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Objectives. The present study aims to develop new methods for the synthesis of molybdenum(VI)
oxide, which is a precursor for the synthesis of functional materials, as well as to investigate the
physicochemical properties of the resulting oxide phases.

Methods. The synthesized phases and the products of their thermolysis were studied by
differential thermal analysis, IR spectroscopy, X-ray diffraction analysis, and granulometry.
Results. Three methods for the synthesis of molybdenum(VI) oxide were developed, and the
physicochemical properties of the oxide phases obtained were studied. The first method consisted
in the reaction of molybdenum pentachloride with a 6.0-9.5 mol/L ammonia solution, the second
one was the reaction of niobium pentachloride with a sulfuric acid solution, and the third method
involved the reaction of ammonium molybdate with nitric acid, affording brown molybdenum(V)
MoO(OH), hydroxide, a bright blue precipitate of molybdenum blue MoO, .., and white hydrated
oxide MoO,H,O, respectively.

Conclusions. A series of thermal and X-ray diffraction analysis demonstrated that in all cases
the samples were amorphous phases. Heat treatment at 580 °C of the synthesized phases led
to the formation of a rhombic modification of molybdenum trioxide. The lattice parameters and
X-ray density were calculated for all thermolysis products. The effect of heat treatment on the
particle size of the synthesized samples and their thermolysis products was studied. Particle
size analysis demonstrated that particles of different diameters were formed depending on the
synthetic method. The smallest particle size (0.3-0.6 um) was found in molybdenum trioxide, a
product of the thermolysis of the sample obtained by the reaction of molybdenum pentachloride
with a concentrated ammonium solution.

Keywords: molybdenum, oxides, thermal analysis, X-ray diffraction analysis, IR spectroscopy,
particle size analysis.
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Molybdenum(VI) oxide: New methods of synthesis and properties
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ITenu. Llenwvto pabomebl bbLna pazpabomra HO8bLX Memo0o8 cuHmesa okxcuoa moauboeHa(VI), sensio-
uie20cst NPeouecCmeeHHUKOM 015t CUHMe3a (PYHKUUOHAIbHbIX MAMEPUAIIO8 HA €20 OCHO8e, A MAKIKe
uccnedosaHue huaUKO-XUMUUECKUX C80TICME NOYUEHHbIX (has3.

Memoobst. CunmesupogarHbsle pasvbl U NPOOYKMblL UX MEPMOAUSA USYUALU Memodamu OuUg-
epeHyuanbHo-mepmuueckozo aHanusa, HK-cnekxmpockonuu, peHmeeHogda308020 GHANU3A,
epaHyiomempuul.

Pesynemamel. Pazpabomarbl mpu memooa cuHmesa oxcuoa monuboerHa(VI) u uccnedosarvl gpu-
BUKO-XUMUMECKUX C80TICMmE8a NOAYUEHHbIX OKCUOHbLX ¢pas. Tlepablii cnocob 3aKiioUancst 80 83aUMO-
delicmeuu NeHmMax1opuoa MOAUOOEHA C PACMBOPOM AMMUAKA KOHueHmpauuet 6.0-9.5 monv/n,
emopoti — 80 gzaumodelicmauu NEHMax1opuda HUObUSL ¢ PACMEOPOM CEPHOUL KUucombl, mpemuil —
80 83aumoldelicmeuu MoaUbOamMa AMMOHUSL ¢ a30mHol Kuciomotl. B nepeom cnyuae obpaszosancst
audporcud monuboera(V) MoO(OH), 6ypozo usema, 60 6mopom cayuae Habnodanioce obpasosarue
ocadka spKo-cuHe20 ueema — moauboerosoil curu MoO, .., 8 mpemvem cayuae 06pasoeancs auopa-
muposarHblil okcud MoO,'H,O 6enozo ysema.

Bwbteo0owsl. /[uhpepeHiuaibHO-MepMULecKUll U peHmeeH0a308blil AHAUSbL NOKA3AIU, MO 80 8CeX
cnyuasx obpasybl npedocmaensirom coboti amopgpHote gpasel. Tepmuueckas obpabomra (T = 580 °C)
CUHMEe3UPOBAHHbLX ha3 npusooum K ob6paz0eaHu0 mpuokcuoa moauboeHa pombuueckoil moougu-
rayuu. [Ins ecex npooykmog mepmoausa paccuumaHsbl Napamempsbl peuemrKu U peHmeeHO8CKast
nnomrocme. IIposedeHo uccnedosaHue BAUSIHUSL MepMUUEecKoll 0bpabomKku Ha pazmep Yacmul, CUH-
Me3upo8aHHbLIX 00pA3U08 U NPOOYKMo8 ux mepmonusa. I paHynomempuueckuti aHAAU3 NOKA3AT,
Ymo & 3a8UCUMOCMU OM CNOcoba NONYUEHUSE MPUOKCUOA MOSUOOEHA, 06pa3yromest Uacmuybl pa3Hoeo
Juamempa. Haumenvwiuii pazmep uacmuy, (0.3-0.6 mrxm) obHApYIKEH Y MpPUoKcUOa MoauboeHa —
npooyxma mepmoausa obpasya, NoAYyueHHo20 npu 83aumooeticmseull NeHMaxao0puoa mMoauboeHa c
KOHUEHMPUPOBAHHBLIM PACMEOPOM AMMUAKA.

Knroueesvte cnoea: monuboeH, okcudsvl, mepmuueckuil aHANIU3, PeHmzeHOpas308bllil aAHANAUS,
HK-cnexkmpockonus, 2paHysiomempuieckuil AHaIuU3s.

Jna yumuposanus: Hukummaa E.E., Jlebenesa E.H., [Ipo6or [.B. Oxcun momnbaeHa(VI): HoBbie MeTombI CHHTE3a U CBOUCTBA.
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INTRODUCTION
3200 T 5 ]
Molybdenum forms compounds having a wide T’K<\2\890K L \| L+G
variety of metal oxidation states, which results in 2700 (M(;)-TIL‘\ _____ L+Moil)~2573k
oxide phases that are characterized by a rich chemistry. 2200 2423K ETE 2 [[M0O: ni0,
Despite the increased interest in the oxide phases TMLOZ G
of molybdenum, especially in MoO, and MoO,, the {7q¢ - i¢
available information about their properties is still Mo+MoO, | L
scarce. Further study of the oxides of molybdenum 1200 1091 Koo
is essential for the development of new applications fi ( Moé?}\:g'oltc
in modern industry. In particular, these compounds 700 MowOn|—] /";I‘i"g"o :
are potential candidates for efficient electrochemical 200 | )
energy storage systems due to their unique physical Mo 10 20 30 40 50 60 70 8 90 O

and chemical properties such as conductivity and
mechanical and thermal stability [1-4].

Figure 1 shows the phase diagram of the
molybdenum—oxygen system.

at.% O

Fig. 1. Phase diagram of the molybdenum—oxygen system [5].
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The stable oxides of this system are the a-phase
of molybdenum trioxide (M0O,) and the é-phase of
molybdenum dioxide (MoO,). Additionally, there are
eight phases of intermediate composition between
MoO, and MoO,: Mo,0O,, Mo,O,,, Mo O ., Mo.O,,
Mo,0,,, Mo,0O,,, Mo O, and Mo O,,. These phases
have a pronounced nonstoichiometry, and most of
them are unstable. For example, the Mo,O, phase
disproportionates into MoO, and MoO,. The bonds in
oxides are mainly ionic, but also partially covalent;
the volatility of oxides confirms the covalent nature
of their bonds [5-8].

Molybdenum(IV) oxide crystallizes in a distor-
ted rutile-type monoclinic lattice (¢ = 0.5611 nm,
b = 0.4856 nm, ¢ = 0.5628 nm). This oxide has a
chain structure consisting of MoO, octahedra that are
connected by common edges and vertices (Fig. 2) [5, 9].

Molybdenum(VI) oxide consists of white,
green-tinged, flat rhombic crystals (¢ = 0.3963 nm,
b = 13855 nm, ¢ = 0.3696 nm) with a layered
structure. In the MoO, molecule, the coordination
number of molybdenum is six. Its structure, which is
similar to that of crystalline ReO,, is constructed from
coordination polyhedra that can be joined by vertices,
edges, or both. The unequal number of molybdenum—
oxygen bonds connected by vertices and edges leads
to a strongly distorted octahedral coordination around
the metal centers. Each molybdenum atom is located
in the center of a MoO, octahedron and surrounded
by six oxygen atoms, which are located at the vertices
of the octahedron. MoO, has several polymorphic
modifications (Fig. 3): the most thermodynamically
stable phase a-MoO, (Pnma space group), the
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metastable modification f-MoO,, and /#-MoO,. In
the a-MoO, and A-MoO, modifications, the MoO,
octahedra are linked to each other by both vertices and
edges, whereas they are linked only by the vertices in
f-MoO, [5, 10-12].

The unique layered structure of MoO, renders
it a promising material for anode and cathode in
electrochemical capacitors [4]. Catalytic materials
based on MoO, have been used in processes such as
methanol oxidation, isomerization and hydrogenation
of olefins, and oil refining (cracking, hydrotreating,
and reforming) [13, 14]. Currently, the production
of MoO,-based materials is carried out via a limited
number of methods including chemical deposition,
hydrothermal process, sol-gel method, or chemical
vapor deposition [15-20], most of which require high
temperatures and pressures.

Fig. 2. Structure of molybdenum dioxide.
Oxygen atoms are located at the vertices of octahedra,
and molybdenum atoms are located in the center
of octahedra [5].

Fig. 3. Structures of polymorph modifications of molybdenum trioxide:
a) a-MoQ,, b) f-MoO,, ¢) #1-MoO,. In all structures, a unit cell is shown as a thin black line, oxygen atoms are indicated
by black spheres, molybdenum atoms are located inside the gray MoO, octahedra [12].
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The aim of this work is to explore new methods
for the synthesis of molybdenum(VI) oxide, which is a
precursor for the synthesis of functional materials, as
well as to study the physical and chemical properties
of the resulting phases.

MATERIALS AND METHODS

The precursors used in this work were
molybdenumpentachloride (qualificationACS, Merck,
Germany), ammonium molybdate (qualification AR,
Merck, Germany), sulfuric acid (qualification CP,
GOST 4204-77, CHIMMED, Russia), nitric acid
(qualification ACS, GOST 11125-84, CHIMMED,
Russia), and ammonia solution (qualification ACS 25-5,
GOST 24147-80, CHIMMED, Russia).

Molybdenum oxide phases were obtained by the
three following synthesis methods:

* The first synthesis consisted in the reaction
of molybdenum pentachloride with a 6.0-9.5 mol/L
ammonia solution. In this case, a brown precipitate
was formed, which was indicative of the formation of
molybdenum(V) hydroxide MoO(OH), according to
reaction (1) as follows [21]:

MoCl, + 5NH,-H,0 — MoO(OH), + SNH,CI+H,0 (1)

¢ In the second synthetic procedure, a solution of
concentrated sulfuric acid was added to molybdenum
pentachloride. During this reaction, the formation
of a bright blue precipitate was observed, which
corresponds most likely to molybdenum blue.
This compound, in which molybdenum exhibits
the oxidation states +5 and +6, is usually obtained
by reducing molybdenum(VI) to molybdenum(V)
[22, 23]. In contrast, we oxidized molybdenum(V)
to molybdenum(VI) using sulfuric acid as a strong
oxidizer according to reaction (2):

4MoCl, +2H,S0, + 9H,0 — 4MoO, . + SO, + 20HCI (2)

* The third synthesis consisted in the reaction
of ammonium molybdate with boiling nitric acid as
follows:

(NH,),Mo0, + 2HNO, — MoO, nH,0 + 2NH,NO,  (3)

As a result, a fine white powder was formed.

Differential thermal analysis of the samples was
performed on a Q-1500 D derivatograph (F. Paulik,
J. Paulik, L. Erdey; MOM, Hungary) in air with
the simultaneous recording of four curves, namely,
differential (DTA), thermal (T), differential
thermogravimetric (DTG), and integral weight loss
(TG) curves using the software and hardware systems

developed by [P Tetran, Russia, in the LabVIEW
8.21 environment (National Instruments, Austin,
Texas, USA). The temperature was measured using
a PP-1 platinum/platinum-rhodium thermocouple
with an error of £5°C within a temperature range of
20-1000°C, at a heating rate of 10°C/min, and using
a-Al,0, as a reference sample.

X-ray diffraction (XRD) analysis was performed
on a Bruker D8 Advance diffractometer using CuK
radiation, continuous sample rotation (1°/min), and
step-by-step (step 26 = 0.02°, exposure 0.5 s/step)
mode in the angle range 20 = 5-80°. The International
Center for Diffraction Data—Joint Committee on
Power Diffraction Standards (ICDD-JCPDS) card
file was used for phase identification.

The X-ray density was calculated using the
formula:

pX—ray = M . ZV—X 1 66 > (4)

where M is the molecular weight, g/mol; Z is the
number of formula units; and ¥V is the volume of the
unit cell, A2,

In the case of the rhombic modification of
molybdenum trioxide (a # b # ¢, a = =y = 90°), the
following formula applies:

V=axbxc. ®)]

Infrared (IR) absorption spectra in the area of
3600-400 cm' were recorded on a Specord M80
spectrometer by using KBr pellets, with an error
below 3—4 cm™!.

Granulometric analysis for the determination of
the particle size distribution was performed using a
DelsaNano laser particle analyzer from Beckman
Coulter, USA. This device can measure particles
dispersed in a liquid in the measurement range from
0.6 nm to 7 um by diffraction method. The LS series
devices use laser light with a wavelength of 780 nm.

Heat treatment of samples was carried
out in a laboratory furnace TK-12.1250.H.1®
equipped with an automatic temperature controller
“Thermomatic-N.” The error of automatic control at
the nominal temperature was +1°C.

RESULTS AND DISCUSSION

The thermal transformations of the synthesized
phases were studied in the temperature range from 20
to 1000°C.

Figure 4 shows the DTA curves of the samples.

The DTA curves demonstrate the occurrence of
endothermic effects associated with a dehydration
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Fig. 4. Differential thermal analysis curves of
a) the sample obtained by the reaction of molybdenum(V) chloride
with a concentrated ammonium solution (brown powder),

b) the sample obtained by the reaction of molybdenum(V)
chloride with a concentrated sulfuric acid solution
(molybdenum blue),
and c) the sample obtained by the reaction between
ammonium molybdate and nitric acid.

process. Inaddition, forthe sample obtained by reacting
molybdenum(V) chloride with a concentrated sulfuric
acid solution, the observed endothermic effects may
be associated with the wvolatilization of reaction
byproducts such as SO, and HCI. The presence of an
exothermic effect at 350-400°C (Fig. 4a) corresponds
to the oxidation process of Mo(V) to Mo(VI), which
was confirmed by the increase in the mass of the
sample during the annealing process. An exothermic
effect in the temperature range of 410—-460°C for the
sample obtained by the reaction between ammonium
molybdate and nitric acid (Fig. 4c) can be attributed
to the decomposition of the reaction byproduct, i.e.,
molybdenum oxonitrate MoO,(NO,),, to nitrogen
dioxide (NO,) and molybdenum oxide (MoO,). This
process was accompanied by a decrease in the mass
of the sample. Moreover, an exothermic effect in the
temperature range of 555-565°C can be assigned
to the crystallization of amorphous molybdenum
trioxide.

At temperatures above 600°C, a significant
decrease in mass was observed for all samples due
to evaporation of molybdenum(VI) oxide. According
to the literature, this compound begins to evaporate
below its melting point (in the range of 600-795°C).
Thus, a noticeable increase in pressure occurs at the
melting temperature (795°C) [24].

On the basis of the IR spectroscopy and XRD
results, we decided to anneal the samples at 580°C
because the mass of the samples remains constant at
this temperature, and the evaporation process has not
yet begun.

Similar absorption bands are observed in the IR
spectra of the three samples. In particular, the residual
absorption band in the region of 3600-3000 cm™!, with
a maximum at ~3465 cm™!, is attributable to valence
vibrations of hydroxo groups and water (Fig. 5) [25].
The absorption band at 993-987 cm! corresponds
to the Mo=0O bonds. This band is characteristic of
crystalline MoO,, in which each molybdenum atom
is surrounded by six oxygen atoms, thus forming a
MoO, octahedron [26]. The absorption bands in the
880-860 cm™' region correspond to symmetrical
Mo—-O—-Mo vibrations, and the absorption band at
820 cm™' corresponds to asymmetric Mo—O-Mo
vibrations of molybdenum trioxide, in which the
oxygen atom bridges two MoO, octahedra [27]. The
absorption band at 623-583 c¢m!' corresponds to
Mo O vibrations. In this case, the oxygen atom is
shared between three MoO, octahedra [27, 28].

Then, the samples were subjected to isothermal
annealing at 580°C for 15 hours. The annealing
temperature was selected according to the results of
differential thermal analysis; at 580°C, the loss of
mass was completed. The resulting phases were gray-
green powders.

To identify the obtained phases, the synthesized
samples and their thermolysis products were subjected
to an XRD analysis at 580°C. All the synthesized
samples were amorphous phases.
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Fig. 5. IR spectra of the products of the thermal
decomposition of
a) the sample obtained by the reaction of molybdenum(V) chloride
with a concentrated ammonia solution (brown powder),

b) the sample obtained by the reaction of molybdenum(V)
chloride with a concentrated sulfuric acid solution
(molybdenum blue),
and c) the sample obtained by the reaction between
ammonium molybdate and nitric acid.
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The XRD patterns of the thermal decomposition
products (T = 580°C) are shown in Fig. 6. In all cases,
the formation of a rhombic modification of molybdenum
oxide MoO, can be observed. The unit cell parameters
and X-ray density are summarized in table.

The influence of heat treatment on the particle
size of the synthesized samples and their thermolysis
products at 580°C was studied. Figure 7a shows the
particle size distribution of the sample obtained by
reacting molybdenum pentachloride with an ammonia
solution. The main fraction corresponds to a particle
size of 0.7-1.2 um (~90%). Upon heat treatment of
this sample, molybdenum trioxide having particles
of 0.3-0.6 um (~95%) was obtained (Fig. 7b).

Unfortunately, the determination of the particle size
of the sample obtained by reaction of molybdenum
pentachloride with a sulfuric acid solution was
hindered by its solubility in water.

Figure 8 shows the particle size distribution of
the thermolysis product of this sample. The main
fraction corresponds to a particle size of 0.6-0.9 um
(~95%).

Figure 9a shows the particle size distribution of
a sample obtained by reacting ammonium molybdate
with a nitric acid solution. The main fraction
corresponds to particles with a size of 3.0-5.0 pm (~90%).
During heat treatment of the sample, molybdenum
trioxide having two particle fractions, i.e., particles
of 0.7-1.0 pm (~80%) and 3.0-6.0 pm (~6%), was
obtained (Fig. 9b).

As can be seen from the particle distributions,

300!, % 10) the smallest particles were formed upon thermolysis
275] of the sample obtained by reacting molybdenum
250 200) %0 am pentachloride with an ammonia solution.
225 o11)  (600) (002) (020) o13
o1y 4(410) gs01)  (102) (112)(121)(810) (620)1000)1010) (302)
200 c
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100 ~b
[1)
757 A’ —f
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20, grad.
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Fig. 6. X-ray diffraction patterns of the products obtained 21
after thermal decomposition at 580°C for 15 hours of 0, : : :
03 04 050.60.7 1 2 3 4

a) the sample obtained by the reaction of molybdenum(V)
chloride with a concentrated ammonia solution
(brown powder),

b) the sample obtained by the reaction of molybdenum(V)
chloride with a concentrated sulfuric acid solution
(molybdenum blue),
and c) the sample obtained by the reaction between
ammonium molybdate and nitric acid.
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Fig. 8. Particle size distribution of the product
of the thermolysis of the sample obtained by the reaction
of molybdenum pentachloride with a sulfuric acid solution.
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Fig. 7. Particle size distribution of (a) the sample obtained by the reaction of molybdenum pentachloride
with an ammonia solution and (b) the product of its heat treatment at T = 580°C.
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XRD data of the samples obtained after annealing at 580°C

Lattice parameters of the synthesized samples

ICDD-JCPDS data for MoO, (orthorhombic)

a=(1.382+0.001) nm

Synthesis 1 b=(0.3696 + 0.0005) nm
(molybdenum pentachloride ¢=1(0.3956 + 0.0005) nm
and ammonia solution) V'=202.07 x 10 nm?

Pray = 4.73 g/em?

a=(1.383+£0.001) nm a=1.3825nm
Synthesis 2 b=(0.3699 + 0.0005) nm b=0.3694 nm
(molybdenum pentachloride ¢=1(0.3960 £ 0.0005) nm ¢=0.3954 nm
and sulfuric acid) V'=202.70 x 103 nm? V'=201.93 x 103 nm?
Prrgy =454 g/em? Prrey = 473 glem’®
a=(13.817+0.01) nm
. . b=(3.694+0.001) nm
i}l/(rlltnhli;lz 2c(izr)nmon1um molybdate ¢=(3.959 % 0.005) nm
V'=202.07 x 10 nm*
Prrgy = 473 glem?’
gl % 1%
7. 10-
6 g
i 6
3 4
2,
1 21
O 4 5678910 20 30 04 06081 2 4 6 810
Particle diameter, pm Particle diameter, pm
a b

Fig. 9. Particle size distribution of (a) the sample obtained by the reaction of ammonium molybdate with nitric acid
and (b) the product of its heat treatment at T = 580°C.

CONCLUSIONS

1. Oxide phases in the molybdenum—oxygen
system were synthesized following three procedures.
The first method consists in the heterophase reaction
of molybdenum pentachloride with a concentrated
ammonia solution, the second in the reaction of
molybdenum pentachloride with a concentrated sulfuric
acid solution, and the third in the reaction of nitric acid
with ammonium molybdate.

2. Using various analytical methods including
XRD, DTA-DTG, IR spectroscopy, and granulometry,
the physicochemical properties of the synthesized
samples and their thermolysis products were studied.

3. DTA and XRD analysis demonstrated that in all
cases the samples were amorphous phases. Heat treatment

at 580°C led to the formation of a thombic modification
of molybdenum trioxide. Lattice parameters and X-ray
density were calculated for all thermolysis products.

4. The results of granulometric analysis showed
that particles of different diameters were formed
depending on the synthetic method. The smallest
particle size (0.3-0.6 pm) was found in molybdenum
trioxide, a thermolysis product of the sample obtained by
reacting molybdenum pentachloride with a concentrated
ammonia solution.
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