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Abstract

To exploit the near-infrared (NIR) light of MoO3, the MoVOx mixed oxide was synthesized
using a one-pot approach. The effects of different electrodes, V doping, and bias on the
optoelectronic properties were investigated. The photoelectric responses to light sources
with wavelengths of 405, 532, 650, 780, 808, 980, and 1064 nm were studied using both
Au and carbon electrodes with 6B pencil drawings. The results demonstrate that the
MoVOx nanoblets exhibit photocurrent switching characteristics across the broadband
region of the light spectrum. Even when zero bias was applied and the mixed oxide
sample was stored at room temperature for over two years, a good photoelectric signal was
still observed. This demonstrates that the MoVOx nanoblets present an interface where
interfacial charge transfer forms a strong built-in electric field, promoting photogenerated
charge separation and transfer while suppressing photogenerated carrier recombination,
and exhibiting self-powered characteristics. Interestingly, reducing the power of the typical
excitation light sources resulted in a transition from positive to negative photocurrent
features. This reflects the result of an imbalance between the concentration of material
defects and the concentration of photogenerated electrons. The MoVOx nanoblets not only
enhance charge transport performance, but also significantly improve the exploitation of
near-infrared light. Doping with V significantly improves the nanocomposites’ near-infrared
(NIR) photoelectric sensitivity. This study demonstrates that heavily doping aliovalent ions
during the in situ preparation of nanocomposites effectively enhances their photophysical
properties. It provides a straightforward approach to narrowing the band gap of wide-
bandgap oxides and effectively avoiding the recombination of photogenerated carriers.

Keywords: MoVOx nanoblets; nanocomposite aggregation states; carrier recombination
suppression; broadband light spectrum range; self-powered characteristics

1. Introduction
MoO3 is an n-type semiconductor with a band gap of approximately 3.17 eV [1]. How-

ever, there are variations in reports from different sources. The use of available light is gen-
erally limited. Extending the utilization of its spectrum with a significant red-shift remains
a major challenge. MoO3 and its modified products have been widely investigated in a
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multidisciplinary field. Examples include solar cells [1,2], photodetectors [3,4], supercapaci-
tors [5–10], various batteries [11–13], resistive switches [14], flexible electronics [15], gas sen-
sors [16,17], electrochromic devices [18], and photocatalytic applications [19], etc. To reduce
the width of the band gap or tailor the physicochemical properties of MoO3, doping [20],
heterojunction [21,22], and defect engineering [23] are widely accepted. Doping mainly in-
cludes cation doping, anion doping and doping with non-metallic elements. Cation doping
exploits the electronic effect of d-orbital hybridization and the differences in ionic radii,
which induce lattice stresses that modulate optical and physical properties. Studies have
focused on various cation doping, including Ti-doped MoO3 [3,18], La-doped MoO3 [20,24],
Ce-doped MoO3 [25–27], cobalt-doped MoO3 [28–31], Ni-doped MoO3 [32–34], Cr-doped
MoO3 [35], Zn-doped or co-doped MoO3 with other metal cations [19,36–40], Cu-doped
MoO3 [1,41,42], Fe-doped MoO3 [16,43–46], Ru-doped MoO3 [47], Er, Gd and Pr-doped
MoO3 [48], W-doped MoO3 [49], Eu-doped MoO3 [50,51], indium-doped MoO3 [52], Cd-
doped MoO3 [53], Sn-doped MoO3 [54], V-doped MoO3 [55–58], etc.

It has been demonstrated that transition metal cation doping is dominant due to
the abundance of d-electrons and empty orbitals. There are various ways to control the
electronic states of materials through transition metal cation doping. Consequently, cation
doping has many applications in the aforementioned fields, particularly in gas sensors and
photocatalysis. This far exceeds the capabilities of anion-doped and non-metallic element-
doped material systems. It also reflects the diversity of options for modifying or function-
alizing oxides. Some representative areas of research are described below. Soundharaya
and co-workers [1] synthesized Cu-doped α-MoO3 nanostructures for dye-sensitized solar
cells. Şakar and co-workers [3] reported self-powered UV-Vis-NIR photodetector based on
Ti-doped MoO3. Habashyani and co-workers [18] compared the electrochromic properties
of undoped and Ti-doped MoO3. Vinay Kumar and co-workers [19] conducted the pho-
tocatalytic and photoluminescence studies on Zn-doped MoO3. Tian and co-workers [20]
constructed a gas sensor based on La-doped MoO3. Tutel and co-workers [28] reported on
dual-band electrochromic devices that exhibited excellent cyclic stability using cobalt-doped
MoO3. Benameur and co-workers [30] compared the same physical properties of pure and
Co-doped MoO3. Biju Bennie and co-workers [35] studied the Cr-doped MoO3 nanoflakes
for energy storage. Pepe and co-workers [37] investigated the nonlinear absorption and
photoluminescence properties of MoO3 doped with Zn, Fe, Cu, V, and Ni, and examined
the effect of these dopants on the bandgap width. Xian and co-workers [46] reported that
iron-doped MoO3 nanosheets enhance nitrogen fixation. Maurya and co-workers [47]
produced hydrogen evolution in both acidic, as well as alkaline medium using Ru-doped
MoO3. Kamoun and co-workers [51] conducted a physical study of Eu-doped MoO3. Ca-
macho and co-workers [55] reported on V-doped MoO3 nanosheets with superior lithium
ion storage capability. Feste and co-workers [57] prepared vanadium-doped MoO3 with a
tunable work function. Nickel-doped MoO3 showed high performance in aluminum ion
batteries and enhanced hydrogen evolution [59,60], etc. Although good results have been
achieved with cation doping thus far, the variety of cationic species means that they can
influence the electronic properties of materials in a multitude of ways. Consequently, they
are widely used to modify certain inorganic functional materials. Doping can be divided
into homogeneous and heterogeneous doping. Heavy cation doping inevitably produces
new defects that are inextricably linked to defect, interfacial, and lattice stress engineering.
This reflects the synergy of multiple interactions. While heavy doping reduces carrier mo-
bility due to scattering, high doping improves the absorption and utilization of light with a
longer wavelength. There are potential applications in multiple disciplines. Heavy doping
is also an important method of preparing nanocomposites with enhanced properties. Other
methods of modulating the physical and chemical properties of metal oxides have also been
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widely used in nanocomposite design. The effects of S, N, and B doping, as well as oxygen
vacancies, defect engineering and interface/lattice stress engineering. Regarding the elec-
tronic structure, conductivity, plasmon properties, optoelectronic properties, photocatalysis,
electrocatalysis, thermal catalysis, and photothermal catalysis have also been extensively
studied [61–72]. Aliovalent cation doping generally produces oxygen vacancies, which
improve charge transfer and significantly impact photophysical properties [73]. Regulating
oxygen vacancies is important for the functional properties of materials.

It is well known that doping is an important way of modifying semiconductor materi-
als. High doping can significantly narrow the bandgap. The preparation of nanocomposites
mostly involves synthesizing one component in the presence of the others. High doping
can be used as a means of in situ nanocomposite preparation for use in multidisciplinary
fields. These ideas in the field of semiconductor materials can inspire the development of
multifunctional nanocomposites with exceptional properties.

The physicochemical properties of a material primarily depend on the valence elec-
trons of its constituent atoms, or the bonding and antibonding orbitals of its constituent
molecules. Modulating the electronic behavior of materials can enhance the physicochemi-
cal properties of nanocomposites. The electronic behavior of a material is closely related
to its energy band structure, as well as to its interfaces and defects. These key factors also
determine the absorption and excitation of light at different wavelengths. This reflects the
modulation of materials’ photophysical properties by light of different wavelengths.

Nanomaterials are designed to a large extent with their size and dimensionality ef-
fects in mind. Although some techniques can characterize certain physical properties of
individual nanostructures, it is generally difficult to characterize the properties of a single
nanostructure because it is time-consuming. Often, nanostructures are found in aggregated
states. There are many defects at grain boundaries, which hinder charge transport. There-
fore, studying the photophysical properties of nanomaterials in an aggregated state poses a
significant challenge.

The design of nanocomposites is primarily based on integrating multiple components,
phases and dimensions. The interaction between these components is the primary consid-
eration. Varying the preparation parameters can result in the production of multiphase
and multidimensional structures. For oxides with a wide bandgap, reducing the bandgap
remains extremely important, as does suppressing the recombination of photogenerated
carriers, which is a major challenge. As electron–hole recombination has been a key bottle-
neck in multidisciplinary fields for several decades, the material itself must have a strong
built-in electric field to promote charge separation and transfer. Therefore, a strong built-in
electric field is an important indicator of photogenerated carrier recombination suppression.
As with nanocomposites, heavy doping produces heterojunctions that form built-in electric
fields due to interfacial charge transfer. To improve the utilisation of near-infrared light
by MoO3, Ma and co-workers [74] had studied the interfacial interaction between MoO3

and polymer-derived carbon materials to enhance NIR utilisation. In another publication,
the surface S-doping of MoO3 was performed to tailor the electronic state [75]. In this
contribution, the MoVOx mixed oxide was synthesized using a one-pot process based
on the multivalent oxidation state of V and the plasmonic properties of heavily doped
oxides. This extends the photocurrent extraction of near-infrared light and strengthens
the self-driving properties for charge separation. The recombination of photogenerated
carriers is effectively avoided. This work is presented here for multidisciplinary reference.
It is also intended to facilitate interaction between light and matter.
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2. Results and Discussion
The one-pot synthesis of the MoVOx mixed oxide is very simple. Sodium molybdate

dihydrate and dilute hydrochloric acid were mixed together to form molybdate. Similarly,
ammonium metavanadate and dilute hydrochloric acid were mixed together to form meta-
vanadate. The molybdate and metavanadate were then mixed in the correct proportions
and heated to dehydrate them and, as a result, MoVOx was formed.

The multivalent transitions of vanadium can affect the electronic structure of molybde-
num trioxide. The V atom has both d-orbital electrons and empty orbitals. The distribution
of electrons outside the nucleus of V atom is as follows: 1s2 2s2 2p6 3s2 3p6 3d3 4s2. Its
oxidation state varies from +2 to +5, and it readily produces oxygen vacancies. It exhibits
an electron donor effect. This helps passivate defects and improve the extraction of photo-
electrons. At the same time, the atomic radius of the V atom is smaller than that of the Mo.
Doping with heteroatoms can generate localized compressive or tensile stresses, altering
the optical and photophysical properties.

The representative SEM image, XRD, and UV-Vis of the MoVOx are shown in Figure 1.

 

Figure 1. A representative SEM image, XRD, and UV-Vis curve of MoVOx ((A) SEM; (B) 1#-XRD;
(C) 2#,3#-XRD; (D) UV-Vis curve).

As can be seen in Figure 1A, the nanobelt has a very uniform morphology. The nanobelt
is about 4–6 µm long. The width is approximately 40 nm. The uniform morphology of the
MoVOx is excellent overall.

The XRD results of MoVOx are shown in Figure 1B,C. The UV-Vis-NIR of MoVOx is
shown in Figure 1D.

As shown in Figure 1B, the crystallinity of the MoVOx is not very good, while the
noise level is bigger. However, some diffraction peaks can still be identified, such as those
at 16.87◦, 19.41◦, 25.84◦, 34.29◦, 35.46◦, 45.45◦, 46.62◦, 52.22◦, and 56.44◦, which are the
peaks of the (110), (200), (210), (220), (310), (410), (404), (330), and (218) planes of MoO3

(PDF# 21-0569), respectively. The diffraction peaks at 26.85◦, 27.52◦, and 39.53◦ belong to
the peaks of the (11-1), (011), and (002) planes of VO2 (PDF# 44-0252). As the amount of V
doping increased, no significant diffraction peaks of VO2 were observed. This indicates
that VO2 is not well crystallized or intercalated in the material. Otherwise, as shown in
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Figure 1C, 2θ at 9.39◦ is quite strong, indicating that the material growth is preferred along
(100) planes of MoO3 (PDF# 21-0569). The diffraction angle is slightly reduced compared
to the standard PDF (2θ at 9.69◦ (100)). It indicates that the V intercalation has increased
the face spacing. Therefore, the resulting nanomaterial contains some MoO3 and VO2

components forming the MoVOx heterojunction.
As shown in Figure 1D, the optical absorption of the MoVOx was covered the entire

visible spectrum and part of the near-infrared (NIR) region. Since the band gap width of
MoO3 is approximately 2.8–3.85 eV, the absorption of the broad spectrum is likely due to
V doping. Pepe and co-workers [37] have previously studied the nonlinear absorption
and photoluminescence properties of Zn-, Fe-, Cu-, V-, and Ni-doped MoO3, examining
the effects of these dopants on the band gap width. The results showed that doping
significantly narrowed its bandgap, i.e., α-MoO3: 3.85 eV; Fe-doped α-MoO3: 3.46 eV; Cu-
doped α-MoO3: 3.43 eV; Zn-doped α-MoO3: 3.34 eV; Ni-doped α-MoO3: 3.48 eV; V-doped
α-MoO3: 3.67 eV. This study showed that the absorption edge of the V-doped MoO3 was
located in the NIR region. This may be due to the introduction of intermediate states by V
doping. Further support for the optoelectronic signals in the NIR is required later.

In the study of the interaction between light and matter, good optical absorption is
crucial for detecting photoelectric signals. The detection of optoelectronic signals depends
heavily on factors such as the width of the band gap, material defects, interface contacts,
electrodes, and substrate. Gold is generally easy to characterize for this purpose, as it has a
high work function and a low contact barrier. We first used gold electrodes to determine
the photoelectric properties over a wide spectral range. Representative results are shown
in Figures 2 and 3.

 

Figure 2. The optoelectronic responses of MoVOx (1#) to the visible light ((A) 40 W visible light;
(B) 100 mW 650 nm; (C) 100. 50, and 5 mW 650 nm) (using gold gap electrodes and PET film
substrates, 1 V bias applied).
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Figure 3. The optoelectronic responses of MoVOx (1#) to 808, 980, and 1064 nm ((A) 200 mW
808 nm; (B) 20 mW 1064 nm; (C) 200 mW 980 nm; (D) 200, 100, 50, and 5 mW 980 nm) (using gold
gap electrodes and PET film substrates, 1 V bias applied).

As shown in Figures 2 and 3, the resulting MoVOx nanobelts can convert incident light
signals into electrical signals. When visible light and certain wavelengths of near-infrared
light hit the aggregated state of the nanobelts, the photons’ energy excites electrons, causing
them to transition from the ground state to the excited state, and generate electron–hole
pairs. An external bias then drives these photogenerated charges to move in a directed
manner, forming a photocurrent. When the light is removed, the current gradually returns
to its original state. This is the result of the interaction between light and matter producing
non-equilibrium carriers. This is a typical reversible transition process from balanced carri-
ers to unbalanced carriers. This clearly demonstrates that the carrier concentration in the
material can be controlled by the light field. This indicates that the resulting nanocomposite
is responsive to visible and near-infrared light stimuli. The nanocomposite is expected
to have potential applications in multidisciplinary fields. Experiments also revealed that
MoVOx (1#) nanobelts exhibited strong photocurrent signals in response to the light sources
of 50 mW at 650 nm, 100 mW at 808 nm, 200 mW at 980 nm, and 20 mW at 1064 nm. This
demonstrates that the MoVOx nanobelts can effectively utilize the visible light and NIR.
This supports the results of UV-Vis curve of MoVOx (Figure 1D). Further confirmation was
obtained that the resulting nanomaterial absorbs in the visible and near-infrared range.
However, there was almost no response to the 5 mW light sources at 650 and 980 nm.
This suggests that material defects trap all the photogenerated charges under low-incident
power irradiation, making it difficult to extract the photocurrent signal. The representative
results of the optoelectronic signals with an increasing V-doping content are shown in
Figures 4 and 5.
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Figure 4. The optoelectronic responses of MoVOx (2#) to 650, 808, 980, and 1064 nm ((A) 100 mW
650 nm; (B) 200 mW 808 nm; (C) 100 mW 980 nm; (D) 20 mW 1064 nm) (using gold gap electrodes
and PET film substrates, 1 V bias applied).

 

Figure 5. The optoelectronic responses of MoVOx (3#) to 650, 808, 980, and 1064 nm ((A) 100 mW
650 nm; (B) 200 mW 808 nm; (C) 200 mW 980 nm; (D) 20 mW 1064 nm) (using gold gap electrodes
and PET film substrates, 1 V bias applied).

As shown in Figures 4 and 5, increasing the amount of V doping still allows for the
photoelectric signals to be measured. However, the recovery time is relatively long and the
baseline current is less stable. Regarding the nanocomposite itself, the VO2 has a low degree
of crystallization (Figure 1B), with almost no noticeable effect from increased V addition
(Figure 1C). Low crystallinity means an increased disorder degree in the material. High
disorder leads to increased non-radiative energy consumption and a large photothermal effect.
The slow response and recovery in Figures 4 and 5 also illustrate these issues. In the fields of
luminescence, solar cells and photodetectors, decreasing non-radiative energy consumption
requires control of the material’s microstructure. This photothermal effect will also be utilized
in other interdisciplinary fields. A low degree of crystallization increases the likelihood of
electron–electron and electron–phonon scattering, slowing down charge transport.
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The study of light matter interactions involves many photophysical properties and
physical mechanisms, as well as multidisciplinary applications. Some ideas from the fields
of photodetectors and solar cells provide excellent inspiration for multidisciplinary applica-
tions [76–78]. Important performance parameters, such as open-circuit voltage, short-circuit
current, responsivity (R), external quantum efficiency (EQE), and detectivity (D) accurately
reflect the key performance of solar cells and photodetectors. However, our research does
not focus on these devices or related materials. Our focus is on interdisciplinary aspects and
complementary content based on qualitative and semi-quantitative characterization. To
this end, we have summarized key data from Figures 2–5 and in Table 1 for easier analysis
and discussion.

Table 1. The comparative photocurrent signals of 1#, 2#, 3#-MoVOx nanobelt aggregation states using
Au gap electrodes and PET film to some representative light sources (1 V bias applied).

Excitation Light Wavelength (nm) Sample Response Time (s) Recovery Time (s) Ratio of on/off

100 mW, 650 nm 1#-MoVOx 36.8 12.0 5.74

100 mW, 650 nm 2#-MoVOx 48.9 24.0 19.68

100 mW, 650 nm 3#-MoVOx 65.1 106.3 2.28

200 mW, 808 nm 1#-MoVOx 48.8 28.3 3.85

200 mW, 808 nm 2#-MoVOx 41.1 20.6 7.81

200 mW, 808 nm 3#-MoVOx 57.4 143.1 1.89

200 mW, 980 nm 1#-MoVOx 32.6 32.6 1.84

200 mW, 980 nm 2#-MoVOx 64.8 50.2 93.28

100 mW, 980 nm 2#-MoVOx 7.7 20.6 2.01

200 mW, 980 nm 3#-MoVOx 106.3 138.8 9.80

20 mW, 1064 nm 1#-MoVOx 16.3 22.0 1.05

20 mW, 1064 nm 2#-MoVOx 4.3 12.0 1.63

20 mW, 1064 nm 3#-MoVOx 53.1 78.0 1.14

As shown in Table 1, the switching ratio initially increases and then decreases as the
V doping concentration rises for 650 nm, 808 nm, and 980 nm light sources. Meanwhile,
the response and recovery speeds slow down accordingly. This trend is also generally
observed for other light sources, albeit with greater fluctuations. This indicates that, as the
amount of V added increases, the degree of disorder, the number of defects and the amount
of non-radiative energy consumption increase, leading to more scattering opportunities
and causing greater fluctuations. This includes both the photoelectric and photothermal
effects. The photothermal effect is inevitable.

Based on the results shown in Figures 2–5, it can be confirmed that the synthesized
MoVOx nanobelts exhibit good optoelectronic signals in the broadband spectral range
when used with gold gap electrodes. This is likely due to V-doping creating intermediate
states, thereby increasing the potential for photoexcitation and electron transformation.
In addition to the materials and their microstructures themselves, the electrodes and
substrates also play an important role in acquiring optoelectronic signals. The acquisition
of optoelectronic signals is the result of various factors combined. Untreated paper is
known to contain a large number of defects, particularly O groups. These groups tend to
trap photogenerated electrons, which hinders the acquisition of optoelectronic signals when
using untreated paper as a substrate. Conversely, graphite electrodes with pencil drawings
were among the most cost-effective in the study. These electrodes were composed of 84%
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graphite and 16% clay. These carbon electrodes themselves can be regarded as composites,
and their defects cannot be ignored. The use of these carbon electrodes naturally traps
some of the photogenerated carriers, which can degrade the photoelectric signal. Another
important factor in driving the carrier transfer is the bias applied. Applying a suitable
external bias voltage drives the directional flow of carriers and prevents photogenerated
carrier recombination. To suppress photogenerated carrier recombination, the material
itself must have a strong built-in electric field to drive charge movement. Taking these
factors into account, the MoVOx nanobelts were chosen to investigate the effect of bias
voltage on photogenerated current using A4 printing paper as substrates and the graphite
electrodes with 6B pencil drawings. Representative results are shown in Figures 6–12.

 

Figure 6. The effect of the bias voltage on the photogenerated current for the MoVOx (1#) to 808, 980, and
1064 nm ((A) 200 mW 808 nm; (B) 100 mW 980 nm; (C) 20 mW 1064 nm) (Red line: 0 V bias; Black line:
1 V bias) (using A4 printing paper as substrates and the graphite electrodes with 6B pencil drawings).

 

Figure 7. The effect of the bias voltage on the photogenerated current for the MoVOx (1#) to 405,
532, 650, and 780 nm ((A) 50 mW 405 nm; (B) 50 mW 532 nm; (C) 50 mW 650 nm; (D) 50 mW
780 nm) (Red line: 0 V bias; Black line: 1 V bias) (using A4 printing paper as substrates and the
graphite electrodes with 6B pencil drawings).
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Figure 8. The effect of the bias voltage on the photogenerated current for the MoVOx (3#) to 808, 980, and
1064 nm ((A) 200 mW 808 nm; (B) 100 mW 980 nm; (C) 20 mW 1064 nm) (Red line: 0 V bias; Black line:
1 V bias) (using A4 printing paper as substrates and the graphite electrodes with 6B pencil drawings).

 
Figure 9. The effect of the bias voltage on the photogenerated current for the MoVOx (3#) to 405,
532, 650, and 780 nm ((A) 50 mW 405 nm; (B) 50 mW 532 nm; (C) 50 mW 650 nm; (D) 50 mW
780 nm) (Red line: 0 V bias; Black line: 1 V bias) (using A4 printing paper as substrates and the
graphite electrodes with 6B pencil drawings).
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Figure 10. The effect of the bias voltage and power of typical light sources on the photogenerated
current for the MoVOx (1, 3#) to 650 nm (Red line: 0 V bias; Black line: 1 V bias) ((A) 1# to 50 mW 650;
(B) 1# to 5 mW 650 nm; (C) 3# to 50 mW 650; (D) 3# to 5 mW 650 nm) (using A4 printing paper as
substrates and the graphite electrodes with 6B pencil drawings).

 
Figure 11. The effect of the bias voltage and power of typical light sources on the photogenerated
current for the MoVOx (1#) to 980 nm (Red line: 0 V bias; Black line: 1 V bias) ((A) 100 mW; (B) 50 mW;
(C) 5 mW) (using A4 printing paper as substrates and the graphite electrodes with 6B pencil drawings).
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Figure 12. The effect of the bias voltage and power of typical light sources on the photogenerated
current for the MoVOx (3#) to 980 nm (Red line: 0 V bias; Black line: 1 V bias) ((A) 100 mW; (B) 50 mW;
(C) 5 mW) (using A4 printing paper as substrates and the graphite electrodes with 6B pencil drawings).

As can be seen in Figures 6–12, a good photoelectric signal was still determined
even when zero bias was applied and the graphite electrodes with 6B pencil drawings
on A4 printing paper were used. This indicates that the MoVOx nanobelts can produce a
strong intrinsic electric field to promote photogenerated carrier transport, enabling self-
powering. Self-powered devices are an important area of research due to their low energy
consumption [79–82]. Similarly, self-driven nanomaterials also play a significant role in
preventing the recombination of photogenerated charges. In most cases, the bias applied
in this study was found to have little effect. Increasing the bias voltage increases the
photogenerated current when the material is excited by light of certain wavelengths. This
demonstrates that interfaces exist within the mixed oxides prepared by the one-pot method.
Charge transfer between these interfaces generates a built-in electric field. The built-in
electric field created by the MoVOx nanobelts is strong enough to facilitate the transport of
photogenerated charges, and inhibit their recombination. Increasing the V-doping content
significantly increases the base current from nA to µA. This is mainly due to the unfilled
d electrons of the V element. This suggests that V doping can enhance the conductivity
of the mixed oxide. This improves the transport of photogenerated carriers. However, as
shown in Figure 6, a large fluctuation in the photocurrent of the MoVOx nanobelts was
observed when a 20 mW, 1064 nm light source was used. This may be due to electron-
electron and electron-phonon scattering affecting charge transport. Therefore, controlling
the microstructure of materials is important in terms of suppressing the recombination of
photogenerated carriers and reducing non-radiative energy consumption. The presence
of an internal electric field can suppress photogenerated charge recombination, which is
useful for the material itself.

Additionally, Figures 10–12 show an interesting phenomenon: a transition from pos-
itive to negative photoconductivity in the low V-doping sample as the power of typical
light sources decreased. This phenomenon was not observed in the high V doping mixed
oxide sample. This reflects the result of an imbalance between the concentration of mate-
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rial defects and the concentration of photogenerated electrons. As the power of the light
sources was reduced further, the concentration of photogenerated electrons decreased too.
When the concentration of photogenerated electrons is lower than the concentration of
material defects, all the photogenerated electrons are trapped by the material defects. The
net increase in photocurrent is negative. This indicates negative conductivity. Heavily
V-doped MoO3 resulted in a high VO2 content in the heterojunction. Since the valence
state of V varies between +2 and +5, VO2 contains many oxygen vacancies, which have an
electron-donating effect. This electron-rich effect of VO2 can passivate the material defects,
resulting in a positive net increase in current. This response is known as defect-assisted
photoconductive behavior. Additionally, highly V-doped MoO3 exhibits plasmonic effects
that contribute to the interfacial charge transfer. In our previous publication [83], we intro-
duced the phenomenon of the transition from negative to positive photocurrent response
by passivating the grain boundary defects of the nanocomposite with metal nanomate-
rials. Consequently, the impact of material defects and interfaces on the acquisition of
optoelectronic properties was substantial. The modulation of material defects for different
applications is an ongoing process.

For ease of comparison, the key data in Figures 6–9 are summarized in Table 2.

Table 2. The comparative photocurrent signals of 1#, 3#-MoVOx nanobelt aggregation states using
carbon electrodes with 6B pencil drawings and A4 paper as a substrate to some representative light
sources (0 V bias applied). * Negative photoconductivity.

Excitation Light Wavelength (nm) Sample Response Time (s) Recovery Time (s) Ratio of on/off

50 mW, 405 nm 1#-MoVOx 11.7 7.9 1.30

50 mW, 405 nm 3#-MoVOx 39.7 55.6 2.02

50 mW, 532 nm 1#-MoVOx 3.8 19.6 1.26

50 mW, 532 nm 3#-MoVOx 39.7 39.7 1.62

50 mW, 650 nm 1#-MoVOx 7.94 31.8 1.34

50 mW, 650 nm 3#-MoVOx 28.0 43.5 1.78

5 mW, 650 nm 1#-MoVOx 12.1 15.9 3.10 * (negative
photoconductivity)

5 mW, 650 nm 3#-MoVOx 4.2 19.6 1.01

50 mW, 780 nm 1#-MoVOx 4.2 12.1 1.22

50 mW, 780 nm 3#-MoVOx 31.8 51.8 1.86

200 mW, 808 nm 1#-MoVOx 20.1 20.1 2.62

200 mW, 808 nm 3#-MoVOx 55.6 20.1 9.66

100 mW, 980 nm 1#-MoVOx 12.1 4.2 1.45

100 mW, 980 nm 3#-MoVOx 36.0 79.8 1.65

5 mW, 980 nm 1#-MoVOx 19.6 28.0 2.33 * (negative
photoconductivity)

5 mW, 980 nm 3#-MoVOx 47.6 43.9 1.06

20 mW, 1064 nm 1#-MoVOx 3.8 4.2 1.77

20 mW, 1064 nm 3#-MoVOx 19.6 47.6 1.37

As shown in Table 2, as the V doping concentration increases, the switching ratio
increases, while the response and recovery speeds slow down accordingly. This indicates
an increase in defects, which in turn exacerbates scattering and affects the response speed.
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Under light irradiation of 5 mW at 650 nm (it is shown in Figure 10), and 5, 50 mW at
980 nm (it is shown in Figure 11), 1#-MoVOx nanobelts exhibit a negative photoconductive
effect. This is due to an imbalance between the defect concentration and the photogenerated
carrier concentration. All photogenerated electrons are captured by defects, leading to a
decrease in the photocurrent. On the other hand, it also shows that even when using carbon
electrodes and paper substrates, it is still possible to obtain broad-spectrum photocurrent
signals. Defects originate not only from the MoVOx nanobelt itself, but also from the carbon
electrodes with 6B pencil drawings and paper substrate. Despite the presence of so many
defects, it is still significant that photogenerated carriers can still be extracted. From the
perspectives of cost and multidisciplinary research, the findings are highly valuable.

Since it is still possible to achieve better photoelectric signal extraction at zero bias
using graphite electrodes with 6B pencil drawings, the effect of bias on the photoelectric
signal was examined again using gold electrodes due to Au’s low barrier. Representative
results are shown in Figures 13–26. Since the resulting oxide nanobelts have been stored
at room temperature for over 2 years, these research results also reflect the photophysical
stability of the nanomaterials.

Figure 13. The effects of bias on the optoelectronic signal to 200 mW 808 nm light source for the
1#-MoVOx (using Au gap electrodes on PET film).

Figure 14. The effects of bias on the optoelectronic signal to the 980 and 1064 nm light sources for the
1#-MoVOx ((A) 980 nm (100 mW); (B) 1064 nm (20 mW)) (using Au gap electrodes on PET film).

Figure 15. The effects of bias on the optoelectronic signal to 200 mW 808 nm light source for the
2#-MoVOx (using Au gap electrodes on PET film).
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Figure 16. The effects of bias on the optoelectronic signal to the 980 and 1064 nm light sources for the
2#-MoVOx ((A) 980 nm (100 mW); (B) 1064 nm (20 mW)) (using Au gap electrodes on PET film).

Figure 17. The effects of bias on the optoelectronic signal to the 980 nm light source for the 3#-MoVOx

(using Au gap electrodes on PET film).

 

Figure 18. The effects of bias on the optoelectronic signal to the representative light sources for
the 3#-MoVOx ((A) 808 nm (200 mW); (B) 1064 nm (20 mW); (C) 650 nm (50 mW)) (using Au gap
electrodes on PET film).

Figure 19. The effects of V doping on the optoelectronic signal of 1#-MoVOx ((A) 405 nm (50 mW);
(B) 650 nm (50 mW)) (using Au gap electrodes on PET film).
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Figure 20. The comparative photocurrent signals of 1#-MoVOx to the light source with different
wavelengths ((A) 50 mW 405 nm; (B) 50 mW 532 nm; (C) 50 mW 650 50 mW; (D) 50 mW 780 nm)
(using Au gap electrodes on PET film).

 
Figure 21. The comparative photocurrents signals of 1#-MoVOx to the light source with different
wavelengths ((A) 780 nm (50 mW); (B) 808 nm (50 mW); (C) 980 nm (50 mW); (D) 1064 nm (20 mW))
(using Au gap electrodes on PET film).



Inorganics 2025, 13, 273 17 of 27

 
Figure 22. The comparative photocurrents signals of 2#,3#-MoVOx to the light source with different
wavelengths ((A) 405 nm (50 mW); (B) 532 nm (50 mW); (C) 650 nm (50 mW)) (using Au gap electrodes
on PET film).

 
Figure 23. The comparative photocurrents signals of 2#,3#-MoVOx to the light source with different
wavelength ((A) 780 nm (50 mW); (B) 808 nm (200 mW); (C) 980 nm (100 mW); (D) 1064 nm (20 mW))
(using Au gap electrodes on PET film).
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Figure 24. The dependence of the photocurrent signals of 1#-MoVOx on the power of incident light
sources ((A) 808 nm; (B) 980 nm; (C) 5 mW 980 nm) (using Au gap electrodes on PET film).

 
Figure 25. The dependence of the photocurrent signals of 2#-MoVOx on the power of incident light
sources ((A) 808 nm; (B) 980 nm; (C) 5 mW 980 nm) (using Au gap electrodes on PET film).
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Figure 26. The dependence of the photocurrent signals of 3#-MoVOx on the power of incident light
sources ((A) 808 nm; (B) 980 nm; (C) 5 mW 980 nm) (using Au gap electrodes on PET film).

The effect of bias on the optoelectronic signal was examined by selecting several
representative light sources first. These results are shown in Figures 13–18.

Figure 13 shows that the bias has a little effect on the optoelectronic signal to 200 mW
808 nm light source for the 1#-MoVOx.

Figure 14 shows that the applying a bias voltage slightly reduces the photoelectric signal
for the 1#-MoVOx sample with 980 nm and 20 mW 1064 nm light sources. This trend of
decrease is more obvious for the 2#-MoVOx sample. These results are shown in Figures 15
and 16. This is primarily due to the built-in electric field being in the opposite direction to
the applied bias voltage, which counteracts part of the driving force for charge transfer.

Figures 17 and 18 demonstrate that applying a bias voltage significantly increases the
transfer of photogenerated charge. This indicates differences in the strength of the built-in
electric field of various V-doped nanocomposites, reflecting the differing effects of applying
different bias voltages to photogenerated electrical signals.

In order to compare the doping effect of different V, representative light sources were
selected and examined. This is shown in Figure 19.

Figure 19 shows that low V doping improves both the photoelectric signal and the
base current. V doping can improve the conductivity of the material. However, the 50 mW
405 and 650 nm light sources triggered large fluctuations in the base current for the MoO3

reference sample only. This suggests that radiation from these light sources increases the
likelihood of collisions between electrons and material defects, resulting in significant
fluctuations in the base current.

The above experimental investigations illustrate that the prepared mixed oxides them-
selves have a built-in electric field that can drive the directional movement of photogener-
ated charges to form photocurrents. The effect of zero bias applied on different wavelengths
of light is shown in Figures 20 and 21.

Figures 20 and 21 demonstrate that the 1#-MoVOx nanobelts still exhibited excellent
photocurrent extraction capabilities when exposed to light sources of 50 mW at 405, 650,
780, and 980 nm, as well as 20 mW at 1064 nm, with a bias of 0 V applied.

It was found that increasing V doping improves the electrical conductivity of the
material. The baseline current changes from nA to µA. To facilitate the comparison of the
effect of increasing V doping on the photoelectric signals, the photoelectric signals of the
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2#, 3# nanocomposite samples were compared in the same figure. The results are shown in
Figures 22 and 23.

Figures 22 and 23 demonstrate that the photoelectric signal in the near-infrared (NIR)
region (780, 808, 980 and 1064 nm) increases significantly with V doping. Therefore, V
doping greatly increases the red shift of the material.

For ease of comparison and analysis, some of the key data from the above figure are
summarized in Table 3.

Table 3. The comparative photocurrent signals of 1#, 2#, 3#-MoVOx nanobelt aggregation states using
Au gap electrodes and PET film to some representative light sources (0 V bias applied).

Excitation Light Wavelength (nm) Sample Response Time (s) Recovery Time (s) Ratio of on/off

50 mW, 405 nm 1#-MoVOx 10.0 10.0 1.26

50 mW, 405 nm 2#-MoVOx 43.47 12.1 2.09

50 mW, 405 nm 3#-MoVOx 28.0 35.9 1.49

50 mW, 532 nm 1#-MoVOx 65.5 13.1 1.46

50 mW, 532 nm 2#-MoVOx 19.6 47.6 18.64

50 mW, 532 nm 3#-MoVOx 59.4 36.0 3.32

50 mW, 650 nm 1#-MoVOx 6.6 13.4 1.51

50 mW, 650 nm 2#-MoVOx 27.6 28.0 3.71

50 mW, 650 nm 3#-MoVOx 23.8 31.8 4.60

50 mW, 780 nm 1#-MoVOx 13.1 6.6 1.19

50 mW, 780 nm 2#-MoVOx 20.1 7.9 1.30

50 mW, 780 nm 3#-MoVOx 35.5 59.8 1.58

50 mW, 808 nm 1#-MoVOx 3.4 13.1 1.05

50 mW, 808 nm 2#-MoVOx 55.6 28.0 1.94

50 mW, 808 nm 3#-MoVOx 63.5 43.9 2.68

50 mW, 980 nm 1#-MoVOx 13.1 13.1 1.07

50 mW, 980 nm 2#-MoVOx 23.8 28.0 1.66

50 mW, 980 nm 3#-MoVOx 32.2 83.6 1.25

5 mW, 980 nm 1#-MoVOx 6.6 10.0 1.04

5 mW, 980 nm 2#-MoVOx 18.6 12.4 1.05

5 mW, 980 nm 3#-MoVOx 19.5 19.5 1.02

20 mW, 1064 nm 1#-MoVOx 6.6 16.2 1.18

20 mW, 1064 nm 2#-MoVOx 7.9 11.7 1.05

20 mW, 1064 nm 3#-MoVOx 20.1 56.0 1.32

As shown in Table 3, the general trend is that the photoconductivity ratio first increases
and then decreases as the V doping concentration increases. The response and recovery
times are also prolonged. There are also some fluctuations. This is primarily due to the
numerous defects present in the mixed oxides. Defect-induced scattering reduces charge
transport, leading to significant baseline and photocurrent fluctuations. A comparison
of Tables 2 and 3 shows that the resulting material using Au electrodes and a PET film
substrate did not exhibit a negative photoconductive effect. This indicates that the defects
in the carbon electrode with 6B pencil drawings and paper substrate played a significant
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role for the acquisition of optoelectronic signals and photoconductive behaviors. Light
scattering caused by defects plays an important role in the fluctuation of photocurrent.

The representative results of their photoelectric signals dependent on the incident
light power are shown in Figures 24–26.

As shown in Figures 24–26, the photoelectric signal clearly depends on the incident
light power. A good photoelectric signal is still obtained with increased V doping (samples
2# and 3#) for a 5 mW, 980 nm light source. This is demonstrated in Figures 25 and 26.
However, there is significant fluctuation at a low V doping amount for a 5 mW, 980 nm
light source. This is shown in Figure 24. This is primarily due to the fact that mixed oxides
with low V doping contain more defects that can easily capture photogenerated electrons,
thereby increasing the likelihood of electron-electron and electron-defect collisions. This
affects charge transport and leads to large photocurrent fluctuations. A comparison of
Figures 22 and 23 shows that sample 2# has higher near-infrared (NIR) photoelectric
sensitivity. The improvement in near-infrared photoconductivity is mainly due to the
appropriate doping concentration of V element. According to the reference [84], the band
gap of VO2 is approximately 1.17 eV, this is the primary reason for the enhanced near-
infrared photoelectric sensitivity. However, other factors, including changes in the valence
state, plasma characteristics and the high proportion of amorphous material, also affect its
photophysical properties and physical mechanisms. These factors work together to promote
the extraction of photo-generated charges from the material and bring about different
physical effects. The one-pot preparation of nanocomposites that exhibit photogenerated
charge extraction properties in the near-infrared spectrum has been demonstrated to be
a simple and feasible process. Suppressing photogenerated carrier recombination and
improving charge extraction properties is important for applications in multidisciplinary
fields [85]. As electron–hole recombination has been a key bottleneck in these fields for
several decades, this study focused on a different nanocomposite system to improve the
extraction of photogenerated charges across the broadband spectrum. This provides an
important reference for these fields.

3. Materials and Methods
3.1. Raw Materials

The following materials were used in this study: sodium molybdate dihydrate (analyt-
ical reagent, AR), Tianjin Fengchuan Chemical Reagent Co. (Tianjin, China); ammonium
metavanadate (NH4VO3) (AR), Tianjin Bodi Chemical Co (Tianjin, China); and hydrochloric
acid (AR), Hongteng Weiye New Material Co., Ltd. (Yantai, China).

3.2. Synthesis of MoVOx Mixed Oxide with One Pot

The dilute hydrochloric acid and the synthesis of MoVOx was similar to that of MoO3

in reference [74]. First, 1 g of sodium molybdate was added to 1#, 2#, 3# hydrothermal kettle,
and then 40 mL of dilute hydrochloric acid, 20 mL of H2O, and 0.2 g, 0.5 g, 0.8 g ammonium
metavanadate were added, and stirred for about 10 min. The hydrothermal reaction was
maintained at 170 ◦C for 6 h. The resulting products are labeled 1#, 2#, 3#-MoVOx. The
synthesis process of the MoVOx is as follows (it is shown in Scheme 1).
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Scheme 1. The synthesis process of the MoVOx.

3.3. Characterization with SEM, UV-Vis-NIR Spectrum, and XRD

The characterizations by scanning electron microscope (SEM), UV-VIS-NIR spec-
trophotometer (UV-Vis-NIR) and X-ray powder diffraction (XRD) were similar to the
reference [74,75,83]. The instruments used were a ZEISS Gemini SEM300 (Oberkochen,
Germany), TU-1810 spectrophotometer (Beijing Puxi General Instrument Co., Ltd., Beijing,
China), and XRD-7000 from SHIMADZU (Shimadzu, Kyoto, Japan).

3.4. Measurement of the Optoelectronic Signal of MoVOx Mixed Oxide in the Wide Spectral Range

The MoVOx mixed oxide suspension was cast on the Au gap electrodes on a flexible
polyethylene terephthalate (PET) film. For the photodetector structure of the photoconduc-
tor type, the structure of the electrodes is shown in Scheme 2. The determination of the
optoelectronic response to the weak visible light (40 W) or 405, 532, 650 nm (100, 50, and
5 mW) and 780, 808, 980, and 1064 nm NIR (10, 40, 50, 100, and 200 mW) was similar to that
in reference [74,75,83]. Another electrodes was used 6B pencil drawings and A4 printing
paper as a substrate in this study. The bias applied was 0 and 1 V.

Scheme 2. The structure of the electrodes used in this study.

4. Conclusions
In short, the MoVOx mixed oxide nanobelt was synthesized using the one-pot hy-

drothermal method. Good photoelectric signals were still measured within the broadband
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light response range, even with zero bias applied, and using graphite electrodes with
6B pencil drawings and Au electrodes. This demonstrates that the MoVOx mixed oxide
presents a strong built-in electric field that promotes the photogenerated carrier transport,
which can be self-powered. Doping with V significantly improved the NIR photoelectric
sensitivity of the nanocomposites, and brought about different physical effects. This in-
expensive, simple method can be used to obtain metal oxide nanocomposites that exhibit
a photocurrent response over a wide spectral range. It is also expected to be suitable
for bandgap narrowing in other wide-bandgap oxide material systems. These results are
probably due to the introduction of intermediate states through V doping or intercalation.
This study also provides an effective way to suppress the recombination of photogener-
ated carriers by controlling the microstructure of the nanocomposite and forming a strong
built-in electric field.
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