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Abstract: We report a simple method for preparing copper(Il) molybdate (CuMoO,) powders via a combustion-like process. A gel was first
prepared by the polymerizable complex method, where citric acid was used as a complexing and polymerizing agent and nitric acid was used
as an oxidizing agent. The thermal decomposition behavior of the (CuMo)-precursor gel was studied by thermogravimetry—difterential ther-
mal analysis (TG-DTA), Fourier transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD). We observed that the crystallization
of CuMoO, powder was completed at 450°C. The obtained homogeneous powder was composed of grains with sizes in the range from 150
to 500 nm and exhibited a specific surface area of approximately 5 m*/g. The average grain size increased with increasing annealing tem-
perature. The as-prepared CuMoOQ, crystals showed a strong green photoluminescence emission at room temperature under excitation at 290
nm, which we mainly interpreted on the basis of the Jahn—Teller effect on [MOO?[] complex anions. We also observed that the photolumi-

nescence intensity increased with increasing crystallite size.
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1. Introduction

Transition-metal molybdates AMoO, (A = Cu*, Ni*",
Co*', and Fe*") have been extensively studied over the past
several decades because of their specific structural, elec-
tronic, magnetic, and catalytic properties [1-5]. Among all
transition-metal molybdates, copper molybdate is one of the
most promising catalysts for the partial oxidation of light
alkanes, particularly in the case of propane and isobutene
[3-5]. In addition to this oxide’s catalytic properties, its
other properties, including its thermochromic, tribochromic,
piezochromic, and photoelectrochemical properties, make it
useful in various applications [5—6]. Copper(II) molybdate

(CuMo0y,) exhibits two polymorphs at atmospheric pressure:

the o form, in which Mo is located in a tetrahedral environ-
ment (green), and the y form, in which Mo is located in an
octahedral environment (brown-red) [6—7]. Under standard
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temperature and pressure conditions, the o — vy transition is
induced either by an increase of pressure above 250 MPa or
by cooling to less than 200 K [6]. In the case of tung-
sten-doped copper (II) molybdate, CuMo;—yW,O4 (x < 0.12),
the temperature and the pressure of the transition depend on
the tungsten content [8-9]. Thus, CuMoQO, can be used as a
pressure and/or temperature sensor.

The most general method used to prepare CuMoO; in-
volves a solid-state reaction between copper and molybde-
num oxides at temperatures near 750°C. However, CuMoQO,
powders tend to contain relatively large particles with an
inhomogeneous composition [6-7]. These problems can be
solved through the use of wet-chemical synthesis methods
such as co-precipitation [10], spray pyrolysis technique
[11], polymeric precursor method [12], and hydrothermal
method [13]; these approaches offer the possibility of pre-
paring highly pure and homogeneous ultrafine ceramic
powders.
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The metal molybdates generally exhibit blue or green
luminescence emission, which is commonly attributed to
charge-transfer transitions into the [MoOff] tetrahedron
[14-20]. However, to the best of our knowledge, the photo-
luminescence of CuMoOQy crystals has not yet been reported.
This work describes the synthesis of ultrafine copper(Il)
molybdate (0-CuMoO,4) powders by a combustion-like
process. The main advantage of this synthesis method lies in
the chemical homogeneity of the obtained powders and in
the control of the particle size [16, 21-22]. A redox reaction
between nitrate ions and citrate ions liberates the required
energy to synthesize the oxide powder at low temperatures
[23]. Furthermore, the optical properties of the synthesized
CuMoO, powders were investigated on the basis of their
photoluminescence (PL) emission spectra.

2. Experimental

The following reactants were used as raw materials:
copper(Il) oxide (CuO, Acros Organics, 99.0%), molybde-
num(VI) oxide (MoOj;, Acros Organics, 99.0%), citric acid
(CA, Acros Organics, 99.0%), concentrated nitric acid, and
aqueous ammonia. Initially, the MoO; and CuO were dis-
solved in an ammonia solution (2 M) and in a nitric acid so-
lution (2 M), respectively. A CA solution was added to an
equimolar solution of metal ions in a proportion such that
the CA/cation was 3. The solutions were mixed and adjusted
to pH 1 using aqueous NH,OH or HNO;. The resulting
mixture was well stirred for 30 min at 50-60°C to produce a
homogeneous solution. The evaporation of the solution at
100°C led to the formation of gels. These CuMo gels were
dried at 120°C for 24 h and then pre-calcined at 300°C in air
for 12 h. The resulting black powders were treated under air
at temperatures ranging from 450 to 550°C.

The crystallization process of the (CuMo)-precursor gel
was evaluated by thermogravimetry—differential thermal
analysis (TG-DTA, SETERAM TG-DTA 92) and Fourier
transform infrared spectroscopy (FTIR, Perkin Elmer 1760)
using the KBr pellet technique. The phase after the heat
treatment was identified by X-ray diffraction (Bruker
AXSD4, Cu K,, 4 =0.154056 nm, operating voltage 40 kV
and current 40 mA) with a 0.02° step scan and a count time
of 3.6 s/step. The size and morphology of the green powders
were studied by scanning (Jeol JSM6400 equipped with en-
ergy-dispersive X-ray spectrometer) and transmission (Jeol
2010) electron microscopies. Specific surface areas were
determined using a Micrometrics Flowsorb II 2300. The PL
spectra were recorded at room temperature using a
Hamamatsu S20 photocathode (4 =290 nm).

3. Results and discussion
3.1. Synthesis of CuMoQ, ultrafine powders

The crystallization process of the (CuMo)-precursor gel
was evaluated by TG-DTA, FTIR, and X-ray diffraction
(XRD). Fig. 1 shows the typical thermal behavior of a dried
gel, as evaluated in air at a heating rate of 2.5°C/min. The
TG curve reveals that the CuMo-gel loses mass as the tem-
perature is increased to 450°C. With a further increase in
temperature, the mass remains constant, indicating that the
decomposition of all organic materials was accomplished
below 450°C. The DTA curve shows a single endothermic
peak and several exothermic peaks between 200 and 450°C.
The broad endothermic peak at 140—-150°C is attributed to
the evaporation of free water and adsorbed water; this attri-
bution is confirmed by the mass loss in the TG graph. The
distinct exothermic peaks at 200-360°C in the DTA curve
are attributed to the decomposition of citrates, nitrates, and
ammonium groups and to the nucleation of metal oxides.
This nucleation is accompanied by a drastic mass loss in the
TG curve. The exothermic peak at 410-415°C with weak
mass loss in the TG curve is ascribed to the complete oxida-
tion of residual carbon in the powder and to the crystalliza-
tion of CuMoOy,.
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Fig. 1. Simultaneous TG-DTA curves of a dried (CuMo)-gel
under flowing air.
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The FTIR spectra of the powders heat-treated between
120 and 450°C are shown in Fig. 2. The FTIR spectrum of
the gel dried at 120°C shows bands at approximately 3430
and 1720 cm ', corresponding to the O—H and C=0 stretch-
ing modes, respectively [24]. The IR peaks observed at 1400
and 1630 cm ' are due to the symmetric and asymmetric
stretching vibrations of C=0O bonds in metal carboxylates;
the appearance of these peaks confirms the formation of the
metal—citrate complex [25-26]. The observed peak at 1380
cm ' is due to the symmetric deformation of NH ions [27].



The disappearance or decrease of these bands in the FTIR
spectra of the powders heat-treated between 300 and 450°C
is a consequence of the pyrolysis of the organic species. In
the case of the sample heated at 450°C, numerous peaks
(966, 946, 907, 873, 846, 823, 797, 744, 728, and 496 cm )
were observed in its FTIR spectrum. All these bands are at-
tributable to the vibrational modes of CuMoQ, [28], sug-
gests that CuMoO, was formed before 450°C, consistent
with the TG-DTA results.
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Fig. 2. FTIR spectra of (CuMo)-gel annealed at (a) 120, (b)
300, (c) 420, and (d) 450°C.

Fig. 3 shows the XRD patterns of the CuMoO,4 powders
heat-treated at different temperatures. In the pattern of the
powder heat-treated at 300°C (Fig. 3(a)), three phases were
identified: a-CuMoO,4 (JCPDS 073-0488), MoO; (JCPDS
076-1003), and Cu,MoOs (ICDD 022-0607). The phase
a-CuMoQO,4 was preponderant, and the peaks of the addi-
tional phases were very weak in the sample annealed at
420°C (Fig. 3(b)). The diffractogram of the powder
heat-treated at 450-550°C (Figs. 3(c)-3(e)) shows only
peaks characteristic of the 0-CuMoQO, phase. These results
are in perfect agreement with TG-DTA and FTIR results.
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Fig. 3. XRD patterns of CuMoO, powders heat-treated at (a)
300, (b) 420, (c) 450, (d) 500, and (e) 550°C for 6 h. The stan-
dard pattern for CuMoQO, (JCPDS file No. 73-0488) is provided
at the bottom of this figure.

SEM observation of the powders heat-treated at 450, 500,
and 550°C reveals highly agglomerated particles with a
polydisperse size distribution (Fig. 4). The size of the ag-
glomerates increases with increasing temperature. The av-
erage grain sizes of the powders heat-treated at 450-550°C
were measured using transmission electron microscopy
(TEM, Table 1). A TEM micrograph of the CuMoO, pow-
der heat-treated at 450°C is presented as a typical example
(Fig. 5). The sample consists of elongated or more-or-less
spherical elementary grains with sizes in the range from 150
to 500 nm. As the annealing temperature is increased, the
grain size increases, as shown in Table 1. The specific sur-
face area of these powders decreases with increasing calci-
nation temperature (Table 1), which confirms the micro-
scopic observations.

Fig. 4. SEM micrographs of CuMoQO, powders heat-treated at (a) 450, (b) 500, and (c) 550°C for 6 h.

The geometrical sizes of particles (calculated from the
experimental specific surface area values under the assump-

tion that the powders are composed of monodispersed
spherical grains) and the sizes of grains measured on TEM



images were of the same order of magnitude (Table 1). The
Cu/Mo molar ratio determined by energy-dispersive X-ray
spectroscopy (EDX) is approximately 0.99, which is similar
to the stoichiometric composition of CuMoOQ,.

Table 1. Calculated average grain size of CuMoO, as a func-
tion of heating temperature

Temperature / °C Dipm/ um  Sgger/ (m2~ g’l) DEET / um
450 0.15-0.50 495 0.281
500 0.20-0.60 4.17 0.334
550 0.40-1.60 3.50 0.397

Note: *Size of particles estimated by TEM. ° Geometrical size of
particles calculated from the specific surface area (Sggr) according
to the formula Dggr = 6/(dSggt), where d is the density of CuMoO,.

0.5 um

Fig. 5. TEM micrograph of CuMoO, powders heat-treated at
450°C for 6 h.

3.2. Photoluminescence properties

Fig. 6 presents the PL emission spectra of the CuMoO,
crystals heat-treated at different temperatures. The sample
heat-treated at 450°C shows a broad greenish-blue emission
peak at 475-575 nm, whereas samples treated at 500 and
550°C exhibit a PL emission in the green wavelength range,
with a maximum at 530-590 nm. The small shoulders ob-
served in the PL spectrum of the sample heat-treated at
450°C can be interpreted as extrinsic transitions induced by
structural defects [14]. The PL intensity increases with in-
creasing temperature. These results reveal that the PL emis-
sion of CuMoOy is strongly dependent on its crystallinity.

Various authors have reported that the optical properties
of inorganic powders depend on their morphology and crys-
tallite size. Lim [15] has shown that the PL intensity of

(Ba,Ca)MoOy, particles depends strongly on their particle
shape and distribution; similar observations have been re-
ported previously [16-18]. The PL spectra of CuMoQ, are
very similar to those of other bivalent metal molybdates
[17-18]. According to the literature, the blue emission of the
metal molybdates is mainly attributable to the charge-trans-
fer transitions localized at the [MoOff] tetrahedra [15-19].
Wu et al. [19] argued that the blue PL emission is due to a
'T, — 'A, transition in the tetrahedral molybdate groups.
Another possible explanation for the PL emission processes
of copper molybdates is the Jahn-Teller splitting effect on
excited states of tetrahedral [MoOf[] anions. Campos ef al.
[20] showed that the greenish-blue PL emission processes of
lead molybdates can be related to the existence of distorted
[MoOif] complex clusters into the lattice. Therefore, we at-
tributed the greenish-blue PL emission of copper molybdate
to the intrinsic slightly distorted [MoO? ] tetrahedra.
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Fig. 6. PL spectra at room temperature of the CuMoO, crys-
tals excited at 290 nm after heat treatment at (a) 450, (b) 500,
and (c) 550°C.

4. Conclusion

0-CuMoQO, submicronic powders were prepared via a
combustion-like process. Crystallization of the CuMoO,
precursor was detected at a relatively low temperature of
300°C and was entirely completed at 450°C. The CuMoOy,
powders heat-treated at 450°C are composed of grains with
sizes in the range from 150 to 500 nm and exhibit a specific
surface area of approximately 5 m’g. EDX analysis con-
firmed that the composition of the powder was similar to the
stoichiometry of CuMoO,. The powdered CuMoO, exhib-
ited a broad peak in the green and blue wavelength ranges,
which we explained by the influence of the Jahn-Teller ef-
fect on nearly tetrahedral [MoO; ] groups. The enhancement
of PL intensity with increasing calcination temperature was
due to the improvement of the crystallinity of CuMoQO,.
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