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Preparation of MoO3-x QDs: According to our recently reported method,1 the MoO3−x QDs were 

prepared by using commercial MoS2 powder as the precursor and H2O2 as the oxidant. In brief, 900.0 

mg of MoS2 powder was mixed with 72.0 mL of 30% H2O2 and 18.0 mL of H2O, and stirred at room 

temperature for 120 min, then the pH was adjusted to 7.0 with 3.375 mL of 425 mg/mL of sodium 

hydroxide (NaOH), followed by stirring for another 120 min. Finally, MoO3−x QDs were obtained by 

centrifugation at 12000 rpm for 5 min to remove large particles and then dialysis for 62 h to remove the 

byproducts with a 500-1000 Da MWCO dialysis tube. 

Characterization of MoO3-x QDs 

Raman spectroscopy and FTIR measurements were carried out to confirm the phase evolution from 

MoS2 to molybdenum oxide QDs. The Raman spectra of MoS2 precursors and the molybdenum oxide 

products are shown in Figure S1a. The peak positions of the molybdenum oxide QDs are completely 

different from those of bulk MoS2 powders with normal Raman peaks at about 378 and 403 cm-1 

corresponding to the E1
2g and the A1g active modes of MoS2 (Figure S1a inset), respectively. 

Specifically, the peak at 998 cm−1 is assigned to the terminal oxygen (Mo＝O) stretching vibrations of 

MoO3. The peaks at 898 and 845 cm−1 are due to the stretching vibrations of doubly coordinated 

bridging oxygen (Mo2-O). The bands at 630 and 470 cm−1 are due to the stretching mode of triply 

coordinated oxygen (Mo3-O) (Figure S1a).2-3 In the FTIR spectrum of molybdenum oxide QDs, the peak 

at 990 cm−1 can be attributed to the stretching vibration of Mo＝O, indicating the layered orthorhombic 

MoO3 phase. The strong absorption at 825 cm−1 is due to the doubly coordinated oxygen (Mo2-O) 

stretching mode of the Mo6+ ions. The bands at 620 and 493 cm−1 are assigned to the characteristics of 

the Mo3-O units (Figure S1b). The spectroscopic characterizations indicate the main phase of the 

molybdenum oxide QDs as orthorhombic MoO3. The XRD pattern of the molybdenum oxide (Figure 

S1c) shows that the molybdenum oxide QDs are of high crystallinity with relatively sharp and strong 

peaks. The (020) peak at 2θ of 12.8° appears clearly, indicating the presence of the orthorhombic 

phase.1,4 However, the XRD pattern of molybdenum oxide QDs does not perfectly match with the 

orthorhombic MoO3 (JCPDS card No. 35-0609), which is probably due to the formation of some 

oxygen-deficient byproduct in the preparation procedures.5 Namely, partial MoIV in MoS2 precursors is 

oxidized to MoV by H2O2, forming the slightly oxygen-deficient molybdenum oxide nanostructures. The 

presence of subvalent MoV could also be reflected by the appearance of a brownish color (Figure 1d 

inset), uncharacteristic for pure MoO3.
6 

The molybdenum oxide QDs were analyzed by XPS in order to identify the valence state of Mo and 
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S. Compared with the high-resolution XPS spectra of MoS2 precursors (Figure S2), the S 2p doublets of 

the obtained molybdenum oxide QDs shift to the higher binding energy pair. The S 2p3/2 and S 2p1/2 

components at 168.8 and 170.0 eV can be identified as the S 2p peaks of oxidized sulphur (SO4
2-) which 

would disappear after dialysis for 48 h in water (Figure S3b and Figure S4). The corresponding XPS 

spectra in the O ls energy region are shown in Figure S3c where peaks associated with oxides and 

chemisorbed oxygen can be distinguished. The peaks near 530.0 eV are assigned to lattice oxygen atoms 

of MoO3−x, while the peaks at higher binding energies near 531.8 eV are identified as those from 

chemisorbed oxygen atoms on surface of MoO3−x.
7-9 

 

Figure S1. (a) Raman spectrum of MoO3-x QDs; inset: Raman spectrum of MoS2 powder. (b) FTIR 

spectrum and (c) XRD pattern of MoO3-x QDs. 

 

Figure S2. (a) Survey XPS pattern of MoS2 powders. (b) High-resolution S 2p, (c) Mo 3d, and (d) O 1s 

spectra of MoS2 powders. 
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Figure S3. (a) Survey XPS pattern of MoO3-x QDs. High-resolution S 2p (b) and O 1s (c) spectra of 

MoO3-x QDs. 

 

Figure S4. High-resolution XPS spectra of S 2p before and after dialysis for 48 h in water. 

 

Figure S5. UV-vis absorption spectra of 12.5 µM TMPyP in the presence of different concentrations of 

MoO3−x QDs. 
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Figure S6. Fluorescence intensity of 12.5 µM TMPyP at 658 nm with excitation at 420 nm versus 

reaction time in the presence of 50 µM CoII, 50 µg mL-1 MoO3−x QDs, and different concentrations of 

HgII. 

Table S1. The computed bonding energy (Eb) for metal atoms (Ag, Al, Ca, Cd, Co, Cr, Cu, Fe, Hg, K, 

Mg, Mn, Ni, Pb, Sn and Zn) adsorbed to porphyrin. 

Metal on 
porphyrin 

Ag Al Ca Cd Co Cr Cu Fe Hg K Mg Mn Ni Pb Sn Zn 

Eb (eV) 0.51 2.05 3.12 0.04 5.07 8.23 1.97 5.79 0.15 1.88 2.01 7.25 3.67 2.33 2.59 0.04 
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Figure S7. The simulated adsorption structures of metal atoms (Ag, Al, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, 

Ni, Pb, Sn and Zn for (a) to (n), respectively) on MoO3-x, with bonding energies listed in Table S2. 
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Table S2. The computed bonding energy (Eb) for metal atoms (Ag, Al, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, 

Ni, Pb, Sn and Zn) adsorbed to MoO3-x (Figure S7). 

Metal on 
MoO3-x 

Ag Al Ca Cd Cr Cu Fe K Mg Mn Ni Pb Sn Zn 

Eb (eV) 2.72 7.38 6.15 5.71 11.04 3.65 8.69 4.74 5.52 11.64 5.15 5.71 5.72 2.45 

 
Figure S8. The side (a) and top (b) view of the simulated adsorption structure of Hg on MoO3-x. The 

bonding energy (Eb) is 0.18 eV and the shortest Hg-O distance is 3.6 Å, indicating very weak adsorption. 

 
Figure S9. The simulated adsorption structure of HgII-porphyrin on MoO3-x (bonding energy (Eb) is 1.80 

eV). 
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Figure S10. (a) Effects of pH values on the fluorescence quenching as a result of CoII(TMPyP) 

formation accelerated by MoO3−x QDs and HgII; the concentrations of TMPyP, CoII, HgII, and MoO3−x 

QDs were 12.5 µM, 50 µM, 100 nM, and 50 µg mL-1, respectively. (b) Effects of CoII concentrations on 

the fluorescence quenching as a result of CoII(TMPyP) formation accelerated by MoO3−x QDs and HgII; 

the concentrations of TMPyP, HgII, and MoO3−x QDs were 12.5 µM, 100 nM, and 50 µg mL-1, 

respectively. PB buffer, pH 7.0, 2 mM. 

 

Figure S11. (a) Fluorescence decay of MoO3−x QDs at 430 nm in the presence of TMPyP and/or 

different metal ions. (b) Fluorescence decay of TMPyP at 658 nm in the presence of MoO3−x QDs and/or 

different metal ions. The concentrations of TMPyP, CoII, HgII, and MoO3−x QDs were 12.5 µM, 50 µM, 

100 nM, and 50 µg mL-1, respectively. 
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Table S3. PL lifetimes of MoO3−x QDs in the presence of TMPyP and/or different metal ions. 

Lifetime/ns τ1 A1 τ2 A2 

MoO3-x 2.08 83% 7.95 17% 

MoO3-x-TMPyP 2.03 85% 8.03 15% 

MoO3-x-TMPyP-HgII 1.99 85% 7.88 15% 

MoO3-x-TMPyP-CoII 1.99 83% 8.06 17% 

MoO3-x-TMPyP-CoII-HgII 2.01 83% 7.88 17% 

Table S4. PL lifetimes of TMPyP in the presence of MoO3−x QDs and/or different metal ions. 

Lifetime/ns τ1 A1 τ2 A2 

TMPyP 5.03 100% 
  

TMPyP-MoO3-x 5.17 100% 
  

TMPyP-MoO3-x-HgII 5.16 100% 
  

TMPyP-MoO3-x-CoII 5.14 100%   

TMPyP-MoO3-x-CoII -HgII 5.96 46% 1.84 54% 
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IFE corrections 

On the basis of the cuvette geometry (Figure S12a) and the absorption characteristics of the aqueous 

solution of TMPyP and MoO3−x QDs, the IFE was corrected with the following equation.10-11 

CF �
F���

F���	
�

2.3dA��

1 � 10�	���
10����

2.3sA��

1 � 10�����
 

Where, CF is the corrected factor; Fobsd is the observed fluorescence intensity of MoO3−x QDs and 

Fcor is the corrected fluorescence intensity by removing IFE from Fobsd; Aex and Aem represent the 

absorbances per centimeter at the excitation wavelength and the emission wavelength of MoO3−x QDs, 

respectively; s is the thickness of excitation beam (0.10 cm), g is the distance between the edge of the 

excitation beam and the edge of the cuvette (0.40 cm) and d is the width of the cuvette (1.00 cm). The 

maximum value of the correction factor could not exceed 3; otherwise the correction was not 

convincing. 

 Table S5 summarizes the concentrations of TMPyP, absorbance and fluorescence intensity of 

MoO3−x QDs after each addition of TMPyP. The correction factor (CF) of IFE at each concentration of 

TMPyP was calculated. Figure S12b demonstrates the quenching efficiency of totally observed (Eobsd, 

black curve) and corrected (Ecor, red curve, after removing IFE) fluorescence of MoO3−x QDs. We found 

that the majority of the quenching effect came from the IFE of TMPyP. After removing the IFE, the 

small remaining quenching effect may come from the weak electrostatic interaction between TMPyP and 

MoO3−x QDs.12-13 

 

Figure S12. (a) Parameters used in the equation to correct for the inner filter effect. I0 represents the 

excitation beam, F represents the observed fluorescence beam. (b) Observed (black curve, Eobsd) and 

corrected (red curve, Ecor) quenching efficiency of TMPyP towards MoO3−x QDs. E = 1 - F/F0, F0 and F 

are the fluorescence intensities of MoO3−x QDs in the absence and presence of TMPyP, respectively. 



S-11 
 

Table S5. IFE of TMPyP on the fluorescence of MoO3−x QDs. 

TMPyP (µM) Aex
a Aem

b CFc Fobsd
d Fcor

e Fcor,0/Fcor
f Eobsd

g Ecor
h 

0.0 0.081 0.017 1.11 2739 3048.9 1 0 0 

1.25 0.098 0.067 1.20 2576 3077.5 0.991 6% -1% 

2.5 0.093 0.094 1.22 2430 2968.9 1.027 11% 3% 

3.75 0.098 0.147 1.30 2103 2729.4 1.117 23% 10% 

5 0.095 0.187 1.35 1918 2586.0 1.179 30% 15% 

6.25 0.119 0.457 1.83 1314 2405.5 1.267 52% 21% 

7.5 0.134 0.771 2.58 850 2189.0 1.393 69% 28% 

aAex is the absorbance of MoO3−x QDs with the addition of TMPyP at the excitation wavelength. bAem is 

the absorbance of MoO3−x QDs with the addition of TMPyP at the emission wavelength. cCorrected 

factor (CF) was calculated as Fcor/Fobsd. 
dFobsd is the measured fluorescence intensity of MoO3−x QDs with 

the addition of TMPyP. eFcor is the corrected fluorescence intensity by removing IFE from the measured 

fluorescence intensity. fFcor,0 and Fcor are the corrected fluorescence intensities of MoO3−x QDs in the 

absence and presence of TMPyP, respectively. gEobsd = 1 − Fobsd/Fobsd,0, Fobsd,0 and Fobsd are the observed 

fluorescence intensities of MoO3−x QDs in the absence and presence of TMPyP, respectively. hEcor = 1 − 

Fcor/Fcor,0, Fcor,0 and Fcor are the corrected fluorescence intensities of MoO3−x QDs in the absence and 

presence of TMPyP, respectively.  
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Table S6. Comparison of the performance of different methods for HgII sensing and imaging. 

Detection 
methods 

Materials 
Linear range 

(nM) 
Detection 
limit (nM) 

Imaging 
target 

Ref. 

Fluorescent Rhodamine B selenolactone 100-5000 23 cells [14] 

Colorimetric, 

Fluorescent 

3D Au@MoS2 

heterostructure, rhodamine 

B 

5000-50000 
0.038 

0.22 
Cells and mice [15] 

Fluorescent 
Organic fluorophores (1-

CN) 
0-10000 800 cells [16] 

Bioluminescent Caged luciferin 2500-15000 - mice [17] 

Fluorescent RBITC-PEG-AuNPs 10-500 2.3 cells [18] 

Fluorescent Rhodamine-BODIPY 0-40000 14.1 cells [19] 

Fluorescent ICT molecules 0-290 10 cells [20] 

Fluorescent Rhodamine/BODIPY 0-300 8 cells [21] 

Fluorescent phenothiazine-based probes 20-330 15 cells [22] 

Fluorescent N, S-doped carbon dots 0-300 1.37 E. coli [23] 

Fluorescent NAC-QDs, Rhodamine 6G 24.9-1246.3 3.7 cells [24] 

Fluorescent Carbon nanoparticles 1000-18000 100 cells [25] 

Colorimetric, 

Fluorescent 
TMPyP, MoO3−x QDs, CoII 5-87.5 

5-100 

0.6 

0.8 
cells This work 

 

 

Figure S13. Fluorescence variation of MoO3−x QDs at different concentrations of NaCl. 



S-13 
 

 

Figure S14. Effect of MoO3-x QDs on A549 cells viability. 

 

Figure S15. Cell viability of A549 cells after 12 to 24 hours of incubation with various concentrations of 

HgII. 

Table S7. Analytical results for the determination of HgII in river water samples using the proposed 

method and the ICP-MS method. 

Sample 
Added 
(nM) 

The present method  ICP-MS method 

Found (mean ± 
SD, n=3, nM) 

Recovery 
(%) 

Found (mean ± 
SD, n=3, nM) 

Recovery 
(%) 

River 
water 

0 - - - - 

20 20.84 ± 0.05 104.2 20.18 ± 0.02 100.9 

50 51.35 ± 0.07 102.7 51.24 ± 0.01 102.5 

80 81.53 ± 0.03 101.9 81.36 ± 0.03 101.7 
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