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Abstract

We present the effect of sodium ions (Na*) on the nucleation process and phase selectivity for
the formation of hexagonal molybdenum trioxide crystals (A~—MoQ3). The phase selectivity
during the reaction is attributed to the interaction of Na” with the molecules in our precursor
solution formed by metallic molybdenum dissolved in a mix of hydrochloric and nitric acids.
The vibrational characteristics of the precursor solutions were studied by Raman spectroscopy in
combination with density functional theory modeling, showing the presence of [MoO.Cl3(H20)]~
ions within the solutions. The symmetric stretching vibration of the Mo-O bonds found at 962
cm! in [MoO>Cl3(H,0)]~ proved that the addition of Na* (in the form of dissolved NaCl) to the
precursor solutions resulted only in an electrostatic interaction with the aquo (H2O) and chloro
(CI") ligands in the complex. After heating the precursor solutions, X-ray diffraction, Raman
spectroscopy, and scanning electron microscopy of the obtained powders showed that adding
NacCl contributed to the phase selectivity of the reaction, with the Na* ions playing a vital role in
the formation of ~—MoQOj over other crystalline phases. Based on the nature of the molybdenum
complexes found in the precursor solutions and the structural characteristics of the powders, a
formation mechanism to obtain ~—MoOs is proposed. Additionally, the phase stability of the
h—MoOs crystals was studied by calorimetry techniques showing that ~—MoQOj transforms to
a—MoOs at ~649 K. These results provide important insights into phase control to selectively
form hexagonal MoO:s.

Keywords: Hexagonal molybdenum trioxide; Raman spectroscopy; molybdenum complexed
molecules.



1. Introduction

Transition metal oxides such as molybdenum trioxide (MoOs3) are of interest for their
applications in diverse areas, including catalysis, the fabrication of optical and electronic
devices, electrode batteries and fuel cells, color displays, smart window devices, and gas
sensors.! "8 MoOj is realized in three common crystalline phases, the thermodynamically stable
orthorhombic phase (¢—Mo0Q3) and two metastable phases, namely the monoclinic (—Mo0O3)
and hexagonal (A—MoO3) phases. The basic building unit of these polymorphs is the distorted
MoOgs octahedra, in which each molybdenum atom forms a bond with six oxygen atoms. In the
case of t—MoOj, the MoOs octahedra form a layered structure by sharing edges along the [010]
direction and corners along the [001] direction, with van der Walls forces bonding the layers
along the [100] direction.®” In contrast, the B—~MoOs phase has a ReOs-type structure, in which
the MoOs octahedral units are connected only by corner oxygen atoms to form a network.® The
crystalline structure of interest in this work is ~~MoOs. This crystalline phase forms zigzag
chains of MoQOgs octahedra in the [001] direction and links them through their cis positions by
sharing oxygen atoms.®?~1° The bonding of the zigzag chains results in the formation of 1D
tunnels along the [001] direction. Depending on the synthesis conditions, these tunnels may
contain ammonia, water, or alkali ions,!! resulting in unique properties and advantages compared
to c—MoQOs. Although the structures of both a—MoO3 and ~—MoOs3 present a spatially open
construction favorable for the insertion of atoms, the tunnel structure in ~—MoQj3 increases the
capacity, making the ion insertion/extraction and diffusion more favorable.®? Thus, ~—MoO3
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shows better performance as a cathode material for lithium and aluminum batteries and in
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catalytic="~, photonic, gas sensing, photochromic and electrochromic

applications.530-34



The preparation of ~—MoO3 powders by hydrothermal and precipitation routes is
generally favored since one can achieve superior control over different reaction parameters in the
precursor solutions, such as diversity of reactants, solvent media, additives, and reaction
temperature,11725-28-30.3234=41 For example, using a hydrothermal method and ammonium
heptamolybdate (NH4)sM07024°H,0) (AHM) as the precursor, Chithambararaj ef al.'
established a phase-selective synthesis to obtain /—MoOs instead of a—MoO3, based on
parameters such as the solvent, pH, reaction time, and temperature. The results showed that the
crucial variables to obtain /—-MoOjs crystals were the temperature and the presence of cations
such as Na*, Ag" and NH," 1116213538 Ty a]] reported cases, the precursors used to synthesize
h—MoO3 are molybdenum compounds or molybdenum oxides. Thus, producing ~—MoQO3 from a
metallic molybdenum precursor is still an open question.

Here, we present a methodology to obtain ~4—MoO3 from metallic molybdenum dissolved
in a mix of hydrochloric and nitric acids and examine the structural changes of the involved
reagents (i.e., precursors and intermediates) using Raman spectroscopy and density functional
theory modeling. We show that the effect of the addition of sodium chloride to the precursor
solution is electrostatic. After heating solutions, we correlate the amount of sodium chloride
added to the precursor solutions to the phase selectivity in the obtained powders. Based on the
structural characterization of the powders by X-ray diffraction, Raman spectroscopy, and
scanning electron microscopy, we establish the ideal amount of NaCl needed to improve the
purity of the final powders and report the characteristic thermograms of the /~—MoOj crystals.

Lastly, a reaction scheme to obtain /—MoO3 from metallic molybdenum is proposed.

2. Experimental Methodology



2.1.  Preparation and characterization of precursor solutions

As a first step, a mass of 1 g of metallic molybdenum (99.95%, Alfa Aesar, Ward Hill,
MA) was dissolved in 4 mL of HCI1 (37%, Sigma Aldrich, St. Louis, MO) and 6 mL of HNO3
(69.3%, Fisher Scientific, Pittsburgh, PA). Subsequently, 0.05 g, 0.10 g, or 0.15 g, of NaCl
(99.00%, Fisher Scientific, Pittsburgh, PA) previously dissolved in 1 mL of deionized water
were added. The solution without NaCl was labeled A0, and the solutions containing NaCl were
labeled A5 (0.05 g), A10(0.10 g), and A15 (0.15 g).

Raman spectra of the four solutions were recorded on a LabRaman HR-800 (Jobin-Y von-
Horiba) system with a He-Ne laser (A = 632.8 nm) and a 50x microscope objective lens
(Olympus BX41 optical microscope). Solutions were held in a capillary tube sealed on both
sides. To obtain a good signal-to-noise ratio, solutions were measured using ten 60 s exposures.
We did not observe any bubbling, heating, or color changes in the solutions. All Raman
measurements were recorded three times on three different independent samples to obtain the
average Raman shift and the standard deviation for each band. Calibration of the Raman
equipment was performed before each measurement using a silicon wafer by its characteristic
Raman peak at 520 cm™!.

2.2.  Theoretical calculations of Raman spectra

Vibrational frequencies of MoO,Cl2(H20),, [M0O2Cl4]*", and [M0O>Cl3(H20)]~, were
calculated and employed to assist the Raman band assignment of the solutions. The optimized
geometries and Raman vibrational modes of the putative structures of the oxo molybdenum
complexes were calculated from density functional theory (DFT) with the B3LYP hybrid
functional**~* using Orca version 4.2.3. The LAN2DZ basis set was used for all atoms in the

structures,* as in previous related studies.*’ The effect of the solvent was treated implicitly using



the conductor-like polarizable continuum model (CPCM), where the refractive index (1) and

dielectric constant () used for HCI (13 M) were 1 = 1.425 and ¢ = 5.7084, respectively.*® The
final output files from the calculations, which contain the eigenvalues and eigenvectors, were
processed using Chemcraft, version 1.8, to visualize the calculated Raman spectra between 200
and 1100 cm!.

2.3.  Preparation and characterization of MoO3 polymorphs

The MoOs powders were synthesized by heating the solutions in a Lindberg furnace at
373 K under ambient air for 12 h. After heating, white powders were recovered and labeled APO,
APS5, AP10, and AP15, corresponding to the powders produced from solutions A0 through A15.
The powders were then analyzed without further washing or additional calcination treatments.
The phase purity of the samples was analyzed by X-ray diffraction (XRD) on a Bruker D2
Phaser using CuKa radiation (30 kV, 10 mA). Scans were completed over the range of 10 to 60
degrees 20 with a step size of 0.20 degrees and a dwell time of 0.3 s. Raman spectra of the
resulting powders were obtained over a glass slide under conditions already reported in Section
2.1. High-resolution images of the powders were acquired on a scanning electron microscope
(SEM) using an FEI Quanta 200F system operated at 12.5 kV. Thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) were performed on samples AP0 to AP15
using a Q600 thermal analyzer from TA instruments. The thermal analysis was performed under

an air atmosphere at a heating rate of 10 K/min, from 323 to 773 K.

3. Results and Discussion

3.1. Raman spectroscopy of the precursor solutions



Before discussing the recorded Raman spectra of the four solutions, we briefly review the
different molybdenum complexes found in hydrochloric acid solutions. Previous investigations
have shown that different mono- and poly-nuclear molybdenum complexes exist in acid
solutions depending on the HCI concentration.*’=¢ For example, dissolving sodium molybdate
NaxMo00422H0 in low HCI concentrations (< 2 M) produces molybdenum complexes such as
[MoO4]%, [M07024]%~, [M08O26]*", [M0360112(H20)16]*~, and [M0205(H20)6]**. In contrast,
dissolving the same molybdate in solutions with an HCI concentration of 6 M or higher, results
in the formation of chloro-complexes such as MoO>Cl(H,0)2, [MoO2Cl4]*~, and
[MoQO,Cl3]~.47-48:30-51.57-58 More recently, Bettinardi et al.’® showed that dissolving the dichloro
molybdenyl species MoO>Cl» in HCI concentrations between 0.5 M and 3 M, results in
predominant species of HMo0O4>~, HsMoO*", and HsMo0O4Cl. Moreover, dissolving MoO,Cl, in
HCI concentrations between 3 M and 11 M produces MoO>Cl, and [MoO>Clz]~ complexes. In
general, regardless of the molybdenum precursor, as the HCI concentration increases, the
molybdenum complexes form the molybdenyl [MoO,]** followed by chlorination. Furthermore,
as the acidity of the solution increases, the relative abundance of the [MoO-Cl3]~ complex
against other species increases as well.47°7-%

Computationally, DFT analysis may be able to facilitate identifying the complexes
present in the solutions.*>%*-6! Thus, based on previous reports and taking into consideration the
preference of molybdenum to form octahedral complexes, we calculated the Raman spectra of
MoO,Cl2(H20)2, [M002Cls]*, and [MoO,Cl3(H20)] . The identification of the molybdenum
complexes was established by comparing the Raman shift of the most intense Raman peaks from

the calculated and recorded Raman spectra. Our results, listed in Table 1 and illustrated in Figure

1, indicate that the calculated Raman spectrum of [MoO>Cl3(H20)] is most comparable to the



recorded Raman spectra of the four solutions. The intensity of the calculated Raman spectrum
for [M0O>Cl3(H20)]~ from 200 to 450 cm™! is magnified six times for visualization purposes. It
shows six peaks within this region, listed in Table 1 as vibration numbers 1 to 6. Vibration 1 at
220 cm! and vibration 2 at 225 cm! correspond to the wagging and rocking modes of O-Mo-O
in [MoO>Cl3(H20)], respectively. Vibration 3 at 261 cm™! corresponds to the twisting O-Mo-O
mode and vibration 4 at 295 cm’! corresponds to the symmetric stretching vibration of Mo-Cl.
Vibration 5 at 309 cm! corresponds to the stretching of the molybdenum atom and the aqua
ligand in the complex (Mo-OHx) and vibration 6 at 357 cm™ corresponds to the bending mode of
0O-Mo-O.

Experimentally, these six vibrations are hard to resolve because of their low Raman
intensity and their low signal-to-noise ratio due to the presence of water molecules in the
solutions.®! As a result, the recorded Raman spectra only show three broad bands in the region
from 200 to 450 cm™!, indicated as I, II, and III in Figure 1. Band I at 244 (solution A0), 247
(solution A5), 241 (solution A10), and 240 cm™! (solution A15), is formed by vibrations 1, 2, and
3. Band II at 305 (solution A0), 305 (solution A5), 295 (solution A10), and 289 cm™! (solution
A15), is formed by vibrations 4 and 5. Finally, band III at 385 (solution A0), 377 (solution AS5),
369 (solution A10), and 370 cm™! (solution A15), corresponds to the in-plane deformation of O-
Mo-O within the [MoO,Cl3(H20)] (vibration 6).

Moreover, the calculated Raman spectrum of [MoO>Cl3(H20)] includes an asymmetric
stretching vibration of Mo=0 at 920 cm’!, listed in Table 1 as vibration number 7. The recorded
Raman spectra of the four solutions show the asymmetric vibration of Mo=0 [Vasym(M0=0)] at
924 (solution A0), 917 (solution A5), 927 (solution A10), and 919 cm™! (solution A15), indicated

as IV in Figure 1. Adjacent to the asymmetric vibration of Mo=0, the calculated Raman spectra



includes a very intense vibration at 963 cm™! corresponding to the vsym(Mo=0), listed in Table 1
as number 8. The recorded Raman spectra shows the veym(Mo0=0) vibration at 962 (solution A0),
960 (solution A5), 957 (solution A10), and 956 cm™! (solution A15), indicated in Figure 1 as V.
Previous reports show that the shift of the veym(M0=0) vibration towards lower frequencies
indicates the replacement of the aquo ligands for CI™ in molybdenum

complexes #47749:3153-355861 Tpy gur case, the replacement of the aquo ligands in
[M0O>Cl3(H20)]~ to produce [MoO>Cl4]*~ could be possible due to an increase in the
concentration of Cl in solutions A5, A10 and A15 from the addition of NaCl.>® In addition, our
DFT calculations show that the [MoO,Cl4]*~ complex presents the symmetric stretching
vibration of Mo=0 at 943 cm™!. However, the recorded Raman spectra of solution A15 only
shifts to 956 cm™!. Figure 2(a) illustrates the Raman shift of the symmetric stretching vibration of
Mo=0 with respect to the amounts of NaCl added to the solutions. For reference, two dashed
lines at 963 cm™! and 943 cm! show the calculated Raman shift of the symmetric stretching
vibration of Mo=0 for [MoO>Cl3(H20)]~ and [M0O,Cls]*", respectively. Assuming the Raman
shift will linearly decrease as the concentration of NaCl increases, it would take ~0.45 g of NaCl
dissolved in 1 mL of H>O to transition from [MoO>Cl3(H20)]~ to [M0O,Cls]*~, based on the
intersection of the linear fit to the experimental data [blue line in Figure 2(a)] and the calculated
Raman vibration for the [M0oO,Cls]*~ ion [green line in Figure 2(a)]. However, at room
temperature only 1 mL of water can dissolve 0.36 g of NaCl.*¢ Hence, the formation of
[M00O>Cl4]* by the addition of NaCl in this system is not possible. Therefore, we attribute the
shift to lower frequencies of the vsym(Mo0=0) vibration to the electrostatic interaction between the

aquo ligand in [MoO>Cl3(H20)]™ and the CI~ and Na" ions.



Finally, the bands at 1052 (solution A0), 1051 (solution AS5), 1048 (solution A10), and
1047 cm™ (solution A15), correspond to the symmetric stretching vibration of N-O, referred to as
Veym(N-0).627%4 The appearance of the veym(N-O) band at 1052 and 1051 cm™! indicates the
presence of HNO3.% Furthermore, the shift to lower frequencies in solutions A10 to 1048 cm™!
and A15 to 1047 cm™! indicates the de-hydrogenation of the nitrate ion due to the addition of
NaCl.% Figure 2(b) shows the Raman shift of the N-O symmetric stretching vibration. The

dashed lines at 1050 cm™! and 1045 cm! indicate the Raman shift of the N-O symmetric
stretching vibration for HNO3 or NOJ, respectively. Similar to the Raman shift of the symmetric

stretching vibration for Mo=0 in Figure 2(a), we can infer that a total dissociation of the HNO;
would occur by adding a saline solution prepared with 0.20 g of NaCl and 1 mL of H>O in this

system. This is based on the intersection of the linear fit to the experimental data [red line in
Figure 2(b)] and the reported Raman vibration for the ion NOJ [green line in Figure 2(b)].%°

From the above considerations, we can conclude that all solutions contain the
[MoO:>Cl3(H20)]~ complex. Moreover, the Na“ and CI™ ions in the acid solutions only interact
with the complexes at an electrostatic level. Thus, we propose the following reaction path for the

formation of the [MoO,Cl3(H20)]~ complex. First, the metallic molybdenum dissolves in the mix

of HCl and HNO; to produce aqueous Mo®" ions, while concurrently NO3 reduces to NO
according to:*°
Mo(s) +2NO; (aq) +8H" (aq)—>Mo6+ (aq) + 2N0(g) + 4H20(€) (1)

Subsequently, considering that the reaction occurs in a highly acidic environment in air,
the presence of aqueous Mo®" ions leads to the formation of the molybdenyl [MoO]*" moiety,

favored by the high oxidation state of Mo. Next, similar to the formation of mercury-chlorine

10



complexes from an aqueous solution containing Hg?>* and CI~,°%%¢ the [M0O-]** undergoes

complexation by aqueous CI™. This reaction step is the first in a chain of three complexation

reactions expressed by:3%67-69

[MoO, " +cI"——[Mo0,cl1] @)
[MoO,CI]" + CI"——Mo0,Cl, 3)
MoO,Cl, +CI” ——[MoO,Cl, | (4)

Finally, to complete its 6-coordination sphere, [MoO:Cl3]~ undergoes complexation by H>O to
form [MoO2Cl3(H20)]~.>%%7

3.2.  Structural characterization of MoQOs crystals

This section examines the phase formation, vibrational characteristics, and morphology
of the powders obtained after heating the solutions. Figure 3(a)-(d) depicts the XRD patterns of
the powders obtained after heating the four solutions. The XRD pattern of sample APO [Figure
3(a)] shows reflections corresponding to three different crystalline phases of molybdenum
trioxide crystals. The most intense peak at 25.57° corresponds to the (120) plane of hexagonal
molybdenum trioxide hydrate with the formula M0O3+0.33(H20) and referred to as /—MoO3
(PDF #01-078-9079). The XRD pattern also shows a reflection at 27.86° of similar intensity,
corresponding to the (202) plane of orthorhombic molybdenum trioxide hydrate with the formula
Mo003+0.33(H20) and referred to as a—MoOs3 (PDF #01-087-1204). The XRD pattern shows
three more reflections with lower intensities from the a—MoOj crystals at 23.00, 26.89, and

36.58°. Additionally, the XRD pattern of sample AP0 shows a reflection of medium intensity at

28.36° corresponding to the (205) plane of monoclinic molybdenum trioxide hydrate with the
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formula Mo00O3¢0.5(H20) and referred to as f—MoO3 (PDF #01-082-1902). Moreover, five more
reflections of lower intensity from the B—MoQOs crystals are present at 24.86, 29.70, 37.34, 38.89,
and 39.44°. The comparable intensities of the diffraction peaks at 25.57° (h—Mo00Q3), 27.86°
(0—Mo003), and 28.36° (B—Mo003), suggest that the powders contain similar amounts of the three

crystalline phases of MoO:s.

The XRD pattern of sample AP5 [Figure 3(b)] shows that all the reflections
corresponding to /—MoQO3 have higher intensities compared to those of ¢—MoO3, and most
reflections from the B—MoOQOs crystals disappear, except for the reflection at 38.89°,
corresponding to the (300) plane. Similarly, the XRD pattern of sample AP10 [Figure 3(c)]
shows a considerable increase in the intensity of the reflections of the /—MoQO3 crystals.
Furthermore, the intensity of the reflection at 27.86° from a—MoOj3 in sample AP10 decreases
compared to that in sample APS5, suggesting a reduced presence of a—MoQOs3. The XRD of
sample AP15 shows less intense reflections from #~—MoOjs crystals. Additionally, there is an
increase in the intensity of the peak at 23.00° from the (020) plane in a—MoO3, indicating a
greater content of orthorhombic crystals in the powder compared to sample AP10. The XRD of
all powders suggest that adding NaCl to the solutions assists the nucleation process of hexagonal
MoOs. Nonetheless, sample AP15 reveals that there is a limit (0.15 g) on the amount of NaCl
added to obtain more hexagonal crystals over orthorhombic MoOs. Finally, because of the NaCl
added to solutions, the powders present a reflection corresponding to the (200) plane of the cubic
phase of NaCl at 31.80°. This reflection gradually intensifies as sodium chloride increases from
solution A5 to A15, thus the NaCl present in solution recrystallizes at the end of the heat

treatment.
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Figure 3(e)-(g) illustrates the three different crystal structures of MoQOs. Figure 3(e)
represents the polyhedral representation of a—MoOs and indicates the corner and edge sharing of
the MoOg clusters. Figure 3(f) represents a f—MoOs crystal where the MoOg clusters only share
corners. Figure 3(g) represents the ~—MoQs3 crystal, indicating the tunnel structure and the "A"

sites where ammonium ions or water molecules are stored to stabilize the structure. The presence
of NH} ions or crystalline water trapped inside the tunnels comes from the decomposition of the
reagents used to prepare ~—MoOs. For example, using ammonium heptamolybdate
[(NH4)sM07024¢H20] as the precursor, one can obtain /~MoOs containing NH ions that

stabilize the hexagonal structure. Starting from sodium molybdate [Na;MoO4] or molybdic acid,

the resulting ~—MoOQj3 contains water molecules to stabilize the hexagonal tunnels.!>~17-7% As the

NH is not part of the crystalline structure of /-MoOj it typically requires thermogravimetric

measurements to determine its presence.!%-2128:35.39

3.3.  Vibrational analysis of M0oO3 crystals

The vibrational characteristics of the powders were analyzed by Raman spectroscopy.
The standard group theory analysis of /—MoO3 leads to 69 optical modes and three acoustic
modes at the Brillouin zone, and the irreducible representation of the optical modes of the group
Cen can be described by:”!

I'=84;+ 34y + 4By + 8Bu+ 8E2; + 4Eou + 4E 15 + TE 1u* (5)

Selection rules predict only twenty Raman active modes belonging to the Ag, E2,, and E1g
irreducible representations from these modes. Typically, the recorded Raman spectra show fewer
Raman vibrations than those predicted by group theory, since factor group splitting for most

modes is not resolved in the unpolarized spectrum.”'~’? Most studies'?2%37-38 have observed
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between nine and eleven Raman vibrations, except Moura et al.,”! who observed eighteen. Table
2 summarizes the Raman vibrations found in previous studies.

Figure 4(a)-(d) illustrates the Raman spectra of samples AP0 to AP15. The Raman
vibrations are enumerated from number 1 to 19 and summarized in Table 3. The vibration
assignments for ~—~MoOs are based on the vibrational modes calculated by Moura ef al.”! using
DFPT and early experimental results.!22%37-38 For the case of a—MoO3 and f—MoO3, we
assigned the Raman vibrations based on previous experimental reports.’”-7>~"7 Note that almost
all bands in the region of the Raman spectra from 220 cm™ to 650 cm™! belong to different
librational modes of O-Mo-O [scissoring (sc), twisting (tw), and rotational (p)] in ~—MoOs3,
except for Raman vibrations 3, 4 and 8, which belong to a—MoOs.

The very weak vibration at 264 cm™! (vibration 3) in sample AP0 belongs to the
scissoring vibration of O-Mo-O in 6—MoOs3 and is only observed in this sample.” Vibration 4 at
283 (sample AP0), 280 (sample AP5), and 276 cm™! (sample AP15), belong to the wagging
vibration in the O-Mo-O bonds of c¢—MoO3 crystals.”®-’¢ Note that vibration 4 decreases in
intensity from sample AP0 to sample AP5 and is not present in sample AP10. At the same time,
vibration 2 first appears in sample AP5 and increases in intensity in sample AP10 at 257 and 253
cm’!, respectively. Moura et al.”' showed that vibration 2 is the second most intense in the
Raman spectrum of ~—MoOs3, belonging to the twisting vibration of the O-Mo-O bonds.
Therefore, the intensity changes observed in vibrations 4 and 2 suggest that the presence of NaCl
during the thermal treatment helps in the nucleation and growth of ~—MoO3 over c—MoO:s.
Furthermore, vibration 4 appears again in sample AP15 at 276 cm™!, whereas vibration 2 at 253
cm’! is barely noticeable. This change indicates that 0.15 g of NaCl exceeds the amount needed

to improve the formation of ~—MoOs3 crystals over ac—MoO3, which agrees with our XRD
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findings. Furthermore, samples AP0 and AP15 show a small shoulder indicated as vibration 8 at
476 cm!. This vibration belongs to the stretching modes of the O-Mo-O bonds in a—Mo00s3.”

The spectral regions from 650 to 750 cm™! in samples AP0, AP5, and AP15, show two
Raman vibrations close to each other, labeled 10 and 11. Previous DFPT analysis and recorded
Raman spectra of anhydrous ~—MoOs only shows one Raman vibration within this region at 702
and 690 cm™!, respectively, belonging to the scissoring vibration in the direction of the z-axis of
the O-Mo-O bonds.”! However, earlier studies showed that the splitting of the Raman band
between 650 and 750 cm! is related to the hydration of different polymorphs of M0Qs.7¢ Thus,
according to the results in Figure 4, samples AP0, APS, and AP15, are hydrate forms of MoOs.
Indeed, the XRD of samples AP0, AP5, and AP15, show the presence of a—MoO3, f—MoO3, and
h—MoOs as hydrated oxides. Therefore, the splitting of this Raman vibration is expected.
Although the XRD of all samples showed the presence of hydrated oxide phases, the Raman
spectrum of sample AP10 only shows a single Raman vibration at 695 cm™.. In principle, the
high crystallinity and relatively high purity of sample AP10, compared to samples AP0, AP5,
and AP15, as shown by XRD, produces such intense Raman vibrations that the water present in
the sample cannot be detected. Most Raman vibrations from 750 to 1100 cm™ belong to
stretching vibrations of the Mo=0 double bond in ~—MoO3, except vibration 12, which belongs
to the stretching vibration of the Mo=0 bonds in ¢—Mo003.”! This Raman vibration is present in
samples AP0, AP5, and AP10 at 829, 825, and 836 cm™!, respectively. All samples exhibit a
different number of Raman bands within the 750-1100 cm™ region, related to minor defects in
the ~—MoO3 crystals.”!

Even though XRD showed the presence of B—MoOs crystals in all samples, Raman

spectroscopy cannot record specific bands for that crystal structure. However, some reports show
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that vibration 7 found at 416 (sample APO0), 415 (sample AP5), 417 (sample AP10), and 413 cm’!
(sample AP15), is present in ~~MoOj3 and B—Mo00Q3.!23771.75-77 [n h—MoO3, vibration 7
corresponds to the scissoring vibration of the O-Mo-O bonds.”! To our knowledge, there is no
formal assignment of this Raman vibration to B—MoOs crystals, and it is only referred to as the
bending vibration of the O-Mo-O bonds.”>~"7 Additionally, vibration 14 present in samples AP5
and AP10 is reported for ~—-MoO; and B—MoO:s as a stretching vibration of the Mo=0
bonds. 22037717576 Although the B—MoOs3 phase presents several other Raman vibrations in the
200-1100 cm™! spectral region, the similarities in the bonding of the structural units in both
crystals (B—MoO3 and ~—MoO3) produce Raman vibrations with very close wavenumbers.
Therefore, the simultaneous detection of B—MoOQO3 and /-MoOs using Raman spectroscopy is not
trivial.

Figure 5(a)-(d) illustrates the scanning electron micrographs obtained from sample APO.
We find the presence of hexagonal bars, needle-like structures, rectangular bars made from thin
needles, and spherical particles. The hexagonal bars belong to 7—MoOs crystals.!>?235 The
needle-like structures and the rectangular bars made from thin needles agree with previous
findings showing that orthorhombic crystals of a—MoO3 grow into elongated structures.”-’*78
Furthermore, recent studies show that a—MoOs3 can also grow in the form of spheres.” Hence, it
is likely that the spheres in Figure 5(d) belong a—MoOs crystals. The micrographs in Figure
5(e)-(h) correspond to sample APS. The XRD pattern and Raman spectra of this sample show the
presence of ~—MoO3, B—Mo00Os3, and a—MoQO;3, although the sample shows majority /—MoOs.
Thus, the SEM micrographs only show hexagonal bars and hexagonal plates, usually found only
in ~~Mo00Q3.%12:1620 The micrographs of sample AP10 in Figure 5(i)-(1) show hexagonal bars,

hollow hexagonal bars corresponding to ~—MoQ3, and darker regions [Figure 5(k)]. For sample
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AP15 in Figure 5(m)-(p), we see hexagonal crystals, broken irregular bars, hollow hexagonal
bars, needle-like structures, and darker rectangular structures [Figure 5(p)]. The presence of
needle-like structures and incomplete elongated crystals show the presence of a—MoOs3, which
agrees with the XRD and Raman results. Thus, from SEM it is seen that powder

morphologies®-8°

can be controlled by varying the phases in this material. The darker
rectangular structures from samples AP10 and AP15 were analyzed by EDS and are depicted in
Figure 6. The EDS results reveal the presence of molybdenum, nitrogen, oxygen, sodium, and
silicon. The molybdenum and oxygen signals belong to the MoOs3, and the silicon is from the
substrate used to image the powders. The nitrogen signal could be attributed to remnant HNOj at
the end of the heat treatment. In both samples, we attribute the sodium signal to the NaCl
recrystallized at the end of the synthesis, as previously shown by XRD.

3.4. Proposed growth model of -—Mo0O3

Based on the experimental and computational results, we now describe the phase
formation mechanism of #—MoQO3 and the other MoOj3 polymorphs starting from metallic
molybdenum. Previously, Zheng et al.® proposed a reaction approach to describe the formation
of a—MoOs3 and /—-MoOs from the peroxomolybdate species MoO4(H20). Their approach shows
that during a heat treatment, the peroxomolybdate undergoes a series of dehydration and
deoxidation steps to form MoQgs as the building units of the MoOs crystals. Zheng et al.®
demonstrated that adding NaNOs to the synthesis contributed to the formation of ~~MoO; over
0—MoO:s. Preference for the formation of ~~-MoO3 suggests that the presence of Na* ions
changes the oxolation mode of the building units, allowing the MoOs octahedra to share two

vertexes at the ortho-position. Thus, zigzag chains interlink each other through the cis position,
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leading to the spontaneous arrangement of hexagonal MoOj3 with one-dimensional tunnel
structures along the z-axis.

Similarly, we propose that during the thermal treatment of solutions A0 to A15, the
dechlorination and dehydration of the [MoO.Cl3(H20)]~ produce MoOg building units that
further condense in edge-sharing or corner-sharing arrangements to then form crystalline MoO:s.
The fact that the XRD of sample A0 [Figure 3(a)] shows three different crystalline phases of
MoO:s at the end of the heat treatment suggests at least three possible reaction paths [see Figure
7]. Although the conditions to obtain edge-sharing or corner-sharing arrangements remain
unclear, it is well known that B—MoOs crystals are formed by corner-sharing MoOs units, while
edge-sharing MoOg units are the principal constituent of a—MoO3 and A—MoQ3.8-%-30:86
Therefore, the formation of edge-sharing vs corner-sharing arrangements during the synthesis is

essential for obtaining a—MoO3 and ~—MoOs3 or f—MoOs crystals, respectively. Moreover, the

presence of NOJ ions has been related to the formation of B~MoO3.*” Thus, we propose that the

formation of corner-sharing octahedral arrangements is related to the interaction of NOJ ions
from the HNOs in solution with some of the [MoO>Cl3(H20)]~ complexes. Hence, the complexes
that lack interaction with the NOJ ions form edge-sharing MoOe.

Next, the corner-sharing octahedral arrangements are joined by oxygen corner atoms to
form a network and grow f—MoQO3. On the other hand, we propose that the edge-sharing MoOs
structures undergo two different routes to form a—MoO3 or ~—MoOs. The formation of a—MoO3
starts with the edge-sharing structures condensing with other units sharing edges along the [010]
direction and corners along with the [001] direction to form zigzag chains and layers,

respectively. At the same time, van der Walls forces hold the layers along the [100] direction, as
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was reported before.” Moreover, those MoOg structures that become oriented by the positive
charges during the synthesis (H"), condense into zigzag chains of MoOs octahedra in the [001]
direction linking them through their cis position by sharing oxygen atoms to form one-
dimensional tunnel structures, characteristic of ~—MoQOs3;. When NaCl is used as a mineralizer,
Na" cations dissociate as hydrated ions in aqueous solution, which act as bond bridges between
the growth units to form crystal nuclei.””*8 In our case, and as shown in previous reports, the
hydrated Na* forms bond bridges between MoOs units to form the crystal nucleus, stabilizing the
hexagonal tunnels during the initial stage to form 2—Mo003.%% During the thermal process, the
Na" is stripped away from the hexagonal tunnels via repeated water wash to then recrystallize
into NaCl.

3.5. Thermal analysis

The phase stability of the powder samples at temperatures ranging from 323 to 773 K is
described in Figure 8 (samples APO and AP5) and Figure 9 (samples AP10 and AP15). From
thermogravimetric analyses, we obtained the weight loss percentage due to the removal of water
and nitrate products from the surface and the tunnels of the MoOs crystals. The
thermogravimetric analyses (TGA) data was differentiated with respect to time and used to
identify the temperature at which different compounds are removed from the samples, marked as
DTG in the figure (blue curve). Table 4 summarizes our findings. Below 423 K, the DTG results
indicate no weight loss on sample AP0O. The DTG results of samples AP5, AP10, and AP15 show
a weight loss at 398 K, 393 K, and 393 K respectively. This weight loss can be related to the
desorption of physically absorbed water on the surface of ~—MoOs crystals.? It is known that
a—Mo0;3 crystals show no significant mass losses during heat treatments.!®2!3° Thus, the fact

that sample AP0 shows no weight loss below 423 K might be related to the higher content of
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a—MoQOs crystals present in the powder, as shown by XRD. It is known that after the synthesis of
h—MoOs3, nitrates and other by-products remain on the surface of the crystals.>>*° Considering
that our synthetic approach includes HNO3z and HCI, a remnant of hydrochloric acid and nitrate
products in the samples is expected. According to previous DTG results, the nitrate and
hydrochloric acid by-products are eliminated between 473-523 K and 523-533 K,
respectively.'® Therefore, the weight losses identified by DTG at 503 K and 550 K (sample
APO0), 488 K and 536 K (sample AP5), 494 K and 531 K (sample AP10), and 493 K and 541 K
(sample AP15), correspond to the elimination of nitrates and HCI physically adsorbed on the

surface of the powders. Our findings agree with those from Chithambararaj et al.,'®2%3>

showing
that the water and nitrate molecules on the surfaces of /—MoOs crystals evaporate around 398 K
and around 523 K, respectively. Furthermore, the endothermic peaks from the DSC corroborate
with the evaporation temperature of these species.

Previous studies using ammonium heptamolybdate as a precursor to prepare ~—MoO3
showed that the two peaks in the 663-683 K region of the DTG correspond to weight loss due to
the release of ammonia and water contained inside the tunnel structure of ~—MoQs3, followed by
the phase transformation from ~—MoO3 to a—MoOs3 at around 686 K.!¢ Since our synthesis
approach is free of ammonia precursors, we would only expect to observe a single peak in the
DTG corresponding to the release of crystalline water at ~683 K. The DTG in sample AP0
shows no changes that suggest the release of water residing within the crystal. However, from
the DSC we can observe two exothermic peaks at 663 K and 706 K, indicating the phase
transformation of B—MoO3 and ~—~MoOs into a—MoO3 [see Figure 8(a)], respectively.!®%” On the

other hand, the DTG of samples AP5, AP10, and AP15 show a weight loss at 643 K, 646 K, and

647 K, indicating the loss of crystalline water from the hexagonal tunnels in ~—MoOs3 [see Figure
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8(b) and Figure 9(a)-(b), blue lines]. This is followed by an exothermic peak in the DSC located
at 648 K, 649 K, and 650 K, indicating the phase transformation of 4—MoO3 to a—MoO;s [see
Figure 8(b) and Figure 9(a)-(b), red lines]. Although the XRD results show that samples AP10
and AP15 contain B—MoOs3, the minimal amount present in each sample makes the detection of
the phase change from —MoO; to a—MoOs difficult by DSC. The total weight loss according to
TGA was 6% (sample AP0), 6.5% (sample APS5), 5.2% (sample AP10), and 6.1% (sample AP15)
[see Figure 8(a)-(b) and Figure 9(a)-(b), green lines], which agrees with previous reports on
samples containing ~—MoO3 and heat treated from 323 K to 773 K.16:28.35

In summary, we present a detailed analysis of the formation of /—MoOj crystals from
metallic molybdenum, the precursor solution vibrational characteristics, and the influence of
NaCl in the phase selectivity of the reaction. We have determined that the sodium ions interact
electrostatically with the species in the precursor solutions and help orient the building units to
form /—-MoOj3 during the thermal treatment. XRD shows that the NaCl is recrystallized at the end
of the heat treatment. Moreover, the thermal analysis of ~—~MoOj crystals shows that water
molecules are contained inside the tunnel structure of ~—MoQ3, helping to stabilize the structure.

Thus, this study provides a new approach to obtaining metastable ~—MoO:s.

4. Conclusions

In this study, a detailed Raman analysis of a solution containing metallic molybdenum
dissolved in a mix of HCI and HNOj; showed the presence of [MoO>CI3(H20)]". This was
determined with the help of density functional theory modeling by calculating the Raman spectra
of different possible molecules present in the solution. The Raman spectra showed that by adding

different amounts of NaCl to the solution, the symmetric stretching vibration of Mo=0 shifted
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from 962 cm! to 956 cm!. This shift was attributed to electrostatic interactions of the
[MoO:>Cl3(H20)] molecules with the Na* ions in the solution. X-ray diffraction of powder
samples obtained after heating the solutions without NaCl revealed the formation of a—MoOs3,
B—Mo0Os3, and A~—MoOs crystals. In the case of the powder samples obtained from heating
solutions containing NaCl, the diffraction patterns showed that ~—~MoO; was the major
crystalline phase in the powders. Additionally, the diffraction patterns revealed that the NaCl
recrystallized at the end of the heat treatment, indicating that the NaCl only acted as a
mineralizer during the synthesis of MoO3 powders and contributed to the phase selectivity of the
reaction to generate ~—MoQO3. Raman spectroscopy of the powders revealed the presence of
a—MoO3 and ~-MoOs. However, the similarity in the Raman shift of the bands in f—MoO; and
h—Mo0O:s crystals hindered the identification of B—MoOs.

The phase selectivity of the reaction to generate ~—MoOs3 in the presence of NaCl was
attributed to the interaction between the [MoO>Cl3(H20)]™ molecules with the Na* ions during
the heat treatment. This interaction was proposed to influence the dichlorination, condensation
and further dehydration process of the [MoO»CIl3(H20)]™ molecules to form #~—MoQOs3 crystals.
Thermal analysis of the powders revealed that /—~MoOj3 contains water molecules to help
stabilize the crystal, most likely within the tunnels of the structure. Once the water molecules
were removed, the phase transformation from 2~—MoO3 to ¢—MoO3 occurred at ~650 K. These
findings result in a methodology to obtain /—MoOj starting from metallic molybdenum, using
NaCl to control the nucleation and growth of the crystals. Compared to ¢«—MoO3 and f—MoOs3,
the tunnels present in the /~—MoQOj crystals might enhance the ionic conductivity of molybdenum

trioxide, useful for applications in supercapacitors, batteries, and photochromic devices.
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Figure Captions

Figure 1. (a) Calculated Raman spectrum of [MoO>Cl3(H20)]™ and recorded Raman spectra of
solutions (b) A0, (c) AS, (d) A10, and (e) A15. The Raman spectra is illustrated from 200 to 450
cm! and from 800 to 1100 cm’.

Figure 2. (a) Raman shift of the symmetric stretching vibration of Mo=0 vs NaCl added to
solutions A0 to A15. The horizontal dashed lines at 963 and 943 cm™! show the calculated
Raman shift for the symmetric stretching vibration of Mo=0 in [MoO,CI3(H20)] and
[M0O>Cls]*, respectively. (b) Raman shift of the symmetric stretching vibration of N-O vs NaCl
added to solutions A0 to A15. The horizontal dashed lines show the reported Raman shift for the

symmetric vibration of N-O at 1050 cm™ for HNO; and at 1045 cm™ for NO5 .

Figure 3. X-ray diffraction patterns of powders obtained after thermal treatment of solutions (a)
A0, (b) AS, (c) A10, and (d) A15. Polyhedral representations of (¢) a—MoO3, (f) f—~MoO3 and
(g) —MoOs. The letter A in (g) represents the sites where ammonia or water molecules are
contained to stabilize the hexagonal phase of MoO:s.

Figure 4. Raman spectra of samples (a) AP0, (b) AP5, (c) AP10, and (d) AP15. Numbers 1 to 12
indicate the Raman vibrations. The numbers with an a superscript indicate Raman vibrations
belonging to a—MoQ3. The numbers with a 34 superscript indicate Raman vibrations reported
for f—MoOs and ~—Mo0Os3, and the rest of the numbers indicate Raman vibrations assigned to 41—

MoO:s only.

Figure 5. Scanning electron micrographs of (a)-(d) APO, (e)-(h) APS, (i)-(1) AP10, and (m)-(p)
AP15. The rectangles in (k) and (p) indicate the regions from which energy dispersive spectra
were obtained (spectra shown in Figure 6).

Figure 6. Energy dispersive spectra from the darker regions in sample AP10 and AP15,
illustrated with rectangles in Figures 5(k) and (p), respectively.

Figure 7. Proposed scheme for the synthesis of ~~Mo00O3, a—Mo00s3, and —MoO:s.
Figure 8. Calorimetry curves of samples (a) AP0 and (b) APS.

Figure 9. Calorimetry curves of samples (a) AP10 and (b) AP15.
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Tables

Table 1. Calculated Raman peaks of M0oO,Clo(H20)2, [M002Cls]*, [MoO»Cl3(H20)]", and

recorded Raman bands from solutions A0, A5, A10, and A15.

Vibration Calculated
: Raman Recorded Raman vibrations (cm™)
assignment . . 1
vibrations (cm™)
g | A0 A5 A10 Al5
5} A = =
E SE NI
g Q12 |3 |4
= N © N
s Qo S Q 4]
e) o =, o g
> = 2 | @
1 w(Mo-0) 216 | - | 220 I 244+ 1 | 247+0 | 241+3 240+ 3
2 r(O-Mo-O) | 226 | - | 225
3 t(O-Mo-O) | 249 | - | 261
4 vs(Mo-Cl) 269 | 275 1295 | 10 305+4 | 305+12 | 295+6 289 +£5
5 v(Mo-OH,) | 346 | - | 309
6 &8(0-Mo-O) | 388 | 355 | 357 | I [385+10| 377+1 | 369+2 370+ 3
T* | Vaym(Mo0=0) | 933 | 912 | 920 | IV* | 9240 | 9173 | 927+2 919+ 6
8% | vegm(Mo=0) | 973 | 943 | 963 | V* | 9621 | 960+1 | 957 +2 956 + 2
- — - - - | VIF* 1 1052+1 | 1051 +1 | 1048 +2 | 1047 +£2

* Most intense Raman peaks in the region from 200-1100 cm™!.

** Raman vibration only observed in the experimental Raman spectra corresponding to the
Vsym(N-O) vibration from the HNO3 used during synthesis.
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Table 2. Raman vibrations previously reported for ~~MoOj3. The Raman vibrations include

twisting (tw), scissoring (sc), rotational (p), symmetric stretching (vs), and asymmetric stretching

(Va).
Lunk | Pan ef | Silveira | Atuchin Moura et al.”! Assignment, Moura et al.”!
etal'*| al® | etal’® | etal’® (cm™) (cm™)
(cm™) | (em™) | (em™) | (em™) |Calculated | Experimental
222|217 (220|219 215 217 tw(MoO2) (c-axis)
233 sc(MoQ3) (a-b plane)
253|250 [249  [250  |2#3 247 tw(MoO») (c-axis)
316|312 318|319 304 315 tw(MoO5) (a-b plane)
314 tw(MoO») (a-b plane)
396 397 (398|381 397 s¢(MoO) (a-b plane)
414|412 415 385 414 sc(Mo05) (a-b plane)
482 p(MoO») (a-b plane)
492|489 493|492 |488 490 p(MoO,) (a-b plane)
690 690 |695  |691 702 690 sc(MoO) (c-axis)
887 885 880 843 878 va(M00>) (a-b plane)
900|901 |903 |90l 882 900 va(M0O5) (a-b plane)
916 923 912 915 -
973|980 |982  |978  |952 977 vs(MoO) (a-b plane)
953 988 vs(Mo0O2) (a-b plane)
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Table 3. Raman vibrations of samples AP0 to AP15. The Raman vibration assignment is based

on a previous report by Moura et a

asymmetric stretching (va).

on hexagonal MoQOs. The Raman vibrations include
twisting (tw), scissoring (sc), rotational (p), bending (8), symmetric stretching (vs), and

g
s
‘§ Assignment Raman APO AP5 API10 AP15
g mode (ecm™) | (em') | (em) | (cm™)
=
&
1 | sc(O-Mo-O) (a-b plane) Ag 230 231
2 | tw(O-Mo-O) (c-axis) Eg
257 255 253
3 | s¢(0O-Mo-0) in a—MoOs3 - 264
4 | 5(0-Mo-0) in 0—Mo0O3 283 280 276
5 | tw(O-Mo-0O) (a-b plane) Er 321
6 | sc(O-Mo-O) (a-b plane) En 401 399 402 395
7 | s¢(O-Mo-O) (a-b plane) Agn 416" | 415Ph | 4174 | 413B4
8 | v(Mo-0) in a—MoO3 476 476
9 | p(O-Mo-0) a-b plane Ag 497 497 495 491
10 | sc(O-Mo-0O) (c axis) Eg 680 679 675
11 | sc(O-Mo-0O) (c axis) Eg 705 699 695 697
12 | v(M0=0) in a—Mo0O3 829 825 836
13 | va(Mo=0) (a-b plane) Eng 882 880 882
14 | v4(Mo=0) (a-b plane) Eng 9038" | 93P
15 | - - 916 913 917 910
16 | - - 924
17 | - - 932
18 | vs(M0=0) (a-b plane) Eng 988 986 983 981
19 | vs(M0=0) (a-b plane) Erg 993 990 987

B/ Vibration observed in f~MoOs and A~~MoOj crystals.
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Table 4. Summary of the DSC/DTG temperatures and weight loss percentages according to

thermogravimetric analysis for the powders.

Reaction

Temperature from DSC

(K)

Temperature from DTG

(K)

Weight loss (%) from

TGA

AP
0

AP
5

AP1
0

AP1
5

AP | AP | APl
0 5 0

AP1
5

AP
0

AP
5

AP1
0

AP1
5

Elimination
of surface-
adsorbed
water

- | 398 | 393

393

Elimination
of surface-
adsorbed
nitrate
compounds

503

498

502

505

503 | 488 | 494

493

Elimination
of surface-
adsorbed
HCI

557

543

545

548

550 | 536 | 531

541

Dehydration
from the
internal
crystal
structure

- | 643 | 646

647

Phase
transformati
on from -
MoO;s to a—
MoO3

663

619

Phase
transformati
on from A—
MoO;s to a—
MoOs

706

648

649

650

6.5

52

6.1
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Figure 1. (a) Calculated Raman spectrum of [MoO>Cl3(H20)]™ and recorded Raman spectra of
solutions (b) A0, (c) A5, (d) A10, and (e) A15. The Raman spectra is illustrated from 200 to 450

cm™ and from 800 to 1100 cm™.
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Figure 2. (a) Raman shift of the symmetric stretching vibration of Mo=0 vs NaCl added to
solutions A0 to A15. The horizontal dashed lines at 963 and 943 cm™! show the calculated
Raman shift for the symmetric stretching vibration of Mo=0 in [M0oO,CI3(H20)]™ and
[M00O>Cl4]*", respectively. (b) Raman shift of the symmetric stretching vibration of N-O vs NaCl
added to solutions A0 to A15. The horizontal dashed lines show the reported Raman shift for the

symmetric vibration of N-O at 1050 cm™ for HNO; and at 1045 cm™ for NO5 .
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Figure 3. X-ray diffraction patterns of powders obtained after thermal treatment of solutions (a)
A0, (b) AS, (c) A10, and (d) A15. Polyhedral representations of (€) a—MoOs3, (f) f—MoO; and
(g) h—Mo0O:s. The letter A in (g) represents the sites where ammonia or water molecules are
contained to stabilize the hexagonal phase of MoOs.
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Figure 4. Raman spectra of samples (a) AP0, (b) AP5, (c) AP10, and (d) AP15. Numbers 1 to 12
indicate the Raman vibrations. The numbers with an a superscript indicate Raman vibrations
belonging to a—MoOs. The numbers with a B4 superscript indicate Raman vibrations reported
for f—MoOs3 and ~—Mo0Os3, and the rest of the numbers indicate Raman vibrations assigned to
h—MoOs3 only.
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Figure 5. Scanning electron micrographs of (a)-(d) APO, (e)-(h) APS, (i)-(1) AP10, and (m)-(p)
AP15. The rectangles in (k) and (p) indicate the regions from which energy dispersive spectra
were obtained (spectra shown in Figure 6).
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Figure 6. Energy dispersive spectra from the darker regions in sample AP10 and AP15,
illustrated with rectangles in Figures 5(k) and (p), respectively.
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