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Abstract

MoO2 nanocrystals were prepared by solvothermal treatment of a Mo chloromethoxide at 250 °C in
oleic acid. The monoclinic MoO> phase, with a mean crystallite size of 29 nm, formed through
reduction of molybdenum bronzes. The as-prepared MoO: nanocrystals were free from organics,
allowing their use in photodegradation tests of organic pollutants (methylene blue, rhodamine B,
paracetamol), without any preliminary purification treatment of the nanocrystals. It was found that
MoO; was an efficient adsorbent of methylene blue (43 mg g* for 1.5 x 10™* M concentration) in the
dark and an efficient photodegradation catalyst under visible light (all methylene blue removed from

the solution after 240 min). From the analysis of the combined photodegradation tests of rhodamine B
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and paracetamol, it was clarified that direct sensitization was responsible for photodegradation. This
finding was related to the work function value of metallic MoO,, placed at more negative values if
compared with other metallic materials.

Keywords: photodegradation; dye sensitization; direct sensitization mechanism; methylene blue;
MoO.; solvothermal synthesis.

Introduction

Molybdenum dioxide (MoO2) crystallizes in its most stable form in the monoclinic crystallographic
system! and features interesting metallic electrical conductivity. It has long been known as a catalyst
but it has triggered renewed interest due to its applications in batteries,® supercapacitors,*°> water
splitting®® and SERS spectroscopy.l® Very recently, MoO, has showed very interesting
photodegradation properties towards several common water pollutants.*!* Such a property is quite
unexpected with respect to the electronic properties of MoO.. The latter have been investigated for
long time as a part of the general effort to understand the physical properties of transition metal oxides.
Briefly, MoO> belongs to a class of oxides where the intercation distance is such to allow electronic
coupling of neighbouring Mo cations, which is manifested by splitting of their d orbitals. The orbitals
oriented along the ¢ axis are split into two largely separated bands (t|| and t||), among which the
antibonding r* band (derived from O-Mo bonding) is located. Of the two d electrons of Mo, one will
fill the t|| band and the other will partially fill the = band. Being the Fermi level located into the
n * band, the material displays metallic behavior. This view was early proposed by Goodenough!*4
and Rogers et al.*® and further refined by cluster and tight binding calculations by Sasaki et al.'® and
Burdett.r” Later on, full band structure DFT calculation was carried out,'®*° strongly substantiating the
early models. Based on the picture by Goodenough, the optical absorption increase above 2.5 eV in

MoO> was mainly ascribed to excitation from the top of the oxygen p band to the Fermi level in the 4d



bands.?%2! In ref. 11 a cutoff filter at 420 nm was used for the photocatalytic studies. Therefore, if a
standard view of the photocatalytic effect is assumed, based on photogenerated electron-hole couples
in a semiconductor, a very narrow region of visible light would be available for photodegradation. In
the present work a peculiar synthesis of MoO: nanoparticles is presented, capable of providing
organics-free material without any purification. This property allowed planning the use of MoO: in
photocatalytic tests, since no pre-processing of the materials was necessary. It was found that MoO; is
a powerful photocatalyst for the degradation of methylene blue (MB), working under the visible light
of a solar simulator. Moreover, it was shown for the first time that MoO: is an efficient adsorbent of
MB in the dark, so paving the way to the combined use of adsorption/photodegradation for the
elimination of organic aqueous contaminants. More importantly, the present work stresses the
interpretation of the photodegradation results in terms of the correct view of the band structure of
MoO., by properly classifying it as a metal.

Experimental

a. Synthesis of MoO2 nanocrystals

For preparing MoO; nanoparticles, 2 mL of Mo chloromethoxide, prepared as previously described 22,
were dispersed in 10 mL of oleic acid (90%, technical grade). The resulting opaque suspension was
poured into a glass vial, which was inserted into a 45 ml autoclave, heated into an oven at a rate of 5
°C/min up to temperatures ranging from 175 to 250 °C, and kept at such temperatures for 2 h. After
cooling, the product was recovered by addition of methanol and centrifugation, washed in acetone and
finally dried at 90 °C. Dark blue powders were obtained, very fine and free flowing.

b. Materials Characterization

X-ray diffraction (XRD) patterns were recorded on a PANalytical Empyrean diffractometer. Cu K-a
radiation was obtained with a Cu anode operated at 45 kV/40 mA and a graphite monochromator. A

programmable divergence slit was used to illuminate a 10x10 mm? area of the sample surface. Rietveld
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refinement of the MoO, pattern was carried out with the MAUD software.?3

XPS spectra were taken with a Perkin EImer PHI 5600 spectrometer. Both extended spectra (survey:
187.85 eV pass energy, 0.5 eV step, 0.025 s-step™!) and detailed spectra (Mo 3d, O 1s and C 1s: 23.5
eV pass energy, 0.1 eV step, 0.2 s-step™!) were collected with a standard Al-Ka source (1486.6 eV)
working at 250 W.

Fourier Transform Infrared (FTIR) measurements were carried out by a Nicolet 6700 spectrometer in
diffuse reflectance setup, after dispersing the sample powders in KBr.

The specific surface area and porosity of the nanostructured samples were measured by the Brunauer—
Emmett-Teller (BET) method using N2 adsorption/desorption at 77 K with a Quantachrome NOVA

2200e series surface analyzer.

c. Adsorption and Photodegradation Experiments

The adsorption properties of MoO> nanocrystals were evaluated through the adsorption of MB dye in
aqueous solution. In a typical experiment, 1 mg of MoO, sample was added to 2 mL of MB solution
with a starting concentration of 1.5 x 10~* M. The test was run in parallel for both materials. At regular
time intervals, the solutions were collected and centrifuged at 4000 rpm for 5 min, so to separate the
nanopowders. The variation of the MB concentration, during the adsorption experiment, was evaluated
spectrophotometrically (using a PerkinElmer Lambda 45 UV-vis spectrophotometer) via the solution
absorbance at 664 nm. In order to use the Lambert-Beer law, the solution was diluted before the
analysis to have the value of absorbance of ~ 1.2* The dye adsorption on the beaker walls was also
checked, as a reference, in the absence of MoO». The photocatalytic activity of MoO> under visible
light was evaluated by following the degradation of MB in aqueous solution, with the same protocol
described before, by using an Oriel VeraSol TM Solar Simulator (Newport) with an irradiance of 12

mW/cm?. Solutions of Rhodamine B (RhB) and paracetamol were also tested to investigate the dye
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sensitization mechanism. The RhB test was first carried out using the full solar spectrum and then
repeated by filtering off the 500-600 nm range which contains the absorbance band of RhB. The
measurements were performed with the same procedures described above for the MB
photodegradation. The starting solution included paracetamol and RhB with a concentration of 1.5 x
107> M and 9.5 x 107° in deionized water, in order to have for both compounds an absorbance of about
1. The degradation of paracetamol and of RhB was evaluated by following the absorbance peak at 243
nm and 546 nm, respectively, in the Lambert-Beer regime.

Results and Discussion

a. Materials synthesis and growth pathways

Figure 1 reports the XRD patterns of samples obtained by heat-treatment for 2 h at different
temperatures. It is clear that the final MoO> phase developed through other crystalline phases which
were present already after treatment at 175 °C. Monoclinic MoO: (tugarinovite), in particular, was
observed after treatment at 225 °C, but it was accompanied by residuals of the phase present at 175 °C,

and conversion was complete only by processing at 250 °C.
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Figure 1. XRD patterns of the samples obtained by solvothermal treatment at the indicated

temperatures. All the reflections in the 250 °C pattern belong to the MoO2 monoclinic phase.



Inspection of the 175 °C pattern revealed that the related phase was most probably a molybdenum
bronze, as suggested by comparison with the patterns published in the past.?>?® The phase could
actually be a mixture of Ho3sMoOs (type 1) and HoosMoOsz (type 1) bronzes, given the similarity of
their XRD reflections. This hypothesis was confirmed by the FTIR analysis shown in Figure 5. In the
following, the mixture of phases will be referred to as MOB. The synthesis conditions were further
explored by changing the solvent and the heating time. Dodecanol was chosen since in the case of
WO; it allowed preparing more unusual phase and morphology.?” The XRD results are shown in
Figure 2, and it can be seen that oleic acid was a necessary choice to establish the MoO. phase.
Dodecanol resulted in a pattern whose weak reflections seemed related to those of MoO2, despite
largely shifted, so it was not further considered. Moreover, heating at 250 °C in oleic acid for both 2
and 4 h resulted in a mean MoO domain size of 29 nm, as obtained by Rietveld refinement of the

patterns (see Supporting Information) so 2 h was kept as a standard heating time in all the experiments.
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Figure 2. XRD patterns of the samples obtained by solvothermal treatment in the indicated conditions.

The patterns have been vertically shifted for clarity.

For gaining more insight into the precursor evolution, another set of experiments was designed, where

isothermal heating was carried out at 250 °C for several time intervals.
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Figure 3. XRD patterns of the samples obtained by solvothermal treatment at 250 °C for the indicated

times. The stars indicate the reflections of the molybdenum bronze phase(s).

The related XRD patterns are presented in Figure 3. It can be seen that, after 15 min, the MoO>
structure was developed but it was overlapped with the MOB phase (same reflections of Figure 1). The
MOB phase progressively decreased for longer heating times and disappeared after 2 h at 250 °C.
After 1 h it seems that a residual reflection is present at 26~63°. Hence the MOB phases appeared
stable for at least 2 h at 175 °C (Figure 1). Moreover, they were also partially preserved at 250 °C, as
seen in Figure 3, for kinetic reasons (the conversion to MoO; is not so fast to have the MOB
immediately consumed as soon as the autoclave gets to 250 °C). Such MOB phase stability allowed
hypothesizing that the precursor evolution started directly from the MOB formation, which then
evolved to the finally stable MoO2. The exact formation temperature of MOB of course cannot be
predicted from the data of Figure 1. It can also be observed that the MoO- reflections in Figure 3
shifted to lower angles as the heating time increased. This effect was particularly evident for the
envelope at 20 ~ 27°. Such shift indicated an increase of the related crystal planes distance in the
MoO: lattice. MoO, formation by condensation of neighboring Mo-OH bonds would result in lattice

contraction. Therefore the MoO formation from the MOB phase must involve complex reconstruction



of the lattice upon loss of OH groups, favored by oleic acid. The direct formation of MOB phases was
surprising since they have never been directly synthesized without reduction of Mo(VI) compounds, to
the best of our knowledge.

The XPS spectra of the same sequency of samples of Figure 1 were then acquired. Figure 4 shows the
XPS spectra of the Mo 3d core level. Only Mo (V) and Mo (V1) were detected in the samples prepared
at lower temperature (175 and 225°C). A thermal treatment at 250°C was necessary to observe also a
contribution of Mo (IV) (Figure 4 and Table 1). In this sample three different oxidation states of Mo
were detected. These varied oxidation states clearly reinforced the view that a molybdenum bronze
constituted the 175 °C phase, so resulting in a mixture of oxidation states higher than Mo (1V). Further

reduction in the oleic acid environment resulted in MoO..
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Figure 4. Mo 3d XPS peaks of the samples prepared at the indicated temperatures. The doublets
characteristic of molybdenum in different oxidation states are reported in different colors: Mo(1V) -

orange, Mo(V) - green and Mo(V1) — gray.



Table 1. Mo 3d XPS Peak Positions (Binding Energy, eV) of the samples in Figure 4

Mo(IV) Mo(V) Mo(VI)
3dsn 3dsp 3dsn 3dsn 3dsp 3dsn
175 °C - 231.8 234.9 233.0 236.1
225 °C - 231.7 234.8 233.0 236.1
250 °C 2294 232.5 231.1 234.3 232.8 2359

FTIR spectroscopy was used as a final tool for elucidating the nature of the MOB phase. The spectra
sequency in Figure 5 clearly shows, following previous works, 2 that the MOB phase is actually a
mixture of the type | and type Il molybdenum bronzes. Expectedly, with increasing the treatment
temperature the type | phase increases at the expense of type Il, in agreement with the supposed
reduction process (OH elimination) at the base of MoO> formation. The increasing absorption towards

lower frequencies is a further confirmation of the conductive nature of the bronzes. Likewise, an

increasing absorption is observed for the MoO2 spectrum.

Figure 5. FTIR spectra of the samples obtained by solvothermal treatment at the indicated

temperatures.

It can be further, importantly observed that there is no evidence of bonded oleate ligands, which can be
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easily detected by the carboxylate stretching modes, or of other organic residuals (see also the high
frequency range of the spectra in the Supporting Information). Hence the as-prepared MoO:
nanoparticles were chemically pure soon after the solvothermal treatment and the purification
procedure. The reason for this result is not clear, but it is similar to the properties of WO3 nanocrystals
also prepared by chloroalkoxide processing in oleic acid.?” Figure 6 shows representative TEM images
of the 250 °C sample. Aggregation of the nanocrystals is clearly seen, and is closely related to the lack
of surface ligands, as just discussed. On the other hand, nanocrystalline structures, with a size in close

agreement with the XRD determination, can be observed, all featuring the MoO; crystal structure.

Figure 6. (Left) TEM bright-field image of the 250 °C MoO. sample and the corresponding electron

diffraction pattern. (Right) High-Resolution TEM image of a MoO- nanocrystal.

Figure S3 in Supporting Information also shows a SEM image of the 250 °C MoO, sample. It can be
seen that the materials are very porous and tend to form some spheroidal aggregates. The
adsorption/desorption isotherm, reported in the Supporting Information (Figure S4), shows a Type IV
behavior, typical of mesoporous materials, with a mean pore size of about 11 nm. The specific surface

area of the sample, as determined by BET method, was 30.4 m?/g.
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b. Adsorption studies

The adsorption properties of MoO> nanocrystals were investigated at room temperature. The sample
powders were immersed in an aqueous solution of MB for three hours, until the equilibrium was
reached, so to evaluate the amount of adsorbed MB. At time t (min) the adsorption capacity, Q: (mg
g '), was calculated by the following equation:2®

_ (G =CxV

W (1

Q.

where Co (mg L) is the initial concentration of MB, C; (mg L) is the concentration of MB at time t,
V (L) is the solvent volume (i.e., deionized water), and W (g) is the mass of adsorbent used in the

adsorption process. The results of this experiment are reported in Figure 7.
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Figure 7. MB adsorption capacity versus time for MoO (circles).

After three hours the equilibrium between the MoO: nanocrystals and MB was reached and the
adsorption capacity of the nanopowders was ~ 43 mg g. The maximum adsorption capacity (Qmax)
was calculated by using equation 1 where C; is zero (i.e., all MB is adsorbed by the material). The
value of Qmax resulted 103 mg g?, and it is indicated in Figure 7 with a dashed line. This means that
MoO: is able to remove ~ 40% of MB from the solution.

When the equilibrium was reached, light was switched on in order to investigate the photodegradation
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properties of MoO». This experiment was managed under a solar simulator (the evolution of the optical
absorption spectra is reported in the Supporting Information, Figure S5). Figure 8 shows both the
adsorption (in dark conditions, grey area) and the photocatalytic experiment (under solar simulator

light, white area). The data reported in the grey area have been already discussed above (Figure 7).
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Fig 8. Adsorption (in the dark) and photocatalytic (under solar simulator) experiment in presence of

MoO: (circles) compared to pure MB (squares).

MoO. was able to degrade ~ 60% of MB after 4 hrs of solar irradiation. Therefore by combining the
adsorption and the photocatalytic activity of MoO2 nanopowders it was possible to completely remove

the MB dye from the aqueous solution.
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Fig. 9 Adsorption (A) and photocatalytic (B) recycling properties of MoO> nanocrystals towards MB.

After the irradiation under visible light, the regeneration of the MoO, nanopowders was tested by
measuring the adsorption capacity for several cycles (up to 5 cycles). Figure 9A shows the amount of
adsorbed MB, calculated by equation (1) at equilibrium. MoO2 removed the same amount of MB at
least up to 5 runs of the adsorption/photocatalytic process. Similarly, the percentage of photodegraded
MB is the same for all runs with MoO. (Figure 9B). In order to investigate the mechanism of
photodegradation under visible light, the degradation of paracetamol, one of the most popular
analgesic and antipyretic drugs, was investigated. Since paracetamol does not absorb in the visible
region of the spectrum, any reduction in concentration can be attributed to photocatalysis onto the
MoO: support.®® No reduction in concentration was recorded (Figure S7). This result, in turn,
suggested that the degradation of MB could be triggered by a dye sensitization process. To confirm the
nature of the degradation process, measurements were performed using a mixture of RhB and
paracetamol. A mixture with MB was not used because it has an absorption band at 246 nm where
paracetamol absorbs, too. First of all, tests were carried out with only RhB to confirm the degradation
capacity also with this dye. The results are shown in Figure S7 and show a lower adsorption than MB
but a significant photodegradation capacity: the RhB degradation was about 84% of the starting

concentration after 4 h. The degradation of the solution of paracetamol and RhB was then determined.
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The graph in Figure 10A clearly shows the degradation of RhB and paracetamol. In particular the RhB

degradation has a similar trend than in Figure S7, ~ 86%, and paracetamol showed a degradation of

about 71%.
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Figure 10. (A) Degradation of RhB and paracetamol by visible light in a mixed solution of both

contaminants. (B) Assessment of dye-sensitization using a filtered spectrum (500-600 nm filtered).

When the band absorbed by RhB (from 500 to 600 nm) was filtered from the solar simulator radiation,
no degradation of RhB or paracetamol was observed (figure 10B). The sequences of optical absorption
spectra are reported in Figure S8.

The mechanisms responsible for dye degradation are generally classified as direct and indirect.32*2 In
the indirect pathway, the dye can be oxidized by hydroxyl radicals triggered by holes photogenerated
in a semiconducting catalyst. In the present case, however, the dye cannot count onto photogenerated
holes in MoO2, since photoexcitation in the latter does not occur through the bandgap. In direct
degradation mode, the dye is excited by visible light from the ground state to a triplet excited state. In
such state, electron injection into the catalyst conduction band generates a dye cation and negatively
charged catalyst support. The latter may give rise, as final step, to hydroxyl radicals which are
responsible for final dye degradation.
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of MB and RhB. For MoOg, the dark blue shaded area represents the occupied states in the conduction
band, while the upper light blue area shows the empty states; (B) The possible charge transfer between
paracetamol and RhB is shown, circumventing the fact that paracetamol is not amenable to

photoexcitation. The paracetamol LUMO is very high in energy and is not shown for clarity.

As detailed in the introduction, interband absorption in MoO; is expected for energies higher than 2.5
eV but in the discussion of Figure 10 it has already been noted that, upon filtering of the radiation
above 500 nm, no photodegradation was observed. These considerations exclude indirect pathways for
photodegradation. On the other hand, the states above the Fermi level in MoO: are available for
accepting photoexcited electrons in the dyes, as illustrated in Figure 11A. Data are reported for the
work function of M0o0O,** and the HOMO-LUMO values of MB and RhB.3* For paracetamol, results
from DFT modeling were used.® It can be seen that injection of photogenerated electrons from MB
and RhB to MoO: is favorable. This process creates the cation radicals at the base of the direct
photodegradation mechanism. The overall process is made possible by the MoO work function, which

is at lower level than the typical values for many metals,® and of course by favorable dye adsorption
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onto a transition metal like Mo. In Figure 11B, from the position of the HOMO of paracetamol (which
cannot be photoexcitated, due to the very large HOMO-LUMO separation) it can be seen that hole
transfer from RhB to paracetamol can occur, so creating radicals for further degradation reactions. The
fact that no degradation occurred when light was not absorbed by the RhB dye (Figures 10 and S8)
nicely fits into this explanation. It is to be noted that hole transfer from RhB to paracetamol could slow
down the photodegradation of RhB itself. Instead, comparison of Figure S7 and Figure 10 shows that
RhB photodegradation is not perturbed by the presence of paracetamol.

Our model is necessarily approximate, due to possible fluctuations of the vacuum levels of the
involved species and the fact that the HOMO-LUMO levels of paracetamol should be obtained at the
real working temperature. Nevertheless, such fluctuations are not expected to substantially affect the
huge energy separations depicted in Figure 11. Such kind of decomposition of synergistic pollutants
has already been reported® but with a semiconducting support (TiOz). In the present work,
importantly, it is clarified that the metallic nature of MoO., together with its work function, is
favorable to the photodegradation promotion. One could wonder whether other materials may perform
a similar function. As noted above, many metals have smaller work function than MoO_. Moreover,
metals with comparable values of the work function must further display a satisfactory coordination
chemistry toward the dyes, which is another advantage of a transition metal like Mo. Nevertheless, the
concept of a metal photodegradation catalyst with designed work function and surface chemistry is a
strong indication from the present work.

Conclusions

The solvothermal processing of Mo chloroalkoxide resulted in peculiar outcomes. From the point of
view of synthetic chemistry: i) organics-free MoO2 was readily synthesized; ii) molybdenum bronzes
were shown to be reducible down to MoOy; iii) for the first time it was possible to prepare

molybdenum bronzes without the reduction of Mo(VI) compounds and insertion of hydrogen into the
16



structure. From the point of view of the photodegradation properties: i) the coupling of the adsorption

and photocatalytic processes resulted in complete removal of MB from the aqueous solution; ii) RhB

removal was possible up to 84% of the starting concentration and, in its presence, removal of

paracetamol up to 71%; iii) the analysis of these results brought by the most important conclusion: the

photodegradation activity cannot be explained by indirect sensitization mechanisms, simply because

MoO: is not a semiconductor, and the decisive factor was the position of the MoO2 work function.

This result paves the way for potential use of metallic photodegradation catalysts by appropriate

control of the work function. In the cycling experiments carried out in the present work, MoO: did not

present any stability issue. However, possible oxidation problems in long term operation should be

considered in any practical implementation of the material.
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Highlights

e Chemically pure MoO, nanocrystals were successfully prepared by solvothermal method.

e Methylene blue was successfully removed from aqueous solution by combined adsorption
and photodegradation onto the MoO, nanocrystals.

e Paracetamol could be removed from aqueous solution by synergistic photodegradation with
rhodamine B.

e Dye degradation was due to direct sensitization onto the metallic MoO, support.
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