping experiments of scavengers were performed in the 

dark. Typically, holes (h+), hydroxyl radicals (·OH), superoxide radicals (·O2
-) and 

electrons (e-) are eliminated by disodium ethylenediaminetetraacetate (EDTA-2Na), 
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isopropyl alcohol (IPA), p-benzoquinone (BQ) and K2S2O8, respectively [37-39]. As 

shown in Fig. 5(b), the degradation rate remained unchanged with the addition of 

EDTA-2Na, indicating that h+ was not active specie involved in degradation. The 

degradation rate slightly dropped from 99% to 93% after the addition of IPA, and it 

could be deduced that ·OH played a role during the piezoelectric degradation process. 

In the availability of BQ, the degradation rate was obviously restrained. Despite the 

fact that degradation proceeded at a stable rate, the removal rate decreased to 73%, 

indicating that·O2
- played a key role in the degradation process. It is concluded 

that ·O2
- is the major active species, and ·OH is the minor one, and h+ does not play 

any role in the piezoelectric degradation reaction. 

Stability is a determining element in thinking about the actual application of the 

catalyst. Therefore, the piezoelectric degradation repeatability of the MoSe2-220 is 

investigated via cyclic experiments, and the outcomes are shown in Fig. 5(c). It could 

be seen that no apparent loss of degradation activity is detected in the recycling 

experiments. The crystal structures of the recycled and fresh MoSe2-220 catalysts are 

not change significantly (Fig. S3(a)). In addition, XPS spectra (Figs. S3(c) and S3(e)) 

show that the surface chemical composition of the recycled MoSe2-220 is not change, 

and the 1T phase content of MoSe2-220 remains at about 80%. The above results 

demonstrate the excellent stability of MoSe2-220 nanosheets. 
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3.3.2 Piezocatalytic Cr (VI) reduction performance 

Figs. 5(d) to 5(f) show the piezoelectric catalytic performance of reduced Cr (VI). 

Similar to the degradation of RhB, the MoSe2-600 shows the worst catalytic activity 

(Fig. 5(d)). Similarly, MoSe2-240 and MoSe2-180 increases the reduction efficiency 

of Cr (VI) to 28% and 52%, respectively within 20 min. Compared with the other 

three samples, MoSe2-220 shows the highest removal efficiency (95%) in 20 min. The 

inset of Fig. 5(d) shows that the Cr (VI) solution changes from a purple color to a 

clear liquid with the aid of a chromogenic agent. Application of a pseudo-level kinetic 

model，the rate constant k is calculated for the corresponding MoSe2 samples, 

decreasing in the order: MoSe2-220> MoSe2-180> MoSe2-240> MoSe2-600. It is 

consistent with the results of the degradation of RhB by MoSe2 nanosheets. Among 

them, the ultrahigh degradation rate of 1/2H MoSe2-220 is 65730 ppm L mole-1 min-1, 

which is 6 times better than that of pure 2H MoSe2-600 (11762 ppm L mole-1 min-1) 

and superior to most of catalysts [5, 37, 40]. To determine the main active substances 

involved in piezoelectric reduction of Cr (VI), free radical trapping experiments of 

scavengers were also carried out in the dark (Fig. 5(e)). It can be inferred that both e- 

and ·O2
- are the active species for MoSe2-220 nanosheets driven piezoelectric 

reduction. 

The stability of Cr (VI) reduction by MoSe2-220 was evaluated in the same way. 

As demonstrated in Fig. 5(f), no significant deactivation phenomenon was observed 

on the samples after 3 cycles, which revealed the great recoverability of MoSe2-220 
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nanosheets. Moreover, no significant differences between fresh and recycled catalysts 

from the XRD and XPS spectra (Figs. S3(b), S3(d) and S3(f)) shown that MoSe2-220 

nanosheets also remained good stability after Cr (VI) reduction. 

The redox efficiencies of 1T and 2H percentage distribution functions were 

evaluated as shown in Fig. 5(g). The contaminant removal efficiency increases 

significantly with the increase in the proportion of 1T phase state, indicating an 

increase in the volume percentage of the structural boundary and 1T phase [30]. It can 

be obtained from Fig. 5(h) that ·O2
-, ·OH and e- are the major active species involved 

in the reaction. Fig. 5(i) illustrates that MoSe2-220 catalyst exhibits excellent recovery 

ability both in RhB degradation and Cr (VI) reduction. 

3.4 Electrochemical characteristic of MoSe2 nanosheets 

In order to reveal the reason for the remarkable activity of MoSe2-220 nanosheet, 

a number of electrochemical experiments were conducted. Clearly, the MoSe2-220 

sample shows the best electrocatalytic properties with a lower onset potential (72 mV) 

and a smaller overpotential of 10 mA·cm-2 (197 mV), which is better to MoSe2-180, 

MoSe2-240 and MoSe2-600 (Figs. 6(a) and 6(b)). Moreover, the LSV curves of 

MoSe2-220 shows no significant changes after 1000, 2000 and 3000 cycles, further 

proving the remarkable stability of MoSe2-220 nanosheets (Fig. S4). Fig. S5 shows 

the Tafel slopes of the different MoSe2 samples. As we all know, the smaller the slope 

of Tafel, the faster the piezoelectric catalytic reaction [18]. MoSe2-220 exhibits the 

lowest Tafel slope (78 mV/dec-1), thus demonstrating the fastest piezoelectric catalytic 
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process among all samples. 

To further investigated the density of active sites, we analyzed the CV cycling 

curves at different scan rates (Fig. S6), then computed the Cdl values and evaluated the 

effective electrochemically active surface area (ECSA) of all MoSe2 samples. The 

larger the Cdl value, the greater the ECSA is, and more active sites participate in the 

catalytic reactions [41]. As seen in Fig. 6(c), the MoSe2-220 electrode shows higher 

Cdl value (11.48 mF·cm-2) than MoSe2-180 (8.45 mF·cm-2), MoSe2-240 (4.63 mF·cm-2) 

and MoSe2-600 (2.37 mF·cm-2). Therefore, MoSe2-220 shows more active sites to 

engage in the piezoelectric reaction compared to other MoSe2 catalysts. 

EIS tests were also performed to further understand the electrochemical behavior 

during the piezoelectric catalytic process. The charge transfer resistance (Rct) was 

obtained by fitting the Nyquist diagram (Fig. 6(d)). The order of Rct of each sample is 

MoSe2-220 <MoSe2-180< MoSe2-240< MoSe2-600, which is consistent with the 

order of 1T phase content. Thus, the higher the concentration of 1T phase is, the more 

conducive it is to the transfer and separation of free carriers, and finally facilitate 

piezoelectric catalytic property [42]. In addition, the PL intensity of pure 2H phase 

MoSe2-600 is significantly higher than that of mixed-phase 1T/2H MoSe2-220 (Fig. 

S7), and therefore the carrier mobility of mixed-phase 1T/2H MoSe2-220 is much 

higher than that of MoSe2-600. The above results indicate that the MoSe2-220 shows 

good conductivity, abundant active sites and excellent charge transfer capability, thus 

effectively boost piezocatalytic performance. 
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3.5 Piezocatalytic mechanism of MoSe2-220 nanosheets 

The energy band structure of MoSe2-220 was explored to better understand the 

charge transfer and piezocatalytic mechanism. The valence band position (EVB) was 

0.14 eV vs. NHE for MoSe2-220 (Fig. 7(a)) determined by VB-XPS. In addition, 

Mott-Schottky plots were measured and plotted to evaluate the flat-band potential (Efb) 

of MoSe2-220 nanosheet, which was approximately -0.73 eV vs. NHE (Fig. 7(b)). As 

we all know, the conduction band level (ECB) of n-type semiconductors is negative 

~0.2 eV compared to Efb, thus it can be identified that the ECB of MoSe2-220 is -0.93 

eV vs. NHE [42]. EPR trapping was carried out to confirm the free radicals during 

piezocatalytic process [43]. After 15 min of sonication, the methanolic dispersion of 

DMPO could be monitored for peaks of ·O2
- and relatively weak ·OH, respectively, 

indicating that ·O2
- (Fig. 7(c)) and a small amount of ·OH were produced in the 

reaction system (Fig. 7(d)). The results are consistent with the capture experiment in 

Figs. 5(b), 5(e) and 5(h).  

The energy band structure of MoSe2-220 based on above results are shown in 

Figs. 7(e) and 7(f). The ECB of MoSe2-220 is -0.93 eV, which is more negative than 

the standard redox potential of O2/·O2
- (-0.33 V vs. NHE) [42]. Meanwhile, the EVB of 

MoSe2-220 is 0.14 eV, which is more negative than the standard redox potential of 

OH-/·OH (1.99 V vs. NHE) [43, 44]. Theoretically, the h+ generated by MoSe2 

nanosheets could not oxidize OH- to produce ·OH radicals. Thus, a two-step reduction 
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reaction of oxygen may consider to be the main pathway for the generation of ·OH 

(see below equations) [23, 45] 

                                                      𝑂𝑂2 + 𝑆𝑆− →∙ 𝑂𝑂2−                                                                    (7) 

                                             ∙ 𝑂𝑂2− + 𝑆𝑆− + 2𝑝𝑝+ → 𝑝𝑝2𝑂𝑂2                                                         (8) 

                                        𝑝𝑝2𝑂𝑂2 + 𝑆𝑆− + 𝑝𝑝+ → 𝑝𝑝2𝑂𝑂 + ∙ 𝑂𝑂𝑝𝑝                                                  (9) 

According to the experiment results, we propose a possible mechanism for the 

piezoelectric catalytic degradation of RhB and reduction of Cr (VI) over MoSe2-220 

nanosheets. As the crystal diagram (top view) of MoSe2 in Fig. 8(a) shows, MoSe2 

presents a layer of Mo between two Se layers owing to the D 3h symmetry of the 

crystal [23]. As shown in the upper part of the Fig. 8(b), the corresponding side-view 

crystallography reveals that each cell is asymmetrically assembled by one Mo atom 

and two Se atoms on each side, respectively. As the Mo–2Se dipoles are stretched, the 

spontaneous polarization sites from the Se site to the Mo site are generated along the 

armchair direction (e.g., +x direction), inducing the generation of an electric field 

aligned with the x direction. Conversely, when the Mo-2Se dipole undergoes 

compressive strain, it leads to a polarization point from the Mo site to the Se site, 

which then produces an opposing electric field along the x direction [37]. Supposing 

that the polarization direction is pointed from the left side to the right side, the holes 

will be driven along the polarization direction under the action of the piezoelectric 

field, resulting in the upward bending of the conduction and valence bands (Fig. 8(c)). 

Conversely, the electrons move in the direction opposite of the polarity direction, 
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resulting in a downward bending of the conduction and valence bands (Fig. 8(d)) [23, 

46]. The bending of energy band will promote more rapid movement of the electrons 

and holes, further enhancing the piezocatalytic catalytic performance [40].  

Based on above analysis, the piezocatalytic mechanism is finally proposed (Figs.  

8(e) and 8(f)). As shown in Fig. 8(e), under the action of ultrasonic impulses, the 

polarization field increases on the MoSe2 nanosheets and the free carriers (e- and h+) 

move in opposite directions. Then, part of the free carriers will be driven along with 

the polar axis from MoSe2 to its surface under an electric field, while the oxygen in 

the RhB solution will form radical oxygen ·O2
- by accepting an electron [47, 48]. At 

the same time, H+ and ·O2
- species diffuse to the other side of MoSe2 and then gain 

electrons to produce H2O2 [13]. Polar H2O2 molecules produce water molecules 

and ·OH radicals by accepting an electron and H+ [23]. Finally, the highly reactive 

radicals ·O2
- and ·OH attack the RhB dye molecule to degrade completely transparent 

water (equation (10)) [13]. The free electrons accumulated on the surface of MoSe2 

can directly take part in the reduction of Cr (VI) (Fig. 8(f)), while other electrons will 

react with dissolved oxygen in the Cr (VI) solution to form ·O2
-, and the 

generated ·O2
- acts as a reductant to reduce Cr (VI) to Cr(Ⅲ) (equation (11)) [5] 

             𝑅𝑅h𝐵𝐵(𝐶𝐶28𝑝𝑝31𝐶𝐶𝐶𝐶𝑁𝑁2𝑂𝑂3) + ∙ 𝑂𝑂2−/∙ 𝑂𝑂𝑝𝑝 → 𝐶𝐶𝑂𝑂2 +𝑝𝑝2𝑂𝑂 + 𝑁𝑁𝑂𝑂3− + 𝐶𝐶𝐶𝐶−                (10) 

                                        𝐶𝐶𝐶𝐶(𝑉𝑉𝑉𝑉) + 𝑆𝑆−/∙ 𝑂𝑂2− →  𝐶𝐶𝐶𝐶(𝑉𝑉𝑉𝑉𝑉𝑉)                                                     (11) 
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4 Conclusions 

In summary, MoSe2 with tunable 1T phase were successfully constructed by 

simply adjusting hydrothermal temperature. The optimized MoSe2-220 exhibited 

ultrahigh degradation activity, resulting in complete decomposition of RhB in 15 s 

and reduction of Cr (VI) in 20 min. The reason for the enhanced activity of 

MoSe2-220 could be attributed to the following reasons: 1) an internal electric field is 

established in MoSe2-220, which effectively drives the separation of electron-hole 

pairs; 2) the 1T phase improves the electron transfer capability with a smaller 

resistance, enhancing mass transport by providing more exposed active sites for 

piezoelectric degradation. This work explores the role of phase engineering in 

non-centrosymmetric 2D MoSe2 and opens a new window for designing efficient 

piezocatalysts. 
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Figures 

 

Figure 1 Schematic illustration of the preparation process of MoSe2 samples. 
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Figure 2 Crystal structure and constituent elements of MoSe2 nanosheets. (a) XRD 

patterns and (b) Raman spectra of MoSe2 samples. (c) Survey XPS spectra. (d) 1T 

concentrations. (e) Mo 3d and (f) Se 3d XPS spectra of MoSe2 samples. 
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Figure 3 Morphology of MoSe2 nanosheets. (a, b) SEM images. (c) TEM image. (d-i) 

HRTEM images. (j-l) EDS mapping images of MoSe2. 
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Figure 4 Piezoelectric properties of MoSe2 nanosheets. (a, c, e) 2D piezoelectric 

potential response images, 3D phase and amplitude diagrams of MoSe2-220 

nanosheets. (b, d, f) 2D piezoelectric potential response images, 3D phase and 

amplitude diagrams of MoSe2-600 nanosheets.  
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Figure 5 Piezocatalytic performance of MoSe2 nanosheets piezoelectric catalysts. (a, 

d) Performance curves for oxidation of RhB and reduction of Cr (VI) by MoSe2. (b, e) 

Performance curves of MoSe2 nanosheets after adding different trapping agents. (c, f) 

Cycling runs of the MoSe2-220 for piezoelectric removal of RhB and Cr (VI). (g) 

Relationship between 1T content and pollutant removal efficiency. (h) Pollutant 

removal efficiency of MoSe2 nanosheets in the presence of different scavengers. (i) 

Cyclic pollutant removal efficiency of MoSe2-220. 
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Figure 6 Electrochemical performances of MoSe2 in 0.5 M H2SO4. (a) LSV curves. (b) 

Onset potential and η (overpotential) @ 10 m A·cm-2. (c) Cdl current at different scan 

rates (20 mV·s-1-140mV·s-1). (d) EIS Nyquist plots of MoSe2 catalysts. 

 

 

 

 

 

 

 



38 

 

 

Figure 7 Band structure of MoSe2-220. (a) Valence level spectrum measured by XPS. 

(b) Mott-Schottky curves. (c) DMPO spin-trapping ·O2
- EPR spectra and (d) DMPO 

spin-trapping ·OH EPR spectra. (e) Energy band diagram. (f) Electron transfer and a 

two-step reduction reaction of oxygen under ultrasonic.  
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Figure 8 Piezocatalytic mechanism of MoSe2-220 nanosheets. (a) The atomic 

structure of the MoSe2 in top view. (b) The atomic structure of the MoSe2 in side view 

and the atomic structure of the Mo-2Se dipole in free-strain state, compress and 

stretch. (c) The bent upward and (d) downward energy band of MoSe2-220. (e, f) 

Schematic illustrations of mechanism for piezocatalytic of RhB and Cr (VI) over 

MoSe2-220. 
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