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ABSTRACT: MoSe2 nanomaterials are promising photothermal agents for non-invasive cancer 

treatment. Their surfaces usually need to be functionalized with biocompatible polymers to 

improve their biocompatibility and colloidal stability and to reduce their cytotoxicity. Herein 

PEGylated MoSe2 nanomaterials are produced by femtosecond laser ablation of MoSe2 powder 

in aqueous polyethylene glycol (PEG) solutions. Quantum dots are produced by laser ablation for 

30 min with a power of 1.5 W, while larger spherical nanoparticles are produced by laser 

ablation for 10 min with various powers. PEG molecules attach to the nanomaterials through 

both physical absorption and Mo-O chemical bonds. A higher concentration of PEG in the 

solution results in more PEG being attached and increasing the laser ablation power leads to 

more PEG molecules being attached through chemical bonds. Notably, the attachment of PEG to 

the nanomaterials through Mo-O bonds can efficiently suppress the oxidation of the MoSe2 

nanomaterials to MoO3 nanoparticles. Both the MoSe2 quantum dots and spherical nanoparticles 

demonstrate high photothermal conversion efficiencies (PTCEs) and the PTCEs of the quantum 

dots are overall higher than those of the nanoparticles, making them a promising candidate agent 

for photothermal cancer therapy. 

KEYWORDS: pulsed laser ablation, photothermal, laser-matter interaction, in-situ 

functionalization, oxidation suppression, polyethylene glycol, molybdenum selenide 

Introduction 

Photothermal therapy is a non-invasive cancer treatment that uses near infrared (NIR) light 

to irradiate tumor cells where nanomaterials accumulate, absorb the light energy and convert it to 

heat to kill the cells. These nanomaterials are also known as photothermal therapy agents 

(PTAs). In the past decade, transition metal dichalcogenide (TMDC) nanomaterials including 
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MoS2,1–5 WS2,6–9 MoSe2,10–13 WSe2
14,15 and MoTe2

16 have been widely researched as promising 

PTAs owing to their high absorbance of NIR light, high specific surface-to-volume ratio and 

easy surface functionalization, which make them not only good PTAs but also drug carriers for 

synergistic therapy. However, TMDC nanomaterials need to be surface functionalized with 

biocompatible polymers to improve their physiological stability and biocompatibility. One way 

to attach biocompatible polymers is using van der Waals forces. For example, soybean 

phospholipid, chitosan, polyethylene glycol (PEG), polyvinylpyrrolidone, polyethylene imine 

(PEI) and F-127 were attached to TMDC nanomaterials via van der Waals forces.5,8,9,11–13,17–20 

Another way to conjugate TMDC nanomaterials with biocompatible polymers is through 

chemical bonds. TMDC nanomaterials can be conjugated with the polymers terminated with 

lipoic acid groups, such as LA-PEG, and LA-PEI by forming metal-sulfur bonds.2,3,21–23 All these 

methods needs hours or even days of stirring of nanomaterials and biocompatible polymers 

together. Therefore, there exists a need to shorten the surface functionalization time.  

Recently, pulsed laser ablation in liquid (PLAL) was proven to be an efficient, simple and 

green method to prepare TMDC nanomaterials including quantum dots and spherical 

nanoparticles.24–30 PLAL involves irradiating femtosecond-laser or nanosecond-laser beams on 

bulk targets or powders in various solvents. The nanomaterials are usually fragmented from the 

ablated materials via photothermal mechanisms such as spallation, thermodynamic equilibrium 

melting and vaporization and explosive boiling or direct, intense laser electric field - matter 

interactions such as Coulomb explosion and photoexfoliation, depending on the intensity and the 

pulse duration of the laser beam.31 The nanomaterials are usually stable in the ablated liquid 

thanks to surface-attached radicals such as hydroxyl groups when laser ablated in water, ethanol, 

and ethylene glycol.24,27 The hydroxyl groups result in a negatively charged surface that prevents 
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aggregation and sedimentation.27 Additionally, laser-synthesized nanomaterials can be surface 

functionalized with polymers in-situ when ablating target materials and the polymers together. 

Tsuji et al. prepared silver nanoparticles surface functionalized with polyvinylpyrrolidone (PVP) 

by laser ablation of a silver plate in aqueous PVP solutions.32 The silver nanoparticles prepared 

in PVP solutions were better dispersed than the nanoparticles prepared in pure water.32 Recently, 

Haladu et al. reported the synthesis of silver quantum dots surface functionalized with 

polyaspatate (PASP) for antimicrobial applications by laser ablation of a silver plate in PASP 

aqueous solutions.33 Choi et al. also synthesized PVP coated aluminum nanoparticles by laser 

ablation of an aluminum plate in PVP aqueous solutions.34 It was found that the surface 

attachment of PVP prevented the aggregation of the nanoparticles, improved the colloidal 

stability, and minimized the hydroxylation of the nanoparticles in prolonged ablation.34 

Additionally, colloidally stable gold nanoparticles could also be prepared in aqueous solutions 

containing surfactant polymers such as cetyl-trimethylammonium bromide and sodium dodecyl 

sulfate.35,36 Moreover, nanomaterials prepared by PLAL in oxygen containing solvents, 

especially water, are easily oxidized.24,25,29,37,38 Sometimes the formation of oxide coatings or 

carbon coatings on nanoparticles can protect the nanoparticles from further oxidation. It was 

reported that the in-situ formation of surface aluminum oxide coatings on aluminum 

nanoparticles during femtosecond laser ablation of aluminum pellets in ethanol can prevent 

further oxidation of the nanoparticles.39 Similarly, the formation of graphite coatings on iron 

nanoparticles during femtosecond laser ablation of an iron target in acetone also prevented 

further oxidation.40 However,  there have been no reports about in-situ surface functionalization 

of biocompatible polymers and preventing oxidation of TMDC nanomaterials during pulsed laser 

ablation in oxygen-containing solvents.  
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In this work, a facile synthesis method is developed to prepare MoSe2 nanomaterials 

including quantum dots and larger spherical nanoparticles and simultaneously functionalize them 

in-situ with PEG by femtosecond laser ablation of MoSe2 powder in aqueous PEG solutions. 

High-power and long-time laser ablation yields MoSe2 quantum dots, with the oxidation of the 

quantum dots being suppressed as the concentration of PEG in the solutions increases. In 

contrast, laser ablation conducted in water or a solution with a low concentration of PEG 

(0.0625 mg/mL) results in the oxidation of the MoSe2 powder into MoO3 nanoparticles. Short-

time ablation results in the formation of spherical nanoparticles. PEG molecules can attach to the 

nanoparticles via van der Waals forces or chemical bonds. High-power laser ablation results in 

more PEG attached to the nanoparticles via Mo-O chemical bonds, preventing the nanoparticles 

from further oxidation. Both the PEGylated MoSe2 quantum dots and the spherical nanoparticles 

exhibit high photothermal conversion efficiency (PTCE), but the PTCE of the MoSe2 quantum 

dots are overall higher than those of the MoSe2 spherical nanoparticles, making them potential 

photothermal therapy agents for non-invasive cancer treatment. 

Experimental Methods 

Synthesis of PEGylated MoSe2 Nanomaterials 

PEG (4000 MW, Sigma-Aldrich) was added to deionized water to prepare PEG solutions 

with different concentrations of 0.0625 mg/mL, 0.125 mg/mL, 0.25 mg/mL, 0.5 mg/mL and 

1 mg/mL. After complete dissolution of the PEG in water, MoSe2 powder (99.9%, 325 mesh, 

Thermo Scientific) with a concentration of 1.1 mM was added into each solution. After 20 min 

of bath sonication to break agglomerates, 4 mL of the suspension sample was transferred to a 

small vial for laser ablation. The small vial was placed on a magnetic-stirrer plate and a NIR 

laser beam (wavelength: 800 nm, pulse duration: 35 fs, repetition rate: 1 kHz, beam diameter: 1 
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cm, beam quality (M2): ≤1.3, Model: Spitfire Ace-35F) was focused into the sample with a 

5 cm-focal-length plano-convex lens. The average power of the incident laser was varied to be 

0.15 W, 0.3 W, 0.6 W and 1.5 W using a half-wave plate and a polarizing beam splitter. The 

suspension was stirred at 300 rpm during laser ablation. After laser ablation, the solutions were 

dialyzed against deionized water for 3 days to remove extra PEG.  

Characterization of Nanomaterials  

A Zeiss Libra 200MC high resolution transmission electron microscopy (HRTEM) operating 

at 200 kV was used to observe the shapes and microstructures of the laser-synthesized 

nanomaterials. Grazing incidence X-ray diffraction (GIXRD) with Cu Kα radiation was carried 

out using a PANalytical X’Pert Pro MRD diffractometer to identify the phases of the 

nanomaterials. The Raman spectra of the nanomaterials were measured with a Renishaw micro-

Raman spectrometer (laser wavelength of 532 nm). The X-ray photoelectron spectroscopy (XPS) 

spectra of the nanomaterials were obtained using a Thermo VG Scientific ESCALab 250 

microprobe with Monochromatic Al Kα excitation (1486.6 eV). The surface attachment of PEG 

to the nanoparticles was analyzed by a Bruker Tensor 27 Fourier transform infrared (FTIR) 

spectrometer with attenuated total reflection (ATR) mode. The thermogravimetric analysis 

(TGA) curves of pure PEG and the PEGylated MoSe2 nanomaterials after freeze drying were 

recorded using a TA Instruments TGA Q500 with a ramp rate of 10 °C/min. The absorbance 

spectra of the nanomaterials were measured with a UV-vis-NIR spectrometer (Lambda 1050, 

PerkinElmer). The PTCEs of the nanoparticles were evaluated using a custom-built setup, as 

described in the previous work.30,38,41 The concentration of MoSe2 in all the samples was 

1.1 mM. 1 mL of each sample was transferred to a quartz cuvette with a path length of 1 cm, and 

then illuminated by an 808 nm continuous-wave laser (BWF1-B&W Tek) for 10 min followed 
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by cooling for 10 min. The temperatures of the solvent and the environment were recorded by 

two thermocouples (Fisherbrand) placed inside and outside the cuvette, respectively. The 

calculation of the PTCEs of the samples is detailed in S1, Supporting Information. 

Results and Discussion 

Influence of Concentration of PEG 

Figure 1a-f shows TEM images of nanomaterials prepared by femtosecond laser ablation in 

water with different concentrations of PEG for 30 min at 1.5 W. The nanomaterials were 

dialysed against deionized water to remove extra PEG molecules after laser ablation. When the 

concentration of PEG is higher than 0.125 mg/mL, as shown in Figure 1a-d, quantum dots with 

lattice spacing of 2.89 Å corresponding to (100) planes of MoSe2 are observed. This is consistent 

with previous research that long-time ablation with high-power laser pulses leads to the 

formation of quantum dots which are fragmented from ablated materials via Coulomb explosion 

and explosive boiling.25,29,37 Instead of quantum dots, larger spherical nanoparticles are observed 

in Figure 1e and f. Figure 1e shows a nanoparticle prepared in 0.0625 mg/mL PEG solution; it 

has a lattice spacing of 3.21 Å corresponding to (011) planes of MoO3. Figure 1f shows a 

nanoparticle prepared in pure water; it has a lattice spacing of 3.52 Å corresponding to (002) 

planes of MoO3. This suggests that MoSe2 was oxidized into MoO3 when laser ablated in water 

or the solution with a low concentration of PEG. The size distributions of the quantum dots are 

presented in Figure S1. The mean size of the dots is around 3.8 nm when the concentration of 

PEG ranges from 0.125 mg/mL to 0.5 mg/mL and drops slightly to 3.4 nm when the 

concentration of PEG increases to 1 mg/mL. The drop in size might be caused by an increased 

amount of PEG attached to the quantum dots, which blocked further aggregation of fragmented 

ions, atoms, or nanoclusters. The XRD patterns of the nanomaterials prepared in water and PEG 
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solutions (0.125 mg/mL, 0.5 mg/mL, and 1 mg/mL) are shown in Figure S2. The sample 

prepared in water shows (002), (011) and (110) peaks of MoO3 and a small (002) peak of MoSe2, 

suggesting that the nanomaterial was mainly oxidized, consistent with the observation in the 

TEM image (Figure 1f). In contrast, the samples prepared in PEG solutions mainly show a small 

(002) peak of MoSe2, implying the addition of PEG with concentrations higher than 

0.125 mg/mL can efficiently protect MoSe2 from oxidation during laser ablation.  

 

Figure 1. TEM images of nanomaterials prepared by femtosecond laser ablation (30 min at 

1.5 W) of MoSe2 powder in PEG solutions with different concentrations of (a) 1 mg/mL, (b) 

0.5 mg/mL, (c) 0.25 mg/mL, (d) 0.125 mg/mL, (e) 0.0625 mg/mL and (f) pure water. (g) TGA 
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curves of PEG powder and PEGylated MoSe2 quantum dots prepared in the 0.5 mg/mL PEG 

solution. (h) ATR-FTIR spectra of original MoSe2 powder, PEG, and quantum dots prepared in 

PEG solutions with different concentrations for 30 min at 1.5 W. The peaks are assigned to C-O 

stretching vibration modes (green shade), C-H bending vibration modes (blue shade), and C-H 

stretching vibration modes (orange shade). (i) Schematic diagram of the laser ablation process, 

showing attachment of PEG molecules to the MoSe2 quantum dots. 

Figure 1g shows the TGA curves of PEG powder and PEGylated MoSe2 quantum dots 

prepared in the 0.5 mg/mL PEG solution via laser ablation for 30 min at 1.5 W. The PEGylated 

MoSe2 sample was prepared by freeze drying after dialysis against water to remove excess PEG. 

The weight of pure PEG drops by 91.42% when the temperature increases from 25 °C to 400 °C 

due to decomposition. The weight of the PEGylated MoSe2 quantum dots drops by 37.18% in the 

same temperature range, which is attributed to decomposition of the PEG. The FTIR spectra of 

the original MoSe2, PEG and PEGylated MoSe2 quantum dots are shown in Figure 1h. The 

original MoSe2 powder has no active FTIR peaks. PEG has a major peak at 1108 cm-1 assigned 

to C-O stretching vibration, peaks at 1233 cm-1 and 1343 cm-1 assigned to C-H symmetric and 

asymmetric bending vibrations, and a peak at 2873 cm-1 assigned to C-H stretching vibration.42 

The MoSe2 quantum dots prepared in PEG solutions with concentrations ranging from 

0.25 mg/mL to 1 mg/mL all show PEG peaks, suggesting the surface attachment of PEG. The 

sample prepared in 0.125 mg/mL PEG solution doesn’t show PEG peaks, probably because the 

amount of the attached PEG was too low to be detected. Both the TGA and FTIR results 

suggested that PEG molecules were successfully attached to the MoSe2 quantum dots during 

laser ablation (Figure 1i). 
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Figure 2a-g displays the Mo3d XPS spectra of the original MoSe2 powder and the quantum 

dots prepared in PEG solutions with varying concentrations using laser ablation for 30 min at 

1.5 W. The original MoSe2 powder (Figure 2a) exhibits two peaks at 228.9 eV and 232.1 eV 

assigned to Mo3d5/2 and Mo3d3/2 of MoSe2. The nanoparticles prepared in pure water 

(Figure 2b) display two peaks at 232.9 eV and 235.9 eV assigned to Mo3d5/2 and Mo3d3/2 of 

Mo(VI)-O bonds, suggesting significant oxidation of MoSe2 to MoO3. In addition to the MoSe2 

and MoO3 peaks, the nanoparticles prepared in the 0.0625 mg/mL PEG solution (Figure 2c) 

exhibit two other small peaks at 230.3 eV and 232.7 eV, corresponding to Mo3d5/2 and Mo3d3/2 

of Mo(IV)-O bonds.43,44 The high MoO3 peaks in the nanoparticles prepared in the 

0.0625 mg/mL PEG solution imply the nanoparticles were also significantly oxidized during 

laser ablation, consistent with the TEM image (Figure 1e). When the PEG concentration is 

0.125 mg/mL or higher (Figure 3d-g), high MoSe2 peaks and decreased Mo(VI)-O peaks 

suggest suppressed oxidation in the MoSe2 quantum dots. Figure 2h shows the decreased 

contribution of the Mo(VI)-O bond in the MoSe2 quantum dots with increasing concentration of 

PEG. However, the Mo(IV)-O content remains consistent in all the samples prepared in solutions 

with PEG concentration no less than 0.125 mg/mL, slightly decreasing only in the 0.5 mg/mL 

PEG sample. The decrease might be attributed to the suppressed oxidation as the Mo(VI)-O 

content also decreases. However, the Mo(IV)-O content increases slightly in the 1 mg/mL PEG 

sample, while the Mo(VI)-O content continues decreasing. This might be caused by increased 

surface attachment of PEG to the quantum dots via Mo(IV)-O bonds, suggesting that the 

Mo(IV)-O bond is not only caused by partial oxidation but also surface attachment of PEG via 

chemical bonds. Laser ablation can simultaneously ionize and fragment PEG during MoSe2 

powder fragmentation such that the ionized PEG can bond with the fragmented MoSe2 through 
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chemical bonds. Figure S3 shows the C1s XPS spectra of the original MoSe2 powder and 

nanomaterials prepared in pure water and PEG solutions with different concentrations. All the 

samples exhibit a peak at 285 eV assigned to C-C bonds and a peak at 286.6 eV assigned to C-O 

bonds.45 The height of the C-O peak in the MoSe2 quantum dots was found to increase with 

increasing PEG concentration, implying greater attachment of PEG molecules to the quantum 

dots during laser ablation.45  

 

Figure 2. Mo3d XPS spectra of (a) original MoSe2 powder and nanomaterials prepared in (b) 

pure water and PEG solutions with concentrations of (c) 0.0625 mg/mL, (d) 0.125 mg/mL, (e) 

0.25 mg/mL, (f) 0.5 mg/mL and (g) 1 mg/mL for 30 min at 1.5 W. (h) Proportions of Mo-Se, 

Mo(IV)-O, and Mo(VI)-O bonds in the nanomaterials prepared in aqueous solutions with 

different concentrations of PEG. 

Figure 3 shows the Raman spectra of the original MoSe2 powder and nanomaterials 

prepared in pure water and PEG solutions with different concentrations for 30 min at 1.5 W. The 

original MoSe2 powder has a peak at 241 cm-1 assigned to the A1g vibration mode. This peak 

disappears in the nanoparticles prepared in pure water and the 0.0625 mg/mL PEG solution. 
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Instead, another two peaks located at 796 cm-1 and 962 cm-1, which are assigned to Mo-O 

stretching modes of molybdenum oxide, appear.46,47 This is consistent with the TEM images 

(Figure 1e and f) and the XPS spectra (Figure 2b and c). The quantum dots prepared in the 

PEG solutions with concentrations no less than 0.125 mg/mL have a primary peak at 255 cm-1 

(blue dashed line in Figure 2a) in addition to the A1g peak of MoSe2 (red dashed line in 

Figure 2a). The peak at 255 cm-1 is probably attributable to blueshifting of the A1g peak of 

oxygen-doped MoSe2 (MoSe2-XOX), which might be formed by partial oxidation and the 

attachment of PEG to the quantum dots via Mo-O bonds during laser ablation. Blueshifting of 

the A1g peak was previously reported in oxygen-doped MoS2.48,49  

 

Figure 3. Raman spectra ranging (a) from 180 to 340 cm-1 and (b) from 600 to 1000 cm-1 of 

original MoSe2 powder and nanomaterials prepared in pure water and PEG solutions with 

different concentrations of PEG for 30 min at 1.5 W. The red dashed line denotes the A1g mode 

of original MoSe2 powder. The blue dashed line denotes the shifted A1g peak of oxygen-doped 

MoSe2 quantum dots. 



 13

Therefore, it can be concluded that the addition of a sufficient concentration of PEG (≥ 

0.125 mg/mL) in water during laser ablation of MoSe2 powder can effectively protect the formed 

quantum dots from oxidation This protection occurs through the surface attachment of PEG to 

the quantum dots, isolating them from reactive oxygen species created during the laser ablation. 

Nevertheless, it is evident that a small amount of PEG is insufficient to protect the MoSe2 

quantum dots from oxidation, probably due to inadequate coverage. 

Influence of Laser Power 

The last section has shown that PEG can be attached to MoSe2 quantum dots via Mo-O 

chemical bonds during laser ablation with a high power (1.5W) for a long time (30 min). This 

section examines if different laser powers can affect the attachment of PEG to MoSe2 

nanomaterials. Four different laser powers of 0.15 W, 0.3 W, 0.6 W and 1.5 W were selected to 

ablate MoSe2 powder dispersed in 0.5 mg/mL aqueous PEG solution for 10 min. Figure 4 

illustrates spherical nanoparticles produced by laser ablation with different powers. This is 

consistent with our previous work that spherical nanoparticles, rather than quantum dots, are 

produced using short ablation times.30 The size distributions of the nanoparticles prepared with 

different laser powers are presented in Figure S4. The nanoparticles prepared with 0.15 W and 

0.3 W laser pulses have mean sizes of 26.3 nm and 23.5 nm, respectively, while the 

nanoparticles prepared with 0.6 W and 1.5 W laser pulses have smaller mean sizes of 14.7 nm 

and 12.6 nm, respectively. According to our previous work,30 the large spherical nanoparticles 

produced in low-power laser ablation are primarily formed by thermodynamic equilibrium 

melting and evaporation of the ablated particles, while the smaller nanoparticles produced in 

high-power laser ablation are primarily formed by explosive boiling of the ablated particles.  
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Figure 4. TEM images of nanoparticles prepared by laser ablation in the 0.5 mg/mL PEG 

solution for 10 min at different powers of (a) 0.15 W, (b) 0.3 W, (c) 0.6 W and (d) 1.5 W.  

The Mo3d XPS spectra of the nanoparticles prepared with different laser powers are 

presented in Figure 5a-d. All the nanoparticles display peaks assigned to Mo-Se, Mo(IV)-O, and 

Mo(VI)-O bonds. The proportions of Mo-Se, Mo(IV)-O and Mo(VI)-O bonds are shown in 

Figure 5e. Notably, the nanoparticles prepared with 0.15 W laser pulses exhibit the highest 

content of Mo-Se bond but the lowest content of Mo(IV)-O bond. In addition, they also exhibit 

the highest C-O/C-C ratio (Figure S5). The C-O bond is primarily contributed by surface 

attached PEG whereas the Mo(IV)-O bond is attributed to oxygen doping resulting from partial 

oxidation and surface attachment of PEG via Mo-O chemical bonds. Therefore, the lower 

content of Mo(IV)-O bond and higher C-O/C-C ratio are reasonably associated to the surface 

attachment of PEG to the nanoparticles via van der Waals forces. When the laser power increases 

to 0.3 W, there is a rise in both Mo(IV)-O and Mo(VI)-O bond proportions, signifying increased 

oxidation caused by increased amount of reactive oxygen species as a result of the elevated laser 
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power. Despite the still high C-O/C-C ratio in Figure S5, the escalation in oxidation might be 

linked to the majority of PEG molecules attaching to the nanoparticles via van der Waals forces, 

unable to effectively suppress oxidation. When the laser power increases above 0.6 W, the 

content of Mo(IV)-O bond increases whereas the content of Mo(VI)-O bond decreases. This shift 

might be attributed to increased surface attachment of PEG to the nanoparticles via Mo-O 

chemical bonds, preventing further oxidation of the nanoparticles. Meanwhile, the C-O/C-C ratio 

decreases with the increased laser power, likely due to the fragmentation of PEG chains in high-

power ablation, resulting in shorter PEG molecules which were still capable of protecting the 

nanoparticles from further oxidation as long as they attached to the nanoparticles via chemical 

bonds. Moreover, it is notable that the nanoparticles prepared with shorter ablation time (1.5 W, 

10 min, 0.5 mg/mL PEG) exhibit larger proportion of Mo-O bonds, especially the Mo(IV)-O 

bond, than the quantum dots prepared with longer ablation time (1.5 W, 30 min, 0.5 mg/mL 

PEG), when comparing Figure 2h and 5e. This might be attributed to the ablation of the surface-

attached PEG during prolonged laser ablation, indicated by the lower C-O/C-C ratio observed in 

the quantum dots prepared through 30 min ablation (Figure S3f) compared to those synthesized 

by 10 min ablation (Figure S5d). 
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Figure 5. Mo3d XPS spectra of the nanoparticles prepared by laser ablation in the 0.5 mg/mL 

PEG solution with different powers of (a) 0.15 W, (b) 0.3 W, (c) 0.6 W and (d) 1.5 W for 

10 min. (e) Proportions of Mo-Se, Mo(IV)-O, and Mo(VI)-O bonds in the nanoparticles prepared 

in 0.5 mg/mL PEG solution with different laser powers. 

The Raman spectra of the nanoparticles prepared by laser ablation with different powers are 

shown in Figure 6. The nanoparticles prepared with 0.15 W laser pulses exhibit the A1g peak at 

241 cm-1 (marked with red dashed line). As the laser power increases, there is a gradual decrease 

in the intensity of this peak, while the intensity of the peak at 255 cm-1 (marked with blue dashed 

line) assigned to the A1g vibration mode of oxygen-doped MoSe2 increases. This observation 

aligns with the change observed in the proportion of Mo(IV)-O bonds in Figure 5e, suggesting 
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an increased amount of PEG attached to the nanoparticles via Mo-O chemical bonds as the laser 

power increases.  

 

Figure 6. Raman spectra of the nanoparticles prepared by laser ablation in the 0.5 mg/mL PEG 

solution with different powers for 10 min. The red dashed line denotes the A1g mode of original 

MoSe2 powder. The blue dashed line denotes the shifted A1g peak of oxygen-doped MoSe2 

nanoparticles.  

Therefore, it can be inferred that MoSe2 nanoparticles prepared by laser ablation in PEG 

solutions can attach PEG via either van der Waals forces or Mo-O chemical bonds. The increase 

in laser power led to more PEG attached to the nanoparticles via Mo-O chemical bonds, as 
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described in Figure 7, contributing to the prevention of further oxidation of the nanoparticles. 

Additionally, the length of the PEG molecules attached to the nanoparticles decreased with 

increasing laser power. 

 

Figure 7. Schematic diagram showing the attachment of PEG to MoSe2 nanoparticles. The 

surface PEGylation of the nanoparticles marked in red dashed boxes are shown in the bottom 

figures. With increasing laser power, the nanoparticles become smaller, the length of attached 

PEG becomes shorter, and more PEG is attached to MoSe2 via Mo-O bonds.  

Photothermal Conversion Efficiencies of PEGylated MoSe2 Nanomaterials 

The PTCEs of the PEGylated MoSe2 nanomaterials were measured using an 808 nm laser at 

0.47 W. The concentration of MoSe2 in all the measured samples was 1.1 mM. The sample 

prepared by laser ablation for 10 min in the 0.5 mg/mL PEG solution with a low laser power of 

0.15 W was excluded from measurement due to the presence of significant sediment of unablated 

bulk powder particles resulting from the low-power and short-time ablation process. Figure 8a 

and b show the temperature changes observed in the measured samples after being illuminated 

by the 808 nm laser for 10 min followed by cooling for another 10 min.  
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Figure 8a depicts the temperature changes of the samples prepared in PEG solutions with 

different PEG concentrations, as well as water and a PEG solution without MoSe2. The 

temperature of water and the PEG solution (0.5 mg/mL) only increases by 0.7 °C and 0.5 °C, 

respectively, during a 10 min laser illumination. This suggests that PEG alone had no 

contribution to the heat generation upon NIR light illumination. Moreover, the samples prepared 

in pure water and the 0.0625 mg/mL PEG solution also show minor temperature increases of 

only 0.9 °C and 0.7 °C respectively, since most MoSe2 nanoparticles within the solutions were 

oxidized into MoO3, which cannot generate heat upon NIR laser illumination.38 In contrast, the 

samples prepared in PEG solutions with concentrations of 0.125 mg/mL, 0.25 mg/mL, 0.5 

mg/mL and 1 mg/mL display obvious temperature elevations of 7.5 °C, 9.3 °C, 14 °C and 

14.9 °C, respectively. The PTCEs of the MoSe2 quantum dots prepared in PEG solutions with 

lower concentrations (0.125 mg/mL and 0.25 mg/mL) are around 42.5%, while the PTCEs of the 

quantum dots prepared in PEG solutions with higher concentrations (0.5 mg/mL and 1 mg/mL) 

reach around 44%, as depicted in Table 1. These PTCE values are in line with those of MoSe2 

quantum dots prepared through probe sonication (46.5%),11 lower than MoSe2 nanoflowers 

(61.8%),12 but surpass those of several other TMDC nanomaterials such as MoS2 (24.4%,1 

27.6%2, 25.1%4, 23.8%13), WS2 (32.8%,6 35%7), MoTe2 (33.8%),16 and WSe2 (35.1%,14 

38.3%15). Given the PTCEs of the quantum dots prepared in different samples are close to each 

other, the higher temperature increases observed in the samples prepared in 0.5 mg/mL and 

1 mg/mL PEG solutions can be attributed to higher NIR light absorption, as shown in Figure 8c. 

The high absorbance might be caused by smaller bandgaps and increased Urbach energies. The 

bandgaps were obtained from Tauc plots (Figure S6). Table 1 reveals that the quantum dots 

prepared in 0.125 mg/mL and 0.25 mg/mL PEG solutions possess bandgaps of approximately 
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1.38 eV, whereas those prepared in 0.5 mg/mL and 1 mg/mL PEG solutions possess lower 

bandgaps of approximately 1.1 eV. Given the produced quantum dots display very close sizes 

(Figure S1), the larger bandgaps of the quantum dots prepared in the PEG solutions with lower 

concentrations might stem from more significant oxidation (Figure 2h). The Urbach energies of 

the quantum dots were measured by the method introduced in our previous work,30 and the plots 

used to determine the Urbach energies are presented in Figure S7. A higher Urbach energy 

suggests higher sub-bandgap absorption of photons because of an increased density of electronic 

states extending into the forbidden gap (Urbach tails) as a result of increased lattice disorder or 

defects in materials. Therefore, the increased Urbach energy with PEG concentration (Table 1) 

is probably caused by increased surface attachment of PEG via Mo-O bonds, which increases 

lattice disorder on the surface of the quantum dots. 
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Figure 8. Temperature-change curves of (a) water, PEG solution (0.5 mg/mL) and the quantum 

dots prepared by laser ablation (1.5 W, 30 min) in water and PEG solutions with different 

concentrations, and (b) the spherical nanoparticles prepared by laser ablation for 10 min with 

different laser powers in the 0.5 mg/mL PEG solution after being illuminated by an 808 nm laser 

beam for 10 min followed by cooling for another 10 min. UV-vis-NIR absorbance spectra of (c) 

the quantum dots prepared by laser ablation (1.5 W, 30 min) in PEG solutions with different 

concentrations and (d) the spherical nanoparticles prepared by laser ablation with different laser 

powers in the 0.5 mg/mL PEG solution. Stability of (e) the maximum temperature increase and 

(f) PTCE of quantum dots and spherical nanoparticles prepared by laser ablation at 1.5 W for 

30 min and 10 min respectively in the 0.5 mg/mL PEG solution. 

Table 1. Bandgaps, Urbach energies, maximum temperature increases upon laser illumination 

and PTCEs of the PEGylated MoSe2 quantum dots prepared by laser ablation for 30 min at 

1.5 W in PEG solutions with different concentrations.  

PEG 
Concentration 

Bandgap 
Urbach 
Energy 

Maximum 
Temperature 

Increase 
PTCE 

0.125mg/mL 1.39eV 0.336eV 7.5°C 42.3% 

0.25mg/mL 1.38eV 0.353eV 9.3°C 42.8% 

0.5mg/mL 1.08eV 0.564eV 14°C 44.2% 

1mg/mL 1.10eV 0.612eV 14.9°C 43.8% 

 

Figure 8b shows that the temperature of the samples prepared in 0.5 mg/mL PEG solution 

with different laser powers of 0.3 W, 0.6 W and 1.5 W increases by 8.2°C, 10.2°C and 12.9°C, 

respectively. The PTCE of the MoSe2 nanoparticles increases with the laser ablation power, with 

the highest PTCE of 40.9% obtained in the sample prepared with 1.5 W laser pulses, as shown in 



 22

Table 2. The larger temperature increases in the samples prepared with increasing laser ablation 

power might be attributable to higher absorbance of NIR light (Figure 8d) and the increased 

PTCE. It is interesting to find in Table 2 that the nanoparticles prepared with 0.6 W and 1.5 W 

laser pulses possess bandgaps of 1.25 eV, slightly smaller than those prepared with 0.3 W laser 

pulses (1.29 eV). The slightly higher bandgap of the nanoparticles prepared with 0.3 W laser 

pulses might be caused by more oxidation, as indicated in Figure 5e. As the bandgaps of the 

nanoparticles in different samples are close to each other, the increased absorbance of NIR light 

and PTCE could be attributed to enhanced sub-bandgap absorption of photons and nonradiative 

recombination of the excited carriers. As shown in Table 2, the Urbach energy of the spherical 

nanoparticles increases with the laser ablation power, in line with our previous research that 

higher laser ablation power introduces more defects into the nanoparticles, which increases the 

sub-bandgap absorption and facilitates the non-radiative recombination of excited carriers.30 

Table 2. Bandgaps, Urbach energies, maximum temperature increases upon laser illumination 

and PTCEs of PEGylated MoSe2 spherical nanoparticles prepared by laser ablation for 10 min in 

the 0.5 mg/mL PEG solution with different laser powers.  

Laser Power Bandgap 
Urbach 
Energy 

Maximum 
Temperature 

Increase 
PTCE 

0.3 W 1.29eV 0.620eV 8.2°C 36.9% 

0.6 W 1.25eV 0.641eV 10.2°C 38.2% 

1.5 W 1.25eV 0.663eV 12.9°C 40.9% 

 

It is also notable that the MoSe2 quantum dots prepared by laser ablation for 30 min at 1.5 W 

exhibit overall larger PTCEs than the spherical nanoparticles prepared by laser ablation for 

10 min. Quantum dots are usually considered to have lower electron relaxation rates after 
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excitation, as the lattice vibrations cannot couple widely separated electronic states.50 However, 

much research has also found that many colloidal quantum dots with surface functionalization of 

ligands show much faster carrier relaxation in the timescale of picoseconds or even sub-

picosecond like bulk materials thanks to non-diabatic decay channels.51–56 Meanwhile, quantum 

dots can generate multiple excitons after single photon absorption.55 The transformation of 

multiple excitons to single excitons can also generate heat.55 Therefore, the higher PTCEs of the 

MoSe2 quantum dots might be attributed to multiple electron decay channels and multiple 

exciton generation. 

The MoSe2 samples prepared in 0.5 mg/mL PEG solutions by laser ablation at 1.5 W for 

30 min (quantum dots) and 10 min (spherical nanoparticles) were selected to test the stability of 

the PEGylated MoSe2 nanomaterials. The PTCEs of these two samples were tested on Day 1, 2, 

4 and 7 after preparation. The maximum temperature increase of both samples drops slightly 

over the storage period (Figure 8e), while the PTCEs of both nanomaterials are relatively stable, 

as shown in Figure 8f. The drop of the maximum temperature increase might be attributed to a 

slight agglomeration of the nanomaterials or the sedimentation of larger nanoparticles over time. 

This can be supported by the absorbance spectra of these two samples (Figure S8), where the 

absorbances of both nanomaterials slightly decline over the storage period. However, the 

spherical nanoparticles prepared with a shorter laser ablation time (10 min) exhibit a larger drop 

in the maximum temperature increase and light absorbance than the quantum dots prepared with 

a longer ablation time (30 min). This discrepancy could be linked to the presence of more larger 

nanoparticles within the sample generated with a shorter laser ablation, as all the samples were 

not centrifuged after preparation. 
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Conclusions 

A one-pot synthesis method was developed to prepare PEGylated MoSe2 nanomaterials by 

femtosecond laser ablation of MoSe2 powder particles in aqueous PEG solutions. MoSe2 

quantum dots were synthesized by femtosecond laser ablation in PEG solutions for 30 min at 

1.5 W. However, MoSe2 powder could be oxidized and transformed into MoO3 when the PEG 

concentration was low, like laser ablation in pure water. When the PEG concentration was higher 

than 0.125 mg/mL, the oxidation was suppressed. Analysis of the XPS spectra of the synthesized 

quantum dots unveiled peaks attributed to Mo(VI)-O bonds indicating the formation of MoO3, as 

well as Mo(IV)-O bonds, likely attributed to partial oxidation or surface attachment of PEG via 

Mo-O chemical bonds. Increasing the concentration of PEG in solutions led to a reduced 

proportion of Mo(VI)-O bonds, suggesting that surface attachment of PEG to MoSe2 quantum 

dots can effectively protect them from oxidation during the laser ablation process. Short-time 

laser ablation of MoSe2 powder resulted in the formation of larger spherical nanoparticles. 

Although PEG molecules could be attached to the nanoparticles via van der Waals forces, laser 

ablation with higher power led to more PEG molecules attached to the nanoparticles via 

chemical bonds. It was found that surface attachment of PEG to the nanoparticles via chemical 

bonds offered better protection against oxidation into MoO3 compared to attachment via van der 

Waals forces. Both the PEGylated MoSe2 quantum dots and spherical nanoparticles exhibited 

high PTCEs. However, the PTCEs of the quantum dots were found to be higher than those of the 

larger spherical nanoparticles. This might be caused by multiple electron decay channels and 

multiple exciton generation. Furthermore, the laser-synthesized PEGylated MoSe2 nanomaterials 

exhibited good PTCE stability when they were stored at room temperature. This commendable 
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stability, combined with high PTCEs, positions these laser-synthesized MoSe2 nanomaterials as 

promising candidates for non-invasive cancer treatment through photothermal therapy. 
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