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ABSTRACT: A novel two-dimensional hybrid polymer photo-
catalyst black-MoO3/polyimide was synthesized by one-pot
thermopolymerization of monomers, ammonium molybdate,
and thiourea at mild temperatures. Thiourea and ammonium
molybdate as fluxing agents promote the formation of black
molybdenum oxide (BMO) on polyimide (PI) and enhance the
crystallinity of PI. It is confirmed by X-ray photoelectron
spectroscopy, electron paramagnetic resonance, and Fourier
transform infrared that the strong interaction between BMO
and PI leads to the formation of a Mo−N coordination bond
through the coordination of N atoms of heptazine units to the
unsaturated Mo atoms of BMO and results in a large number of
Mo5+ cations in BMO/PI. UV−vis and photoluminescence
reveal that the visible light absorption of BMO/PI was
increased and the separation efficiency of photogenerated electron/hole obviously was significantly enhanced, which facilitates
the improvement of the photocatalytic activity of BMO/PI. This work provides a new approach to synthesizing efficient
inorganic−organic hybrid semiconductor photocatalysts.
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1. INTRODUCTION

Serious energy shortage and environment pollution are
becoming worldwide intractable problems. One of the best
ways to settle these problems is to develop high-efficiency
photocatalysts for utilizing renewable solar energy to efficiently
degrade pollutants. Besides the traditional transition metal
oxide semiconductors,1−3 polymer photocatalysts have at-
tracted much attention in recent years because of their
abundant sources, low cost, unique chemical stability, and
tunable structures. These metal-free semiconductors were
reported to be promising photocatalytic materials for water-
splitting hydrogen generation and organic pollutant degrada-
tion under visible light.4−7 However, the inherent feature of the
carrier’s transition and photonic excitation of conjugated
polymer limit their photocatalytic efficiency.8 Thereafter,
many efforts have been made to narrow the bandgap and
improve carrier transport of polymer semiconductors by
loading co-catalysts to enhance their photocatalytic perform-
ance.9−12 These investigations shed some light on utilizing
innovative hybrid polymer photocatalyts. Polyimides (PIs), one
kind of conjugated polymers, have been widely reported for

their synthesis and applications as absorbents or chemo-
sensors.13−16 However, to the best of our knowledge, no
investigations of the photocatalytic property of polyimide have
been reported. Very recently, our group reported a novel green
approach to synthesizing a polyimide (PI) photocatalyst. The
synthesis was conducted at 200 °C, which is lower than that of
graphitic carbon nitrides (g-C3N4), and the synthesis does not
give off ammonia.17,18 Although possessing high activity of
hydrogen generation from water splitting and pollutant
degradation, the polymer photocatalyst has a relatively wide
bandgap (2.7 eV), which is expected to be narrowed for
efficiently utilizing solar energy. In general, narrowing the
bandgap of the semiconductor can be realized by lowering the
conduction band or elevating the valence band. However, both
strategies weaken the reducing power of photoinduced
electrons and the oxidizing power of photoinduced holes,
which probably lead to the noncontribution of photonic
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excitation for the target reaction. Moreover, elevating the
energy level of the valence band may result in a structural
instability of the polymer photocatalyst because its original
energy level of the highest occupied molecular orbital
(HOMO) is usually high. Therefore, an elaborative balance
to the photonic energy and optical absorption region for visible
light depends on good band matching between the polymer
and the co-catalyst. More significantly, deeper insight into the
intrinsic interaction between the interface of the co-catalyst and
polymer is very necessary for designing a high-efficiency hybrid
polymer photocatalyst.
Molybdenum(VI) oxide (MoO3) is considered to be a

promising candidate for the modification of the band structure
of the PI photocatalyst because of its unique energetic and
electrical properties.19−22 Although molybdenum(VI) oxide
(MoO3) has many applications in various organic electronic
devices,23,24 no studies of PI coupled with MoO3 as the energy
band modifier of a polymer photocatalyst have been reported to
the best of our knowledge. Herein, we report a novel
inorganic−polymer hybrid photocatalyst (BMO/PI) synthe-
sized by a one-pot thermal polymerization method. The
resulting composites show enhanced visible light photocatalytic
activity compared to that of pristine PI. The textural, electronic,
and optical properties of the obtained hybrid materials are
carefully characterized by various spectral techniques. The
effect of the MoO3 content of samples on the degradation
efficiency of methyl orange (MO) under visible light irradiation
was discussed in detail, and a possible photocatalytic
mechanism was also proposed.

2. EXPERIMENTAL METHODS
2.1. Synthesis of the Photocatalyst. Melamine (MA) and

pyromellitic dianhydride (PMDA) were purchased from Tokyo
Chemical Industry Co., Ltd., and SCR Sinopharm Chemical Reagent
Co., Ltd., respectively, while hexaammonium heptamolybdate
tetrahydrate [(NH4)6Mo7O24·4H2O] and thiourea were purchased
from Nanjing Chemical Reagent Co., Ltd. All chemicals were used
without further purification. For the synthesis of 1 g of 0.5BMO/PI,
the procedure is typically as follows: 0.386 g of MA, 0.666 g of PMDA,
0.006 g of [(NH4)6Mo7O24·4H2O], and 0.007 g of thiourea were
mixed uniformly in an agate mortar. The mixture was put into a
loosely covered porcelain crucible and then heated at a rate of 7 °C
min−1 to 325 °C and kept at this temperature for 4 h prior to being
cooled. The resulting solid was collected and ground into a powder.
The chemical reaction for the preparation of the samples is as follows:
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To remove the residual unreacted MA monomer completely, the
powder was washed with 50 °C distilled water several times, followed
by filtration and drying at 80 °C for 6 h. Then a yellowish sample was
obtained and denoted as 0.5BMO/PI. In the same way, a series of
xBMO/PI samples were prepared by a similar method, where x
represents the weight percent of MoO3 in the sample. For comparison,
pristine MoO3, BMO, 3.0MoO3/PI, 3.0S/PI, and PI were prepared
according to the same process. The amounts of reactants for synthesis
of the samples are summarized in Table S1 of the Supporting
Information.
The structural analysis, including elemental analysis, solid-state 13C

nuclear magnetic resonance, etc., has confirmed the structural
composition and framework of the polymer chain of PI in our
previous work.18

2.2. Characterization. Powder X-ray diffraction (PXRD) patterns
of the samples were recorded on a Rigaku diffractometer using Cu Kα
radiation in the 2θ range from 5 to 70, and the X-ray tube was
operated at 40 kV and 40 mA. Fourier transform infrared (FTIR)
measurements were taken on a Nicolet NEXUS870 spectrometer
using the KBr pellet support. The scanning electron microscope
(SEM) image was recorded on a Hitachi S4800 FE-SEM system. The
transmission electron microscope (TEM) image was obtained on a
JEM-2100 electron microscope. UV−vis diffuse reflection spectrosco-
py (DRS) was performed on a Shimadzu UV-3600 spectrometer using
BaSO4 as the reference. The photoluminescence (PL) spectrum was
recorded with a Varian Cary eclipse spectrometer with an excitation
wavelength of 350 nm at room temperature. X-ray photoelectron
spectroscopy (XPS) and valence band X-ray photoelectron spectros-
copy (VBXPS) were conducted using a PHI 5000 Versa Probe X-ray
photoelectron spectrometer with monochromatized Al Ka X-ray
radiation. Electron paramagnetic resonance (EPR) measurement was
conducted on a Bruker EMX-10/12 EPR spectrometer at room
temperature.

2.3. Electrochemical Analysis. The working electrode was
prepared on a fluorine-doped tin oxide (FTO) transparent conductive
film glass; 50 mg of powder was mixed with 2 mL of acetone under
sonication for 30 min to obtain a slurry. The slurry was spread onto
FTO glass whose side part was previously protected using Scotch tape.
After being air-dried, the electrode was heated at 260 °C for 30 min in
air to improve adhesion. Electrochemical measurements were
performed in a typical three-electrode cell, using a Pt sheet and a
Ag/AgCl electrode as the counter electrode and reference electrode,
respectively. The electrochemical experiments were conducted on an
electrochemical analyzer (CHI-663C, Shanghai Chenhua, China). The
working electrode was immersed in a 0.5 mol L−1 Na2SO4 (pH 6.8)
electrolyte solution and irradiated from the back side (FTO substrate/
semiconductor interface) to minimize the influence of the thickness of
the semiconductor layer. The exposed area under illumination was
0.28 cm2. For Nyquist plot measurements, the perturbation signal was
10 mV and the frequency ranged from 200 kHz to 10 mHz.

2.4. Photocatalytic Test. The photocatalytic activity of the
samples for methyl orange (MO) degradation was measured in a Pyrex
top-irradiation vessel. The temperature of the reactor was held at 25
°C by a constant-temperature water system. Typically, 0.2 g of catalyst
was dispersed in a 100 mL aqueous solution of MO (4 mg L−1). To
establish an adsorption equilibrium, the suspension was magnetically
stirred in the dark for 1 h prior to irradiation under a xenon 300 W
lamp equipped with a cutoff filter (λ > 420 nm; I = 20 A) and a
cooling fan. At the given irradiation time intervals, a reaction mixture
(3−4 mL) was withdrawn and centrifuged to remove the catalyst
particles. Then the obtained clear solution was analyzed by measuring
its absorbance at 464 nm with a UV−vis spectrometer (Shimadzu UV-
1750). To further evaluate the stability of the photocatalyst, cycle
experiments were conducted for four runs, and the irradiation time of
each run was 10 h. The used sample could be conveniently separated
and collected from the solution by high-speed centrifugation and
added back into the reactor for the next cycle.

3. RESULTS AND DISCUSSION

3.1. Structure and Morphology Analysis. Figure 1
illustrates the XRD patterns of pristine PI and BMO/PI
composites with different MoO3 contents. Several distinct
peaks in the range of 10−30° appeared on the pattern of
pristine PI, indicating that the two monomers of MA and
PMDA have polymerized into the framework of PI.18 These
characteristic peaks of PI can be clearly observed on the
patterns of BMO/PI, which confirms that incorporation MoO3
into PI did not change the original crystal structure and
polymeric chain of PI. Intriguingly, no diffraction peaks relevant
to any Mo species can be observed on the patterns of BMO/PI
samples, mirroring a high level of dispersion of Mo species on
PI photocatalysts. We speculate that the absence of the
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characteristic peaks of MoO3 in XRD patterns of BMO/PI is
probably due to the very small amount of MoO3 and stronger
guest−host interaction that will be verified later by FTIR. The
existence of hidden structural features of the loaded transition
metal oxide Fe2O3 on polymer photocatalyt g-C3N4 was also
reported,25 and the characteristic diffraction peaks of the iron
species were absent even when iron contents were as high as 20
wt % in g-C3N4, which was ascribed to the strong chemical
coordination of the iron species to the g-C3N4 host. It is worth
noting that the loading of BMO onto PI does not change the
peak features of PI, while the intensities of the characteristic
peaks were greatly improved. Additionally, the XRD peak
centered at 27.4° shifted slightly to the high angle of 28.0° after
the introduction of the Mo component, corresponding to a
decrease from 3.25 to 3.18 Å in the interlayer stacking of the
conjugated aromatic system of PI.4 This compact stacking of π-
conjugated two-dimensional (2D) frameworks of the polymer
is expected to improve the stability of BMO/PI photocatalysts.
Curiously, the very weak diffraction peak located at ∼13° in the
XRD pattern of PI disappears after BMO is loaded into PI.
According to the previous work,4 the small peak at 13° in the
XRD patterns of the 2D conjugated polymer is attributed to an
in-plane repeat period of 0.681 nm in the crystal. The small
peak located at ∼13° in the XRD spectra of BMO/PI samples is
missing, presumably because of the strong interaction between
BMO and PI, which probably leads to a coordination Mo−N
bond through coordination of N atoms of heptazine units to
the unsaturated Mo sites of α-MoO3 in the interface of BMO/
PI (confirmed later by FTIR, XPS, and EPR), thus impacting
the formation of an in-plane repeat period of 0.681 nm in the
crystal during the synthesis of BMO/PI hybrid photocatalysts.
In addition, it is obvious that the peak intensities of all the
BMO/PI samples become stronger than that of pristine PI and
reached their highest values as the MoO3 content increases to
1.0 wt %. Above this MoO3 content, the intensities of peaks
begin to decrease for the 3.0BMO/PI sample in which excessive
(NH4)6Mo7O24·4H2O and thiourea were added as reactants.
To determine the reasons for the improved crystallinity of
BMO/PI, we prepared 3.0MoO3/PI and 3.0S/PI samples as
contrast examples without adding thiourea and (NH4)6Mo7O24·
4H2O to the reactant system, respectively. As shown in Figure
S1 of the Supporting Information, the XRD peak intensities of
3.0MoO3/PI and 3.0S/PI are comparable to that of PI while
the peak of 3.0BMO/PI is significantly enhanced. These results
imply that the thiourea in the synthesis of PI only acts as a
molten flux to homogenize the reactant system and facilitate
the polymerization of the two monomers, whereas the role of
(NH4)6Mo7O24·4H2O is as the acidic oxide catalyst of the
polymerization reaction after the decomposition. Therefore, the
crystallinitiy of the BMO/PI photocatalyst can be significantly

improved only when (NH4)6Mo7O24·4H2O and thiourea are
simultaneously added to the reactant system. It may be
attributed to the special thermal polymerization approach of PI
in which PMDA molecules first reach a molten state and react
with adjacent MA molecules to form oligomeric polyimides,14

and then these oligomers further polymerize with the aid of the
hydrogen-bonding or π−π electronic interaction between the
conjugated core units, leading to the assembly of highly
symmetrical and regular polymer frameworks.26 With the
addition of (NH4)6Mo7O24·4H2O and thiourea, the BMO/PI
reaction system becomes more uniform because thiourea acts as
the molten flux to facilitate the polymerization of the two
monomers. On the other hand, MoO3 generated from the
decomposition of (NH4)6Mo7O24·4H2O at 190 °C as a Lewis
acid catalyst of polymerization further completes the polymer-
ization of MA and PMDA because imidization is generally
accelerated under acidic conditions.27

The SEM image (Figure 2a) illustrates the layered
morphology of 3BMO/PI, indicating a compact arrangement

of nanoplates with a thickness of 20 nm. Some irregular pores
can be observed on the surface of the plates (Figure 2b). HR-
TEM images clearly demonstrate that the layered plate of
BMO/PI consists of some thinner sheets and nanorods (Figure
2c,d). This obvious change from the dendritic branch
morphology of PI (Figure S2a,b of the Supporting
Information) to an ordered lamellar morphology implies a
different reaction mechanism after the introduction of MoO3
onto PI. Being different from that for the synthesis of PI, the
reactant mixture for the synthesis of BMO/PI contains both
molybdate and thiourea. Molten salt (NH4)6Mo7O24·4H2O and
thiourea can act as good solvents to promote the further
polymerization of the dendrite and its growth in the 2D
direction, which is similar to the “ionothermal route” for the
synthesis of ordered 2D polymer covalent frameworks based on
heptazine units.28 The decomposition of thiourea functions as a
pore-making agent in the synthesis process, resulting in some of

Figure 1. XRD patterns of PI and BMO/PI.

Figure 2. SEM (a and b) and HR-TEM (c−f) images of 3.0BMO/PI.
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the pores on the surface of the BMO/PI sample. Noticeably,
the clear lattice stripes with a distance of 0.39 nm between the
stripes (Figure 2e,f) reveal that the layered MoO3 nanocrystal is
in a perfect (100) plane orientation on PI. Energy dispersive
spectroscopy (EDS) further corroborates that the nanosheets
on the surface of PI are rich in Mo and N elements (Figure S3
of the Supporting Information). To pursue the predominate
(100) orientation of MoO3, we prepared two MoO3 samples by
sintering net (NH4)6Mo7O24·4H2O and the mixture of
(NH4)6Mo7O24·4H2O and thiourea (named BMO) at 325 °C
for 4 h under an ambient atmosphere. It was found that only α-
MoO3 was obtained by both methods (Figure S4a of the
Supporting Information). Several main characteristic diffraction
peaks at 2θ angles of 12.8, 23.5, 25.7, 27.4, 33.9, 39.0, 46.2, and
49.4°, corresponding to (020), (110), (040), (021), (111),
(060), (210), and (002) diffraction lines, respectively, can be
indexed to the orthorhombic α-MoO3 (JCPDF Card 05-0508)
and match well with previous reports.29,30 However, two
samples exhibit highly anisotropic growth of the α-MoO3
crystals. The sample BMO obtained from heating the mixture
of (NH4)6Mo7O24·4H2O and thiourea demonstrates a prefer-
ential growth along (110) and (021) faces, while the MoO3
crystal obtained by sintering net (NH4)6Mo7O24·4H2O shows
an apparent increase in the intensity of (0k0) faces. More
surprisingly, the BMO sample is a black color, while the latter
MoO3 sample was a yellow powder (Figure S4b of the
Supporting Information). Lee et al. had reported that the color
of the MoO3 film changed from pale yellowish to black after it
had been annealed at 300 °C under high vacuum (10−6 Torr).
This color change was ascribed to the formation of oxygen
vacancies in vacuum.31 It is probably the decomposition of the
coexisting thiourea in the synthesis of BMO/PI that consumes
a large amount of oxygen and results in an oxygen deficient
reaction condition, leading to the formation of large quantities
of oxygen vacancies and thus black molybdate oxide (BMO) on
PI. To further confirm the existence of oxygen vacancies on
BMO, the EPR measurements of BMO and MoO3 were
performed under the same condition (at room temperature).
As shown in Figure S5a of the Supporting Information, the very
strong signals of paramagnetic oxygen vacancies VO

• (surface
VO

• signal at 3434 G; lattice VO
• signal at 3479 G)32 and Mo5+

ion (4d1) (g⊥ = 1.932, and g∥ = 1.895)33 can be easily observed
in the spectra of the BMO sample, but the signals of
paramagnetic oxygen vacancies VO

• in the spectrum of the
pristine MoO3 sample are nearly negligible at room temper-
ature. These oxygen vacancies VO

• on BMO arise from the
lattice oxygen escaping when MoO3 is heated under hypoxic
conditions, where Mo6+ must be reduced to Mo5+ to maintain
charge neutrality; thus, the empty 4d0 band of MoO3 becomes
partially occupied with electrons.19,34 Therefore, the color of
the sample from PI to 5.0BMO/PI becomes darker as the Mo
content increases (Figure S5b of the Supporting Information).
HR-TEM imagines illustrate that the morphologies of two
samples are very different: BMO exhibits a closely packed one-
dimensional (1D) nanorod structure, but the MoO3 sample
possesses an irregular blocky structure (Figure S4c of the
Supporting Information). These results reveal that the eutectic
decomposition of (NH4)6Mo7O24·4H2O with thiourea can
change the morphology of the resulting α-MoO3 and improve
its structural ordering. Song et al. also found that the surface
morphology of the obtained α-MoO3 nanocrystals could
transform from three-dimensional particles through a 1D
nanobelt to 2D multilayer when the oxidizing temperature of

MoO2 was increased, and the 2D multilayers α-MoO3 crystals
with the perfect (100) plane only could be obtained at a high
temperature of 700 °C.29 Intriguingly, this study indicates that
the α-MoO3 crystals with the perfect (100) orientation can be
formed on PI at a rather low temperature of 325 °C. It is
probably attributed to the strong structural induction effect of
layered PI during the growth process of α-MoO3 crystals. As we
previously reported, polyimidization of PI is a typical melt-
annealing synthetic process, in which two monomers of MA
and PMDA first melt at low temperatures and then react to
form amorphous oligomeric polyimide at ∼250 °C, and these
oligomers further coalesce to generate the lamellar structure of
PI as the temperature increases to 325 °C.18,35 In the synthesis
of hybrid composite BMO/PI, eutectic melting of the two
monomers, (NH4)6Mo7O24·4H2O and thiourea, occurs at a
temperature lower than the polymerization temperature of PI.
As the temperature increases to 250 °C, the in situ-generated
oligomeric polyimide probably forms “molecule−ion aggre-
gates”.29 Then the further polycondensation of the oligomers at
a higher temperature produces the large conjugated frameworks
of the lamellar structural polymer that can play a role as the
template for the predominate (100) orientation of α-MoO3
crystals in the interface PI. Such a predominate (100)
orientation of α-MoO3 is related to the interface interaction
between α-MoO3 and PI. We have reported that the electronic
charge distribution on the 2D framework of PI is nonuniform
and the role of MA moieties as electron donors.17,18,26 This
nonuniform distribution of electronic charge may affect the
orientation of α-MoO3 on PI depending on the electronic
interaction. As we know that there are some bare Mo sites at
the (100) face of MoO3,

36 these electronically positive Mo sites
tend to interact with the electrostatic potential matching sites of
PI and lead to the predominate (100) orientation of the layered
α-MoO3 nanocrystals.
The interface interaction of BMO/PI is verified by FTIR

spectroscopy (Figure 3). In the FTIR spectrum, all the samples

display the characteristic absorption bands of polyimide, which
have been reported in previous work.37,38 The bands at 1770.8,
1722.3, and 726.6 cm−1 are assigned to the asymmetric
stretching, symmetric stretching, and bending vibrations of the
imide carbonyl groups, respectively. The bands at 1375 and
1306 cm−1 are attributed to the C−N−C stretching vibration in
the five-membered imide ring and breathing modes of aromatic
CN in the triazine unit, respectively.26 All these characteristic
bands of PI show enhanced intensities in BMO/PI versus those
in pristine PI, which easily matches the results of XRD. This

Figure 3. FTIR spectrum of PI and BMO/PI.
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reveals that loading with BMO does not change the framework
of PI or its core chemical skeleton but improves the degree of
polymerization. More noticeably, the characteristic peaks of the
Mo−N bond at 1531 and 1446 cm−1 and the Mo−O bond39 at
908 and 721 cm−1 could be clearly observed in the FTIR
spectra of BMO/PI, confirming the strong chemical interaction
between Mo species and PI. Such strong interaction probably
leads to a Mo−N coordination bond through coordination of
the N atoms of heptazine units to the unsaturated Mo sites of
α-MoO3 in the interface of BMO/PI. Additionally, the two
peaks in the range of 3200−3400 cm−1 become stronger and
wider, which indicates that there are a number of hydroxyl
groups on the surface of BMO/PI. This is because there are
many different oxygen sites on the (100) surface of MoO3,
which could bind to hydrogen and result in the local surface
OH groups.36

The chemical states of Mo and N in the BMO/PI sample
were further probed by using high-resolution XPS (Figure 4).
The binding energies of all the elements were also referenced to
the C 1s peak (284.6 eV) arising from adventitious carbon. For
comparison, the spectra of MoO3 and the BMO were also
acquired and are shown in Figure S6a of the Supporting
Information. The spectrum of the MoO3 sample (bottom line)
shows only a pair of peaks of Mo 3d5/2 (232.6 eV) and Mo
3d3/2 (235.7 eV), originating from the Mo6+ cations in the
MoO3 lattice,40,41 while the spectrum of BMO (top line)
displays two additional weak peaks at ∼232.1 eV (3d5/2) and
∼229.8 eV (3d5/2) except for the peaks of Mo6+ cations; the
two new peaks can be attributed to the Mo5+ and Mo4+,
respectively, associated with the oxygen vacancies.19,31 In
addition, an intensity drop in the O 1s XPS spectra of BMO
compared to that of pristine MoO3 (Figure S6b of the
Supporting Information) further consolidates the loss of oxygen
in the BMO sample upon thermal decomposition. To our
surprise, compared to that of BMO, the intensity of the two
peaks assigned to Mo6+ dramatically decreases in that of the
3.0BMO/PI hybrid composite (Figure 4), emerging as two
small shoulder peaks at binding energies of 232.6 eV (3d5/2)
and 235.7 eV (3d3/2), respectively. The peak assigned to Mo4+

at a low binding energy (BE) of 229.8 eV disappears, and
concomitantly, the intensities of the two peaks at 231.6 and
234.7 eV assigned to the Mo 3d5/2 and Mo 3d3/2 orbital spin
splitting of Mo5+ sharply increase (Figure 4a). These results
clearly indicate that the incorporation of BMO onto PI leads to
the transformation of Mo6+ to Mo5+ species, which indicates
that Mo ions are located in an electron-rich environment
provided by the N atoms of triazine rings of PI. To ascertain
whether the formation of a large number of Mo5+ ions resulted
from the reduction of thiourea, we conducted comparative

experiments without addition of thiourea to the reactants to
synthesize sample 3.0MoO3/PI. It is interesting to note an
apparent peak contrast related to a great number of Mo5+ ions
and a small quantity of Mo6+ in the spectrum of the 3.0MoO3/
PI composite (Figure S7a of the Supporting Information),
which confirms that the reduction of thiourea is not the reason
for the formation of Mo5+. Based on the FTIR results for the
formation of the Mo−N bond in 3.0BMO/PI (Figure 3), we
suggest that a large number of Mo5+ ions may stem from a
strong coordination of N to Mo in BMO/PI composites. The
change of the chemical environment of N in 3.0BMO/PI has
also been studied by comparing the N 1s XPS spectra of
pristine PI and 3.0BMO/PI. The peak centered at ∼398.1 eV in
the spectrum of pristine PI (Figure S7b of the Supporting
Information) corresponds to the nitrogen atoms (at position 1)
in the heterocycle, and the peak at ∼399.4 eV corresponds to
the nitrogen atoms in the imide (at position 2). It can be seen
in the spectrum of the 3.0BMO/PI composite (Figure 4b) that
the relative area of the first peak becomes smaller, implying that
the amount of this kind of nitrogen atom in the heterocycle
decreases. Neither the position nor the relative area of the
second peak changes, indicating that nitrogen atoms of imide
are not influenced. Notably, a new kind of N 1s peak centered
at ∼398.5 eV appears as shown in Figure 4b, mirroring the fact
that some nitrogen atoms are located in a changed chemical
environment in the structure of the BMO/PI composite. As we
know, the formation of the N−Mo bond will increase the
binding energy of nitrogen because the electronic density
around the N atomic nucleus will decrease when lone pair
electrons are provided to molybdenum. Consequently, the new
N 1s peak is attributed to nitrogen atoms at position 3 in the
structure of the BMO/PI composite. Therefore, this interaction
provides an interface electronic charge transfer from polyimide
to BMO, which facilitates the photogenerated electron/hole
pair dissociation. A similar phenomenon has been found on
transition metal oxide-modified C3N4 hybrid materials.12,25,42

As for the absence of the peak related to Mo4+ (Figure S7 of the
Supporting Information) in that of BMO/PI, it is probably
related to the generation of a large amount of Mo5+ and a
decrease in the amount of Mo6+. Interestingly, the incorpo-
ration of BMO into PI also alters the EPR spectra of the PI
polymer photocatalyst. As shown in Figure 5, after the
incorporation of BMO into PI, the surface oxygen vacancy
signal of VO

• at 3434 G disappears on the spectrum of BMO/PI
and concomitantly the signal intensity at 3479 G (g = 2.003)
becomes significantly stronger than that of PI. The g value
equivalent to 2.003 is assigned to an unpaired electron on the
carbon atoms of the aromatic rings within π-bonded nanosized
clusters.43 Based on the results of XPS in which the amount of

Figure 4. XPS spectra of PI and 3.0BMO/PI composite sample: (a) Mo 3d and (b) N 1s of 3.0BMO/PI composite.
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Mo5+ dramatically increased as the amount of Mo6+ decreased,
we speculate that the strong coordination of the lone pair
electron of N atoms in heptazine units to the unsaturated Mo
atoms of BMO results in an increase in the density of the
delocalized electrons between BMO and PI. Correspondingly,
the intensity of the Lorentzian line with a g value of 2.003
obviously increases with an increasing concentration of BMO in
BMO/PI samples and reaches a maximal value at 1.0 wt %,
decreasing thereafter. This phenomenon agrees with the change
in XRD peak intensity from PI to 5.0BMO/PI (Figure 1).
Additionally, it can be seen that the signal intensity of the broad
peak at 3566 G (g = 1.955), assigned to the resonance line of
Mo5+ cations,44 becomes stronger and shifts from 3607 G (g =
1.932) to 3566 G (g = 1.955) as the BMO content increases,
suggesting that N as the electron donor coordinated to Mo
makes Mo 4d1 orbits tending to be half-full state Mo 4d5 (g ≈
2.006), which increases the g value of Mo5+. The results
mentioned above conclusively suggest that the coexistence of
molybdate and thiourea in the reactions of BMO/PI not only
can promote the further polymerization of dendrite and growth
to an ordered 2D multilayer crystal but also can change the
electronic charge distribution on the π-conjugated framework
of PI through the strong coordination of N atoms to Mo of
BMO.
3.2. Optical and Electronic Properties. As shown in

Figure 6, after the introduction of BMO, the absorption edge of
the PI sample gradually red-shifted and the light absorption in

the visible region was obviously enhanced with the increasing
concentration of BMO, which agrees well with the color change
of BMO/PI samples that vary from bright yellow to dark gray
(Figure S5b of the Supporting Information).
It can be estimated from the intercept on the wavelength axis

for a tangent line drawn in the UV−vis spectra of the samples,
the bandgaps of PI, 3.0BMO/PI, and BMO are 2.79, 2.56, and
2.24 eV, respectively (Figure S8a of the Supporting
Information). The trend of the VB edge downshift from 1.0
to 1.35 eV is also evidenced in the VBXPS of PI and 3.0BMO/
PI (Figure S8b,c of the Supporting Information). Combining
these findings with the UV−vis and VBXPS results, we
determined the schematic band structure of PI, 3.0BMO/PI,
and BMO (Figure 7). It is more clearly observed from Figure 7

that the bandgap of the 3.0BMO/PI photocatalyst is narrowed
from 2.79 to 2.56 V. More importantly, the CB and VB edges of
PI downshift after the introduction of BMO, which are very
important for simultaneously narrowing the bandgap for
absorption of visible light and lowering the energy level of
VB for improving the stability of BMO/PI. It is well-known that
the oxidation ability of the photoinduced hole and the
reduction ability of the photoinduced electron are relevant to
the energy level of VB and CB.45 These results indicate that the
incorporation of BMO with a lower CB and VB energy level
[3.2 eV (see Figure S8d of the Supporting Information)] on PI
indeed effectively lowers the VB level of the resulting BMO/PI
composite and thus enhances the photooxidation ability.
Remarkably, the fluorescence intensities of the BMO/PI
composite samples decrease with the increase in BMO content
(Figure 8). This occurrence is attributed to the efficient charge
transfer between BMO and PI, thus leading to an improvement
in the separation efficiency of the photogenerated electron/hole

Figure 5. EPR spectra of PI, BMO and BMO/PI samples at room
temperature.

Figure 6. UV−vis absorption spectrum of PI and BMO/PI composite
samples.

Figure 7. Schematic band structure of PI, 3.0BMO/PI and BMO.

Figure 8. Comparison of photoluminescence (PL) spectra of PI and
BMO/PI composite samples.
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pairs, which will facilitate the photocatalytic performance of the
BMO/PI.
To gain more information about the transmission properties

of the carriers, EIS and photocurrent measurement experiments
were conducted (Figure 9). The charge transfer rate in the dark
was studied by electrochemical impedance spectroscopy (EIS)
(Figure 9a), and the expected semicircular Nyquist plots for PI
and 3.0BMO/PI, with an obviously decreased diameter for
3.0BMO/PI, were obtained. Similarly, the photocurrent output
of 3.0BMO/PI is much higher than that of PI as shown in
Figure 9b.
These results imply that BMO/PI indeed has transfer and

separation efficiency of the charge carriers improved compared
to those of the PI. These are attributed to the enhanced
crystallinity of BMO/PI and Mo5+ as an electronic pond in
transferring photogenerated electrons to the surface of
photocatalyst in a timely fashion.
3.3. Photocatalytic Activity. To verify the analysis

mentioned above, the photocatalytic activities of PI, MoO3,
BMO, and BMO/PI composite samples are evaluated by the
decomposition of MO in solution (4 mg L−1) and shown in
Figure 10. It is found that the photolysis of MO under visible

light irradiation is negligible in the absence of photocatalyst,
and almost no degradation of MO happens on 3.0BMO/PI in
the dark even for 10 h because of the stable structure of MO.
Only under the irradiation of a xenon 300 W lamp equipped
with a cutoff filter (λ > 420 nm) was different degradation
activity for MO obtained on the prepared samples, which
indicates that the decomposition of MO on these samples is
indeed driven by visible light. To further confirm the direct
correlation between the energy of the irradiated light and the
activity of the 3.0BMO/PI sample, the wavelength dependence

of the rates of MO degradation for 3.0BMO/PI was examined
using different band-pass filters (Figure S9a of the Supporting
Information). The activity trend matches well with its
absorption edge, confirming the MO degradation reaction is
indeed driven by the excitation of the photons from the
bandgap transition of 3.0BMO/PI. From Figure 10, it can be
clearly seen that the photocatalytic activity of BMO is higher
than that of MoO3, which can be ascribed to the extended
absorption of visible light of BMO (Figure S9b of the
Supporting Information). Notably, all the BMO/PI hybrid
composites display improved activities compared with those of
pristine PI and BMO, indicating the loaded BMO on PI not
only extends the absorption for visible light of PI but also
improves the carrier transportation of PI. The degradation
activity of BMO/PI increases initially and then reaches a
maximum when the BMO content in the composite sample is
∼3.0 wt %. The photocatalytic performance of the BMO/PI
sample is in accordance with their PL emission at 510 nm, in
which the emission intensity gradually decreases when the
BMO content increases from 0.5 to 3.0 wt % in BMO/PI
samples (Figure 8), mirroring the fact that the separation
efficiency of photogenerated electron/hole pairs was improved
after BMO had been loaded onto PI and increased with the
content of BMO, which will improve the photocatalytic
performance of the BMO/PI. However, further adding BMO
to a level of 5.0 wt % resulted in a drop in the photocatalytic
activity (Figure 10). We know that the photocatalytic activity of
a catalyst is affected by many factors, e.g., light absorption,
separation efficiency of photogenerated electron/hole pairs,
crystallinity of the catalyst, etc. For 5.0BMO/PI, although the
separation efficiency of the photogenerated electron/hole pairs
is little better than that of 3.0BMO/PI (Figure 8), its light
absorption for visible light is not stronger than that of
3.0BMO/PI and especially the lower crystallinity of 5.0BMO/
PI (Figure 1) is likely to decrease its photocatalytic activity.
Remarkably, 3.0BMO/PI shows the best performance among

the prepared photocatalysts, which is ∼4 times higher than that
of PI. Although the amount of BMO loaded in PI is small, the
corresponding improvement in the photocatalytic performance
of PI due to BMO is very significant. As for the drop in the
activity of the samples with heavy loadings of BMO, it is likely
due to the shading effect that can seriously block the absorption
of the incident light by PI. This hypothesis is supported by the
UV−vis spectra (Figure 6). In Figure 6, the UV−vis spectra
lines of 1.0-, 3.0-, and 5.0BMO/PI samples in the visible light
region almost overlap, indicating adding more BMO in PI does
not cause an increase in incident light absorption.

Figure 9. (a) EIS Nyquist plots of electrochemical impedance spectroscopy with PI and the 3.0BMO/PI composite in the dark. (b) Photocurrent−
potential curves of PI and the 3.0BMO/PI electrode in the 0.5 mol L−1 Na2SO4 aqueous solution under visible light irradiation.

Figure 10. Comparison of the photocatalytic degradation of MO over
different catalysts under visible light illumination (λ > 420 nm). The
initial point at time zero was used as C0.
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Another important criterion for a good photocatalyst is high
durability. To assess the stability of this catalyst, photocatalytic
degradation of MO was continuously performed on the
3.0BMO/PI sample for 40 h in four cycles. As shown in
Figure 11a, no obvious decrease in the degradation activity of
the 3.0BMO/PI sample was observed and its XRD pattern is
similar before and after reaction (Figure 11b). These results
indicate that the BMO/PI composite has satisfied the stability
and recyclability for the degradation of organic pollutants.
To investigate the photocatalytic mechanism of the BMO/PI

composite in more detail, some control experiments were
conducted by changing the reaction atmosphere or introducing
scavengers into the photodegradation system of MO to
determine the role of photogenerated electrons or holes,
respectively. Generally, the photogenerated electrons work via
the reduction of O2 to form reactive superoxide radical anion
(O2

•−), and the photogenerated holes react with H2O to form
hydroxyl radicals (OH•).12 Therefore, N2 purging experiments
are first conducted to purge O2 to determine the effect of
photogenerated electrons on MO degradation over BMO/PI. It
was observed that the photodegradation rate of MO over
3.0BMO/PI decreases dramatically under N2, indicating the
photogenerated electrons play a crucial role (Figure S10 of the
Supporting Information). A further investigation was con-
ducted by using KI as a photogenerated hole (h+) scavenger to
confirm the effect of holes for the photocatalytic activity of
BMO/PI because holes can oxide I− ions into I2 in the
photocatalytic process. As shown in Figure S10 of the
Supporting Information, the photodegradation activity of
3.0BMO/PI only slightly decreases after the addition of KI
into the photodegradation system of MO, indicating that
photogenerated holes are not the main reactive species in the
photocatalytic process. Additionally, it is noticed that there are
certain amounts of Mo4+ in the used 3.0BMO/PI (Figure S11
of the Supporting Information), implying a part of the Mo5+

was reduced to Mo4+ by photogenerated electrons during the
photocatalytic reaction. Therefore, a possible photocatalytic
mechanism of the BMO/PI composite can be described as
follows (steps 1−7). Under visible light irradiation, photo-
generated electrons (e−) transfer from PI to BMO, leaving a
photogenerated hole (h+) on the VB of PI. The O2 absorbed on
the surface of BMO can efficiently capture the e− to form
predominant active O2

•− species. The h+ reacts with H2O and
forms OH•. Then reactive radicals OH• and O2

•− oxidize MO
into inorganic small molecules, such as H2O, CO2, etc., to
degrade the pollutant. Meanwhile, small parts of Mo5+ ions
probably are reduced to Mo4+ by accepting photogenerated
electrons, while these Mo4+ ions can be reoxidized into Mo5+ by

the absorbed O2 on the surface of BMO/PI samples; the latter
step accompanies the release of O2

•− species and keeps the
balance of Mo species in different valence states during the
photocatalytic process.
To improve our understanding of the mechanism of the

photocatalytic degradation of organic pollutants, we draw a
simple diagram as shown in Figure 12. Under visible light

irradiation, the photogenerated electron (e−) transfers from PI
to BMO, leaving the photogenerated hole (h+) on the PI. The
O2 absorbed on the surface of BMO can efficiently capture the
e− to form active O2

•− species.46 The photogenerated hole h+

reacts with H2O and forms OH•. Then active radicals O2
•− and

OH• oxidize MO into small inorganic molecules, such as H2O,
CO2, etc.

12 Therefore, the efficient photocatalytic decoloriza-
tion of MO can smoothly proceed.

ν+ → ++ −hPI h e (1)

+ →− •−e O O2 2 (2)

+ →+ •h H O OH2 (3)

+ → + +•− −O MO CO H O e2 2 2 (4)

+ → +•OH MO CO H O2 2 (5)

+ →− + +e Mo Mo5 4 (6)

+ → ++ + •−Mo O Mo O4
2

5
2 (7)

Figure 11. (a) Cycling runs for the photodegradation of MO in the presence of the 3.0BMO/PI composite sample under visible light illumination.
(b) XRD patterns of 3.0BMO/PI before and after photodegradation of MO under visible light illumination.

Figure 12. Schematic of the photogenerated charge carrier’s separation
and transfer in the BMO/PI system under visible light irradiation.
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4. CONCLUSIONS
In summary, we adopt a one-pot solid thermal copolymeriza-
tion approach to successfully synthesize a novel hybrid polymer
photocatalyst BMO/PI. The decomposition of coexisting
thiourea in the reactants results in a hypoxia reaction condition,
which leads to the formation of oxygen vacancies and thus
black MoO3 (BMO) on PI. The incorporation of BMO onto PI
not only extends the absorption range of PI for visible light but
also enhances the separation efficiency of the photogenerated
electron/hole pairs through the Mo−N coordination bond,
thus leading to an enhanced activity and durability in
degradation of MO under visible light irradiation.
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G.; Schlögl, R. Properties of Oxygen Sites at The MoO3(010) Surface:
Density Functional Theory Cluster Studies and Photoemission
Experiments. Surf. Sci. 2001, 489, 107−125.
(35) Chu, S.; Wang, Y.; Wang, C. C.; Yang, J. C.; Zou, Z. G. Bandgap
Modulation of Polyimide Photocatalyst for Optimum H2 Production
Activity under Visible Light Irradiation. Int. J. Hydrogen Energy 2013,
38, 10768−10772.
(36) Hermann, K.; Witko, M.; Michalak, A. Density Functional
Studies of The Electronic Structure and Adsorption at Molybdenum
Oxide Surfaces. Catal. Today 1999, 50, 567−577.
(37) Zeng, S. Z.; Guo, L. M.; Cui, F. M.; Gao, Z.; Zhou, J.; Shi, J. L.
In Situ Self-Assembly of Zigzag Polyimide Chains to Crystalline
Branched Supramolecular Structures with High Surface Area. Macro-
mol. Chem. Phys. 2010, 211, 698−705.
(38) Chu, S.; Wang, Y.; Guo, Y.; Feng, J. Y.; Wang, C. C.; Luo, W. J.;
Fan, X. X.; Zou, Z. G. Band Structure Engineering of Carbon Nitride:
In Search of a Polymer Photocatalyst with High Photooxidation
Property. ACS Catal. 2013, 3, 912−919.
(39) Wang, X. L.; Li, J.; Tian, A. X.; Liu, G. C.; Gao, Q.; Lin, H. Y.;
Zhao, D. A. 3D Organopolymolybdate Polymer with Unusual
Topology Functionalized by 1,4-Bis(1,2,4-triazol-1-yl)Butane Through
Mo-N Bond. CrystEngComm 2011, 13, 2194−2196.
(40) Spevack, P. A.; McIntyre, N. S. A Raman and XPS Investigation
of Supported Molybdenum Oxide thin Films. 1. Calcinations and
Reduction studies. J. Phys. Chem. 1993, 97, 11020−11030.
(41) Ng, T. W.; Lo, M. F.; Yang, Q. D.; Fung, M. K.; Lee, C. S. Near-
Infrared Electric Power Generation Through Sub-Energy-Gap
Absorption in an Organic−Inorganic Composite. Adv. Funct. Mater.
2012, 22, 3035−3042.
(42) He, Y. M.; Zhang, L. H.; Wang, X. X.; Wu, Y.; Lin, H. J.; Zhao,
L. H.; Weng, W. Z.; Wan, H. L.; Fan, M. H. Enhanced
Photodegradation Activity of Methyl Orange over Z-Scheme type
MoO3-g-C3N4 Composite under Visible Light Irradiation. RSC Adv.
2014, 4, 13610−63619.

(43) Zhang, J. S.; Zhang, G. G.; Chen, X. F.; Lin, S.; Möhlmann, L.;
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