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This work reports on the in situ strategy to reversibly generate or suppress oxygen vacancies on a-MoOs

which were probed by Raman spectroscopy. Reversible changes in two features of the a-MoOs Raman

spectrum could be correlated to the generation of oxygen vacancies: displacement of the T, band
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frequency and the intensity decrease of the symmetrical stretching (v5) band. These two features could

be used to qualitatively describe oxygen vacancies. Raman results also indicate that oxygen vacancies
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1. Introduction

Molybdenum-oxygen systems include a series of non-
stoichiometric solids, in which the oxygen/molybdenum ratio
varies between 3 (Mo''03) and 2 (Mo'0,).! Some values of the
oxygen/molybdenum ratio have nonstoichiometric crystalline
phases* that are well characterized by X-ray diffraction (XRD)
and can be classified, according to their crystalline structure as
derived from a-MoO3, ReO; or W30, structures.* Although the
changes in the oxygen/molybdenum ratio in these oxides are
almost always followed by nonstoichiometric phase transi-
tions,> the presence of oxygen vacancies is an important feature
to take into account when molybdenum oxides are applied as
catalysts,>* anode materials for lithium-ion batteries,” gas
sensors,*” electrochromic devices,® and surface-enhanced
Raman spectroscopy substrates.’

Raman spectroscopy is another tool to characterize non-
stoichiometric molybdenum oxides. The «-MoO; Raman spec-
trum is sensitive to particle sizes and the generation of oxygen
vacancies.>'® The intensity of the symmetrical stretching (vg)
band near 820 cm™ ' depends on the presence of oxygen
vacancies and the intensity ratio of the two bands between 280
and 300 cm ™" can be used to estimate the oxygen/molybdenum
ratio in the range from 2.94 to 3.> However, if the latter bands
are convoluted this methodology cannot be applied.

This work reports on the observation of changes in the Raman
spectrum of a-MoO; submitted to an in situ gas-solid reaction
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are located in the interlayer region of the a-MoOs lattice. This observation is corroborated by in situ X-
ray diffraction, which also indicates the absence of nonstoichiometric phase transitions.

capable of reversibly generate or suppress oxygen vacancies.
Nonstoichiometric phase transition was not observed during
experiments, as indicated by in situ XRD measurements, allowing
a qualitative evaluation of oxygen vacancies by Raman
spectroscopy.

2. Experimental section

2.1. Synthesis

The synthesis procedure was adapted from a previous report.™
An amount of 7 mL of nitric acid 3 mol L' was added to
a solution consisting of 0.4900 g of (NH,)sMo0,0,4-4H,0 dis-
solved in 13 mL of deionized water. The final solution was
stirred for 5 min, open to the air, before being transferred to
a 50 mL poly(tetrafluoroethene)-lined stainless-steel autoclave.
The autoclave was held at 180 °C for 20 h. After cooling, the
obtained white solid was filtered and washed several times with
ethanol and deionized water and dried at 60 °C for 12 h.

2.2. Characterization

X-ray powder diffraction. These in situ analyses were carried
out controlling the temperature and atmosphere, at D10B-XRD
line of Brazilian Synchrotron Light Laboratory (LNLS), using the
Canario furnace and a Mythen linear detector [resolution of
0.005° (26)]. The sample was macerated and slightly pressed-on
stainless steel sample holders and the incident radiation
wavelength was 1.5498 A. All diffractograms were collected with
the same number of incident photons per detector position,
always with the rotation of the sample. The analyses were con-
ducted in the temperature range from 100 to 400 °C with
a heating rate of 15 °C min~" under O,-containing atmosphere.
The gases utilized as atmospheres were: 100% He, 20% O,/He

This journal is © The Royal Society of Chemistry 2020
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and 5% H,/He, and the flow rate employed was 100 mL min .
The sample was exposed to the O,- or H,-containing atmo-
spheres alternately (30 minutes of exposure in each one), with
a purge of He during 5 minutes between atmosphere
changes.””* Three cycles of atmosphere changes (Cn, where n is
the number of cycles) were carried out at 400 °C.

Scanning electron microscopy (SEM). The images were ob-
tained in a Quanta FEG 250 microscope operating at 20 kV.

Raman spectroscopy. A Horiba Jobin Yvon T64000 spec-
trometer, coupled with an Olympus BX41 microscope and
charge-coupled device detector, was used in Raman measure-
ments. Incident radiation wavelength was 633 nm from a He-Ne
laser (Research Electro-Optics). The spectrometer slit was set at
20 pm, resulting in a spectral resolution of 0.39 cm™". Spectra
were obtained with 2 accumulations of 30 seconds each. The
crystalline silicon band at 520.07 em™" was used in spectrom-
eter calibration.

A Linkam TS1500 stage, coupled with the Linkam T95-HT
controller, was used to in situ control temperature (resolution
of 1 °C) and atmosphere In a manner similar to XRD with in situ
control of temperature and atmosphere, the atmosphere was
alternated between 2% H,/Ar and O, at 400 °C (30 min of
exposure in each one), always with an N, purge flow (5 min)
between atmosphere changes. The flow rates were adjusted to
150 mL min ', and the sample was always heated under O,, at
the rate of 20 °C min~'. A total number of three cycles of
atmosphere change was carried out at 400 °C.

Oxygen storage capacity (OSC). The sample was analyzed in
a TA Instruments SDT Q600. Approximately 11 mg of MoO;
samples were placed in an alumina crucible and dried, under
the O,-containing atmosphere at 80 °C until reaching a nearly
constant value of mass. After that, the sample was heated to
400 °C at 10 °C min ' under O,-containing atmosphere. In
a manner similar to XRD with in situ control of temperature and
atmosphere, the atmosphere was alternated between 2% H,/Ar
and compressed dry air at 400 °C (30 min of exposure in each
one), with no purge flow between atmosphere changes. Three
cycles of atmosphere change were carried out. The OSC value
was calculated considering the final value of mass before each
change of atmosphere.

3. Results and discussion

Peaks observed in the diffractogram obtained at room temper-
ature are indexed to the a-MoO; orthorhombic phase and (-
MoO; monoclinic phase (Fig. 1). The diffractogram is domi-
nated by (0k0) peaks of the a-MoOj; phase, were “k” stands for an
even number, which is a consequence of preferential growth of
the crystallites in the [010] direction, or “b” axis.**>'°. A
complete indexation of the observed peaks at room temperature
is found in ESI, Table S1.7

One can see in SEM images that the sample is constituted of
needle-like crystals (Fig. 2), with a preferential direction of
growth, as pointed out by XRD measurement.

Particle size counting shows that MoO; crystals have an
average size of 4696 nm in length and 386 nm in width, and the
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Fig. 1 Diffractogram obtained for MoOsz sample at 22 °C under 20%
O,/He. The MoOs files ICDD 5-0508 (a-MoOs) and 47-1320 (B-MoOs)
are shown as vertical lines.

Fig. 2 SEM image of MoOs crystals.

mode size range (ca. 30%) being 719-5000 nm in length and
250-375 nm in width (Fig. 3).

The observed bands in the Raman spectrum (Fig. 4) are listed
in Table 1 and are attributed to the o-MoO; orthorhombic
phase. This solid can be described as a layered structure
composed of linear chains of [MoO;] unities. If it is considered
that the molybdenum ions have a distorted tetrahedral coor-
dination, two oxygen ions are single coordinated to

Fig. 3 Particle size distribution of MoOs crystals.
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Fig. 4 Raman spectrum of MoOsz sample obtained at 23 °C under
static air inside the heating stage.

Table 1 Attribution of the bands observed in the Raman spectrum of
the MoO3 sample

Band frequency

(em™) Representation’” Attribution’”
116 B,y Translational chain mode
along “c” direction (T,)
128 Bsg Translational chain mode
along “c” direction (T,)
159 Ag/Big Translational chain mode
along “b” direction (T)
197 By 7 0=Mo=0
218 Ay Rotational chain mode
along “c” direction (R,)
246 Bsg T O=Mo=0
291 Big w O=Mo=0
338 Ag/Big 6 0-Mo-O
379 Big 6 O=Mo=0 (scissoring)
471 Ay/By, v, 5 0O-Mo-O
666 Byg/Bag v 0-Mo-O
819 Ag/Big vs O=Mo=0
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a molybdenum ion and are called terminal oxygens (Mo==O0).
The other one is called bridging oxygen, represented as Mo-O,
and is coordinated to two molybdenum ions."

The band at 285 cm ™", attributed to a B,, wagging mode of
terminal oxygens, is observed as a shoulder of the band at
291 em ™. The intensity ratio of the bands at 285 and 291 cm™*
may be used to determine the oxygen/molybdenum ratio, in the
range from 2.94 to 3.> However, as one can observe from the
Raman spectrum (Fig. 4), the precise determination of intensities
ratio requires a comprehensive methodology.

Raman spectra with in situ control of temperature and
atmosphere are shown in Fig. 5 and 6. A displacement of T}, (A,/
Big) Raman band to lower frequencies was observed upon
heating, a phenomenon attributed to phonon decay," lattice
expansion® and generation of oxygen vacancies (ESI, Fig. S17).

As in situ Raman results reveal, the exposure to the H,-con-
taining atmosphere at 400 °C also causes a displacement of the
T, Raman band (Fig. 5). Band maxima wavenumber were ob-
tained from the most intense spectral point. The average
displacement, calculated considering the values of T, band
maxima obtained from the 3 spectra in each atmosphere, was
1.09 cm ™', observed between the spectra under H, in relation to
spectra under O, (Fig. 5 b). A displacement to lower frequency
values of a-M0oO; Raman bands is expected if the interaction
between the layers of the crystal is weakened, in a manner that
the observed Raman band frequencies should resemble more
a single layer than the whole crystal.*® This is attributed to the
generation of oxygen vacancies and water release,”* as shown in

eqn (1).

MoO; + yH, — MoO;_, + yH>0 (1)

A displacement to lower frequencies of the T, band was
observed when a-MoO; was heated to 375 °C under reduced
pressure of 10" Pa for 10 h.?> Moreover, the generation and
suppression of oxygen vacancies is a reversible process at
400 °C, since the T, Raman band exhibit roughly the same
frequency after one cycle of atmosphere change.

The intensity ratio of T, bands can be used to estimate o-
MoO; particle sizes.*'® However, in one reference the ratio
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Fig.5 Part of the Raman spectra obtained at 400 °C for MoOs sample, normalized in intensity of »s band (a). The average displacement observed
for the T, band under H, was 1.09 cm™* (b). The blue ones were obtained after O, exposure, and the red ones were obtained after H, exposure.

The bars represent spectral resolution — 0.39 cm ™.
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Fig.6 Part of the Raman spectra obtained at 400 °C for the MoOz sample, comprising the s band (a). The average decrease in intensity observed
under H, was approximately 38% (b). The blue ones were obtained after O, exposure, and the red ones were obtained after H, exposure.

Table 2 Intensity ratio of T. modes in a-MoOz Raman spectra ob-
tained at 400 °C

Table 3 Average intensity of Raman bands of a-MoOs at 400 °C and
their relative decrease in intensity after H, exposure

1123(Bsg)/1112(B2g) 1123(B3g)/1112(B2g)
H,-C1 1.225 0,-C1 1.244
H,-C2 1.125 0,-C2 1.178
H,-C3 1.138 0,-C3 1.196

I(B3,)/1(B,g) increases as the size diminishes,'” and in the other,
the ratio I(B;4)/I(B,,) decreases as the particle size diminishes.’?
However, just the first reference shows the Raman spectra,
therefore we expect the increase in the I(B;4)/I(B,g) ratio as the
size diminishes. Based on the latter premise, it is not possible to
infer any change in the particle sizes as a function of thermal
treatments (Table 2).

The band at 819 cm ™", attributed to the symmetric stretch-
ing of the terminal oxygens (vs band), is sensitive to oxygen
vacancies.* An intensity increase of this band was observed in
situ after reacting nonstoichiometric a-MoO; with propene and
0,, a consequence of oxygen vacancies suppression.® One
attempt to explain this fact is based on the following aspects:*
when oxygen vacancies are generated, there is also the forma-
tion of [Mo>"O5] sites. An electronic transition from this site to
a normal site of the crystal represented as [Mo>*05]{Mo°®"0Og] —
[Mo®"05]-[M0>*Og], is called intervalence charge transfer (IVCT).
According to Dieterle et al.,® the energy of this IVCT transition
would be near the energy of the excitation laser (633 nm - 1.96
eV), based on the deconvolution of the diffuse reflectance
absorption spectra, and it is supposed to increase in energy as
more oxygen vacancies are present in a-MoO; lattice.* There-
fore, a resonant Raman-like effect would be observed when
oxygen vacancies are generated. Once it is considered the Stokes
branch of the Raman scattering, it is possible to occur the
reabsorption of the scattered light, affecting the intensity of the
Raman spectrum. The most reabsorbed scattered radiation
would be the one with energy close to the excitation laser. In
other words, it is expected that the bands with lower wave-
numbers would present the highest values of intensity decrease.
Supposing that the maximum of the IVCT transition varies with

This journal is © The Royal Society of Chemistry 2020

Band frequency Average intensity Average intensity Decrease in
at 400 °C (em™") under O, (counts) under H, (counts) intensity (%)

112 3068 2120 30.9
123 3697 2461 33.44
148 5586 3868 30.75
194 592 468 20.9
212 432 389 10
238 1042 782 25.0
285 2973 2035 31.6
335 1461 1000 31.5
374 392 321 18
664 648 414 36.1
819 6695 4152 37.98
992 2784 1722 38.17

stoichiometry, and the incident radiation does not, a specific
value of the IVCT transition energy would result in the most
intense Raman spectrum, which implies that a specific value of

21009 4 = 3.2.10? x + 2.20-10° c

R? = 0.9996

2600
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Decrease in intensity (counts)
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T T T
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Fig. 7 Correlation of the displacement of the T, band frequency and
the decrease in intensity of the ¢ band, at 819 cm™?, after exposure to
H, during three cycles (C#).
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Fig.8 OSC curve obtained at the temperature of 400 °C for the MoOs
sample. The arrows indicate when the referred gas was introduced in
the system.

nonstoichiometric degree of the a-MoO; would result in the
most intense Raman spectrum.

However, the described proposal® is based on the intensity of
the »5 band observed in different samples, with different particle
sizes. The size of the particles may affect the intensity of the
Raman spectrum.®™* Yet, according Dieterle et al,® the energy
value of the IVCT transition is calculated based on the deconvo-
lution of the diffuse reflectance absorption spectrum, rather than
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a clearer spectral feature. In our case Raman spectra were ob-
tained in situ, so the spectra are obtained from the same sample
point. As the results in Table 2 suggest, there is no change in
particle size during experiments. The highest values of intensity
decrease were observed for the bands more distant in energy to the
excitation radiation (Table 3), which is contrary to the described
proposal.® In addition, Mestl et al.;*° have found that the intensity
decrease of Raman bands is independent of the excitation energy
in the range from 458 nm to 622 nm."

If the displacement of the T; Raman band is plotted against
the decrease in intensity of the v4 band, a linear relationship is
obtained (Fig. 7). This fact suggests that both these observations
are related to the same effect, the generation of oxygen vacan-
cies in a-MoO;3, and could be considered to evaluate its oxygen
vacancies. Contrary to the previous report® which stated that
a determined value of nonstoichiometry may lead to the most
intense v4 band, this correlation suggests that the most intense
vs band is observed in the sample with the highest oxygen/
molybdenum ratio, the stoichiometric a-MoO;.

It was observed a loss of mass upon heating, due to the
formation of oxygen vacancies,”” according to eqn (2).

MoO; % MoOs_, + goz @)

If it is considered that the starting dried sample was
composed of stoichiometric MoOj;, the loss of mass upon
heating resulted in a variation of the nonstoichiometric degree

b)

0.8+
0.6

0.4

Normalized intensity

0.2

00 T T T ] T T T ; T 1
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Fig.9 Parts of the diffractograms of a-MoOs planes: (a) (110); (b) (040); and (c) (021), obtained at 400 °C. The blue ones were obtained after O,

exposure and the red ones were obtained after H, exposure.
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Table 4 Observed shifts in XRD peaks of a-MoOsz after exposure to Hy
at 400 °C. The last plane was not observed in the 22 °C diffractogram
and could not be indexed

Average 20 Average 20 Difference in
Plane under H, (°) under O, (°) 260 (H,-0,) (°)
020 12.531 12.515 0.016
040 25.227 25.187 0.040
041 35.225 35.205 0.020
060 38.251 38.198 0.053
210 45.759 45.739 0.020
002 49.531 49.543 —0.012
211 51.815 51.745 0.060
171 57.005 56.955 0.050
081 57.963 57.907 0.056
190 63.793 63.728 0.065
062 64.263 64.244 0.019
0100 66.213 66.141 0.072
* 69.361 69.275 0.086

of 0.039 (M00O, 961)- This value of stoichiometry is not compat-
ible with any other crystalline phase of the molybdenum-
oxygen system."

The calculated OSC value of 35 & 3 umol (0,) g *, at 400 °C,
were obtained from the OSC curve in Fig. 8.

The loss of mass under H, exposure is attributed to the
formation of water and oxygen vacancies (eqn (1)). These
vacancies are suppressed under O, exposure. The reincorpora-
tion of oxygen ions in the MoO; lattice is accompanied by a gain
of mass. Due to the adsorption of gases, it is not possible to
obtain any quantitative measurement of the nonstoichiometric
degree. However, if we consider that the difference in mass is
solely due to generation and suppression of oxygen vacancies,
the variation of the nonstoichiometric degree, achieved after H,
exposure at 400 °C, can be estimated to be 0.010 £+ 0.002
(M00O,.051)- This value of stoichiometry is not compatible with
any other crystalline phase of the molybdenum-oxygen system.*

Part of the diffractograms with in situ control of temperature
and atmosphere, illustrating the peaks (110), (040) and (021) of
the a-MoOj; phase, are shown in Fig. 9.

Compared to the diffractogram of Fig. 1, the diffraction
peaks observed in Fig. 9 are shifted to minor values of 26 due to
thermal expansion of the lattice. As pointed out by OSC results,
no phase transition was observed during experiments (Fig. S27).
Table 4 lists the observed planes that are shifted after exposure
to H, at 400 °C (Fig. S37).

Some diffraction peaks of the a-MoO; phase are shifted to
higher values of 26 after H, exposure due to a lattice contraction
after exposure to H,, a consequence of the oxygen vacancies
generation. The reason for the «-MoO; (0k0) peaks shift to
higher values of 26 (Table 4), in “b” direction, is the location of
the oxygen vacancies in the interlayer region, as pointed out by
in situ Raman results. The terminal oxygens in the interlayer
region have the lowest calculated energy value of oxygen
vacancy formation.***® However, the diffraction peak attributed
to (002) plane is shifted to lower values of 26 after H, exposure,
indicating an expansion of the lattice in the “c” direction. These

This journal is © The Royal Society of Chemistry 2020
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observations are in contrast with a previous report,> when an
expansion in the “b” direction and a contraction in the “c”
direction were reported, suggesting that oxygen vacancies tend
to replace bridging oxygens. However, the results here obtained
indicate that oxygen vacancies tend to accumulate in the
interlayer region, replacing terminal oxygens, leading to the
decrease in the layer distance, and a contraction in “b” direc-
tion. As a consequence, Raman bands are shifted to lower
frequencies, resembling more the calculated spectrum of
a single layer than the spectrum of the crystal.”

4. Conclusion

After submitting MoO; need-like crystals to an iz situ strategy to
reversibly generate or suppress oxygen vacancies, it was possible
to observe reversible changes in two a-MoO3; Raman features:
the displacement of T, band and the decrease in intensity of the
vs band. The displacement of the T, band is attributed to the
weakening of a-MoO; layers interaction, probably due to the
location of oxygen vacancies in the interlayer region. XRD
results corroborate the location of oxygen vacancies in the
interlayer region, as the small value of vacancy formation energy
is observed in this region. The decrease in intensity of the v
band was not possible to be attributed, but the proposal of
a resonant Raman-like effect was contested. Based on that,
Raman spectroscopy can provide two distinct manners to
qualitative probe oxygen vacancies in «-MoO;. No non-
stoichiometric phase transition was observed by XRD or OSC
results, indicating that the observations were, in fact, derived
from the generation of oxygen vacancies in the «-MoO;
structure.
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