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A B S T R A C T   

MoOx nanoparticle (NP) films were fabricated through laser ablation from molybdenum target at ambient 
conditions. The structure, optical properties and photocatalytic performance of the MoOx NP films were char-
acterized under different laser irradiation times. XRD patterns indicate that laser irradiation can accelerate the 
oxidation and improve the orientation of MoOx NP films. The samples after irradiation show broad absorption 
peaks from the visible to infrared regions with significant improvement photocatalytic performance in hydrogen 
generation compared with that of the as-ablated sample with 1.33 times. The oxygen vacancies generated in the 
case of laser irradiation was demonstrated to dominate the localized surface plasmon resonance (LSPR) and 
photocatalytic performance by varying the laser irradiation times.   

1. Introduction 

With the increase in global energy consumption, it is necessary to 
develop clean energy. Hydrogen, a pollution-free energy, has attracted 
worldwide attention. The decomposition of water to produce hydrogen 
with photocatalyst and UV light is considered as an effective method [1]. 
It is reported that, noble metal NPs supported on carbon have been 
utilized to promote photocatalytic hydrogen evolution [2]. However, 
their future developments are constrained by the high cost. In recent 
years, some low-cost metal oxides have shown good photocatalytic 
properties, such as TiO2 [1], WO3-x [3], MoO3-x [4] and so on. 

Molybdenum trioxide (MoO3), an excellent semiconducting material 
with a wide energy band gap (3.2eV) [5], has been widely used in gas 
sensing [6], catalysis [7,8] and others. MoO3 NPs can be prepared by 
salt-templated [9], hydrothermal synthesis [10] and so on. However, 
these methods are not only complicated but also environmentally 
harmful. Besides, MoO3 has poor photocatalytic properties due to its 
wide band gap and high recombination of photo-generated electron--
hole pairs [11]. Therefore, oxygen defect engineering has been intro-
duced to modify the properties of MoO3, narrowing the band gap and 
increasing the lifetime of electron-hole pairs [12–14]. Actually, a large 
number of electrons are adsorbed around the oxygen vacancies [15], 

which will not only lead to surface plasmon resonance, but also increase 
hydrogen production. Various methods are put forward to introduce 
oxygen vacancies, such as ball milling [16], hydrogen treatment [17,18] 
and air annealing [19,20]. Nevertheless, these methods are complex and 
inefficient. 

Laser ablation/irradiation is a green technique for obtaining nano-
particles of metal oxides, semiconductors and so on [21]. Herein, the 
oxygen-deficient MoOx NP films were synthesized through fairly simple 
programs of laser ablation and irradiation. The photocatalytic perfor-
mance of MoOx NP films was easily tuned by varying the irradiation 
times. The structure and morphology were studied by X-ray diffraction 
(XRD) along with atomic force microscopy (AFM). The compositions of 
the as-prepared MoOx film were determined by Raman spectroscopy 
coupled with X-ray photoelectron spectroscopy (XPS). The phenomenon 
of LSPR of MoOx NP films were revealed through UV-VIS-NIR double 
beam spectrometer. The electric field distribution of MoOx nanospheres 
was calculated by Finite-Difference Time-Domain (FDTD). 
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2. Experiment 

2.1. Preparation and sample characterization 

MoOx NP film with the area of 12 � 12 mm were obtained by Nd: 
YAG pulsed laser (λ ¼ 1064 nm) ablation using a molybdenum target 
(99.99%) under ambient conditions. Parameters of the pulsed laser 
beam were as follows: the laser beam power was 4.6 W, the scan speed 
was 300 mm/s, the pulse width was 9 ns, the beam diameter and 
scanning line spacing were 0.01 mm. Then, these MoOx NP films would 
be irradiated by CO2 laser (λ ¼ 10.6 μm). Parameters of CO2 laser were 
as follows: laser power was 2 W, the scan speed was set at 40 mm/s. The 
as-ablated film was marked as S1, and the as-irradiated films which were 
irradiated for 1, 3, 5, 7 and 9 times, were marked as S2–S6, respectively. 
Fig. 1 shows the schematic diagram of the procedure. 

The phases of the samples were studied by XRD (MiniFlex600 sys-
tem, Rigaku). Raman signals were obtained by the Renishaw Raman 
spectroscopy with 633 nm laser excitation. A surface analysis of the 
samples was conducted by the Thermo Scientific K-Alpha þ X-ray 
photoelectron spectroscopy (XPS). The surface morphology was 
analyzed through AFM (XE-100, Park System). The absorption spectra 
were characterized by a Perkins Elmer UV–Vis–NIR spectrophotometer. 

2.2. Photocatalytic reaction 

The photocatalytic reaction was carried out in a home-made pho-
tocatalytic evaluation system (CEL-SPH2N, Beijing). The light source 
was a 300 W xenon lamp (CEL-HXF 300) with a 420 nm UV band-pass 
filter. MoOx NP film worked as a photocatalyst and was placed in a 
glass container with 50 mL deionized water. The distance between 
sample and light source was 10 cm, and the intensity of the irradiation 

was 90 � 103 Lux. The photocatalytic reaction temperature was set 6 �C 
and maintained with a cooling-water jacket. Before irradiation, we used 
a vacuum pump to remove the air and dissolved oxygen completely, 
making the base vacuum less than 0.1 MPa. The photocatalytic activity 
was analyzed every half an hour and 3 mL gas was extracted into a 
chromatograph equipped with nitrogen as carrier gas. 

3. Results and discussion 

3.1. Crystal structure 

The effect of laser irradiation time on the crystal structure of the as- 
ablated film is revealed in Fig. 2(a). The as-ablated sample shows rela-
tively poor crystallinity with the only peak located at 39.8� (2θ), cor-
responding to (110) of Mo (JCPDS No. 89–5023). It indicates the grain 
orientation of Mo is preferred along the direction of (110) crystal owing 
to the lowest surface energy. Once irradiated, the XRD patterns of the as- 
irradiated films show several new peaks: 25.4� (2θ), 36.26� (2θ), 52.94�
(2θ) correspond to the (� 111), (111), (� 222) of MoO2 (JCPDS No. 
76–1807) and 57.98� (2θ), 73.12� (2θ) correspond to the (200) and 
(211) of Mo (JCPDS No. 89–5023), respectively. With the increase of 
irradiation time, these as-irradiated samples exhibit narrower and 
stronger peaks compared with the as-ablated sample, meaning the laser 
irradiation improved the crystallinity since the thermal treatment can 
restore structure defects [22–24]. In addition, laser irradiation acceler-
ates the oxidation of Mo. 

Fig. 2(b) shows the Raman spectra of the samples before and after 
laser irradiation. The spectrum of the as-ablated sample consists of the 
following peaks: 200, 226, 344, 358, 452, 491, 563, and 733 cm� 1. 
These peaks are consistent well with the lattice vibration modes of 
monoclinic MoO2 phase (m-MoO2) [25]. Among them, the Raman bands 

Fig. 1. The schematic diagram of (a) laser ablation and (b) laser irradiation.  

Fig. 2. (a) The XRD patterns of samples before and after laser irradiation; (b) the Raman spectra of samples before and after laser irradiation.  

R. Hong et al.                                                                                                                                                                                                                                    



Optical Materials 99 (2020) 109589

3

at 563 and 733 cm� 1 are caused by the stretching vibration of the 
O–Mo–O and Mo––O bonds [26]. Raman peaks locate at 127 cm� 1, 
corresponding unambiguously to the MoO3 [27]. For the as-irradiated 
samples (S2–S5), peaks appear around 950 cm� 1 and 961 cm� 1, which 
are related to the MoO3-x crystalline phase [28]. The observed frequency 
shift is caused by the non-harmonic effect [29]. When the sample is 
irradiated for 9 times, two new peaks around 819 cm� 1 (corner-sharing 
O–Mo–O) and 993 cm� 1 (M ¼ O) [30] are also corresponding to the 
MoO3. Especially, the presence of the peak locates at 993 cm� 1, corre-
sponding to the tensile vibration of Mo-based (Mo––O) units, and these 
units are merely exist in the α-MoO3 phase [27]. Raman spectra show 
that the increase of irradiation times leading to the oxidation degree 
deepens, and then MoO3-x will transform to MoO3. Generally, S1 is 
composed of MoO2 and MoO3, the others are composed of MoO2, MoO3-x 
(0 < x < 1) and MoO3. Combining with the XRD diagram, it can be 
proved that Mo is present in all samples. With irradiation time 
increasing, part of Mo NPs continue to react with oxygen to form MoO2, 
MoO3-x and MoO3, MoO2 will further react with oxygen to produce 
MoO3-x and MoO3. No obvious peaks corresponding to those of MoO3-x 
and MoO3 in XRD spectra, indicating that the crystallinity of these two 
substances is poor. 

3.2. Composition and valence state 

Fig. 3(a)-(c) shows the representative XPS spectra of samples before 
and after laser irradiation with different times. Fig. 3(a) shows the XPS 
spectrum of the as-ablated sample. The doublets at 235.84 and 232.94 
eV are ascribed to the binding energies of the 3d3/2 and 3d5/2 orbital 

electrons of Mo6þ, respectively. Besides, another two peaks center at 
232.41 and 229.21 eV correspond to 3d3/2 and 3d5/2 of Mo4þ [31]. The 
doublets at 231 and 228 eV correspond to 3d3/2 and 3d5/2 of Mo [32]. 
Fig. 3(b) shows the XPS spectrum of S2 that was irradiated once. After 
laser irradiation, a new set of doublets appeared at 233.96 and 230.71 
eV corresponding to Mo5þ [31]. Moreover, Mo6þ, Mo4þ, and Mo also 
exist in the sample while the content has changed, which is attributed to 
the oxidation of laser irradiation. With the increased irradiation time, 
the content of Mo4þ, Mo5þ, and Mo decreased while Mo6þ increased. 
Because more oxygen involved in the reaction. The relative ratios of 
molybdenum components with different oxidation states are tabulated 
in Table 1. As discussed above, when the sample is irradiated by CO2 
laser, the sub-stoichiometry MoO3-x will be formed. Besides, the content 
of MoO3-x will decrease with the increase of irradiation times. Fig. 3(d) is 
the O 1s spectra peaks of the three samples. The binding energy at 530.8 
eV and 531.6 eV correspond to the lattice oxygen (Olatt) known as low 
binding energy peak (LBEC) and the adsorbed oxygen (Oads) assigned as 
high binding energy peak (HBEC), respectively [33]. The increase of 
oxygen vacancy will lead to the increase of HBEC components, and may 

Fig. 3. The XPS spectra of MoOx in the Mo 3d region from (a) S1, (b) S2 and (c) S6; (d) the XPS spectra of O 1s of S1, S2 and S6.  

Table 1 
Relative ratio of molybdenum components with different oxidation states 
calculated from the XPS of Mo 3d Spectra.   

Mo6þ(%) Mo5þ(%) Mo4þ(%) Mo(%) 

S1 76.3% 0 18.2% 5.5% 
S2 37.6% 21.1% 38.5% 2.8% 
S6 59.5% 5.8% 32.1% 2.6%  
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cause the asymmetry of the main peak [34]. In our samples, the ratios of 
lattice oxygen to adsorbed oxygen to are 1.155, 0.608, and 1.041 for the 
as-prepared S1, S2, and S6, respectively, which strongly indicate that 
there are massive oxygen deficiencies in S2. The reasons for the incon-
sistency between XPS and XRD are as follows: first, the crystallinity of 
MoO2 and MoO3 in the as-ablated sample is poor, so there is no corre-
sponding diffraction peak in XRD. Second, when the as-ablated sample 
was modified by laser irradiation, the crystallinity of Mo and MoO2 was 
improved, but that of MoO3-x and MoO3 were not. Those fitting results 
demonstrate that laser irradiation will vary the oxygen vacancies con-
centration and change the composition of MoOx. 

3.3. Surface morphology 

The AFM images for the as-ablated sample and as-irradiated samples 

are displayed in Fig. 4. The nanoparticle size of as-ablated sample is 
larger, the height distribution is wide, and the valley is lower. After laser 
irradiation, it develops from rough and accumulated island structures 
into small and sharp islands. Meanwhile, the surface of as-irradiated 
MoOx NP films becomes relatively smooth and the surface roughness 
values (Rq) are 55.59, 40.9, 35.6, 34.38, 31.32 and 24.27 nm, respec-
tively, as is shown in Fig. 5(a). In addition, it can be seen from Fig. 5(b), 
with the increase of irradiation times, the size of nanoparticles fluctuates 
to some extent, but on the whole, the size of nanoparticles decreases. 

Apparently, laser irradiation plays an important role in changing the 
morphology of samples. The laser energy is transferred to MoOx NP 
films, causing the films to melt. Then instability of the large size nano-
particles transformed into smaller nanoparticles [35–37]. Moreover, 
since there are phase transformations, that this is the reason for the 
observed trend of decreasing particle size with the irradiation. 

Fig. 4. The AFM images of samples before and after laser irradiation.  

Fig. 5. (a) The surface roughness of samples as a function of irradiation times; (b) the average diameter of samples as a function of irradiation times.  
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3.4. Optical absorption 

Fig. 6(a) shows the absorption spectra of samples before and after 
laser irradiation. There is no plasma absorption peak in the as-ablated 
sample. While broad absorption peaks appear in the near-infrared 
(NIR) region for those as-irradiated samples. With the increase of irra-
diation times, a blue-shift of LSPR peak is shown from 1092 nm to 888 
nm with the intensity of LSPR decreasing gradually. According to Fig. 6 
(b), there is a wave crest represents the maximum absorption wave-
length of each absorption spectrum, and the peaks locate at 1092, 1040, 
986, 950 and 888 nm, respectively. 

Those LSPR absorption peaks may be attributed to its very high 
concentration oxygen vacancies contained in the MoO3-x NPs, a large 
number of electrons are adsorbed around the oxygen vacancies and then 
cause LSPR [15]. With the increase of irradiation times, oxidation 

reaction will reduce the content of oxygen vacancies so that the intensity 
of LSPR decreases [38]. The size and shape of the NPs affect the wave-
length of plasma, which is a quasi-static theory for calculating the ab-
sorption of NPs with ellipsoid structure [39]. Therefore, due to the 
decrease of the size of MoOx NPs, the wavelength of LSPR shifts blue, 
which is consistent with the AFM diagram. 

To further explore whether particle size will cause LSPR, the electric 
field distribution is simulated by FDTD. The polarized 633 nm laser 
along the y-axis irradiates vertically to the x-y plane of the samples. 
Fig. 7 shows the electric field intensity of MoOx under different irradi-
ation times. The results show that the smaller the size of nanoparticles is, 
the smaller the electric field intensity is. Physically, LSPR is a response to 
the electric field of incident light, so it often leads to a significant 
enhancement of the electric field near nanoparticles [40]. Therefore, 
maybe we can explain Fig. 6(S2–S6) in terms of particle size. The small 

Fig. 6. (a) Absorption spectra of samples before and after laser irradiation; (b) curve of wave crests from every absorption spectrum.  

Fig. 7. The FDTD simulated electric field amplitude patterns of samples before and after laser irradiation.  
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particle size would decrease the electric field intensity around the par-
ticle, and the LSPR peak intensity weakened too. It is worth noting that 
S1 with the largest size had the strongest electric field intensity, but it do 
not show LSPR phenomenon. Therefore, the LSPR of these samples are 
caused by oxygen vacancies rather than the surface morphology of MoOx 
NP films. 

3.5. Photocatalysis 

In order to explore the photocatalytic property of MoOx NP films, we 
evaluated these samples under UV light irradiation for 6 h through the 
photocatalytic evaluation system. As shown in Fig. 8(a), the hydrogen 
yield of S1 is 32.55 μL. For the as-irradiated samples, with the irradiation 
time increasing, their hydrogen yields are 43.17, 39.35, 37.97, 36.46 

and 30.89 μL, respectively. The H2 generation for different irradiation 
times is calculated (Fig. 8(b)), and Fig. 8(c) is the errors bars of hydrogen 
generation as a function of irradiation times, which indicates the vari-
ation of hydrogen production among samples becomes larger with the 
increase of reaction time. 

The as-ablated sample is composed of Mo, MoO2 and MoO3. After 
irradiation, MoO3-x will form. Maximum activity is observed on the as- 
irradiated sample just for one time. Compared with the as-ablated 
sample, the photocatalytic activity is significantly improved by intro-
ducing the Mo5þ. This increase of photocatalytic activity is due to the 
formation of the oxygen vacancies. The largest yield is almost 1.33 times 
more than that of the as-ablated sample. However, for S6, the efficiency 
of photocatalytic decomposition of water is lower than that of as-ablated 
samples, although the oxygen vacancies also exist in it. 

Fig. 8. (a) The photocatalytic performance of samples before and after laser irradiation; (b) the relationship between irradiation times and hydrogen yield; (c) the 
errors bars of hydrogen generation as a function of irradiation times. 

Fig. 9. The mechanism of charge separation and photocatalytic reaction of (a) without and (b) with oxygen vacancies.  
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Previous research has reported that oxygen vacancies would affect 
the absorption as well as photocatalytic reactions. Oxygen vacancies 
play an important role in changing the charge transport, electronic 
structure, electron/hole separation and surface properties, which would 
improve the photocatalytic hydrogen evolution [41,42]. When oxygen 
vacancies are introduced, the quick separation of the photo-generated 
charges will happen which caused by the raising of valence band 
maximum (VBM) and expanding of valence band (VB) width [43], as is 
shown in Fig. 9. Above all, a certain amount of MoO3-x will increase 
hydrogen production, but it gradually decreases with the irradiation 
time increasing, which is attributed to the recovery of oxygen vacancies 
[44]. 

4. Conclusion 

In summary, the influence of laser irradiation on the composition, 
morphology, crystal quality and optical properties of MoOx NP films 
were investigated. XRD, XPS, optical absorption results show that by 
changing the laser irradiation time, the crystal quality, composition and 
optical properties of MoOx NP films can be tuned. The hydrogen gen-
eration of the as-irradiated sample (S2) is 1.33 times than that of the as- 
ablated sample, which indicates that the photocatalytic efficiency of S2 
is obviously improved. 
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