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Abstract

This work is related to the characterization of nanometrics materials of the BMnMoO;,-
BCoMoOy system, prepared by co-precipitation and sol-gel routes from the corresponding
metal salts. The structural, morphological and colorimetric characteristics of the obtained
powders were studied using thermogravimetric and differential thermal analysis (TGA-DTA),
X-ray diffraction (XRD), infrared and Raman spectroscopy, scanning electron microscopy
(SEM) and colorimetry (CIE-L*a*b* system). The surface specific area was calculated using
the Brunauer-Emmett-Teller analysis (BET) in the adsorption/desorption isotherm. The X-
ray diffraction patterns highlighted the formation of a continuous solid solution Mn;.
xCoxM00, (0< x<I) of monoclinic symmetry (C,/m) isotype to B-MnMoO, and this
regardless of the synthetic route adopted. FTIR and Raman spectroscopy analysis showed that
the chemical bonds’ nature in the Mn;.CoxM0O, compounds corresponded to the strong Mo-
O-Mo, Mo-0 and Co-O-Mo vibrational modes. The micrographs (SEM) highlighted the form
of nanorods with sizes ranging from 10 to 200 nm for compositions x=0.3 and x=0.6,
prepared by co-precipitation. The specific surface area measurements indicated that the
powders obtained by the sol-gel process present lower values than those prepared by co-
precipitation, regardless the cobalt substitution rate. The specific surface area of the purple
nanoscale powder (x=0.6) obtained by co-precipitation was about 7.52 m?/g. Colorimetric
parameters analysis of the powders heat treated at 1100 °C showed that the degree of the
component (-b*) was significant for compositions x=0.6, regardless of the synthesis method

adopted.
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system.

1. Introduction

The divalent element molybdates (AMoO, A= Co%", Zn?*, Cu®"...) have attracted plenty of
attention in recent years because of their thermochromic, piezochromic, and tribochromic
applications [1-5]. Indeed, studies on tungsten-doped copper molybdate CuMo;xWxO,4 have
shown that the tungsten content can control the temperature or pressure of the oo =y phase
transition in this molybdate. As these two polymorphic varieties are of different colors (green
and ocher, respectively), considering the use of this material as an indicator of temperature or
pressure is thus possible [6-9]. Recently, the work carried out in our laboratory by H. Lakhlifi
et al. [10-12] showed that the partial substitution of cation A in the matrix of A;xCoxMo0O,
(A=Zn and Mg) by the chromophoric element cobalt allows the synthesis of new colored
materials. Indeed, Co* ions can induce different colorations depending on the environment
they occupy. For example, in the tetrahedral site, they are at the origin of a blue color [10],
while in regular octahedral coordination, a pink color is observed, and a purple hue is

obtained when the latter is deformed [12].

The Mn;.xCoxM0QO, composite is likely to be formed, due to the size and electronegativity of
the metal (Mn) such as Xun<Xco. The CoMoO,4 molybdate is likely to have a more compact
structure, leading to the formation of octahedral MoOg (a-phase) [13], while the crystal cell,
with a higher volume containing tetrahedral MoO, (B-phase) [14], is preferred to occur in
MnMoO, [15-17]. However, a transition from a phase to a [ phase has been reported
experimentally in the CoMoO, system [18]. Several synthesis methods have been used to
synthesize the molybdate AMoO, (A= Co, Zn, Ni, Cu...) such as the solvothermal method
[19], the Pechini method [20], the sol-gel route [21-24], and the solid-solid route [10]. In the
present work, we proposed to elaborate on and study molybdates by substituting the
manganese in B—MnMoO, with cobalt. Indeed, with this matrix being beige, its doping by a
chromophore element such as cobalt can highlight a piezochromic phenomenon for this
material [25]. To evaluate the synthesis method’s effect on the molybdates’ quality, as well as
to compare the results with those obtained in the synthesis by the polymerizable complex
route (sol-gel), we opted to elaborate on the solid solutions Mn;.xCoxMo00O, (0<x<1) by co-
precipitation. X-ray diffraction, FTIR, Raman spectroscopy, particle size, morphology,

surface specific area, colorimetric parameters, and thermal stability were discussed in detail.



2. Methods and materials

2.1. Synthesis

The synthesis by the sol gel route of the solid solution Mn;.xCoxM0QO, (0< x < 1) consists of
instilling in the solution the salts of divalent cations: manganese nitrate Mn(NOj3),,6H,0
(Aldrich,98%), cobalt nitrate Co(NO3),, 6H,O (Aldrich,98%) in the presence of ammonium
heptamolybdate (NH4)sM07024,4H,0 (Acros,99%) in a stoichiometric amount. To this
mixture, an excess of citric acid (Acros,98%) was added to complex the different cations, with
the pH being controlled. We thus obtained a matrix that insured the homogeneous presence of
the various cations. The evaporation of the solution at 80°C led to the formation of gels.
These gels were dried at 120°C for 24 hours and then calcined at 300°C under air for 12
hours. A heat treatment in the air at an adequate temperature allows for the isolating of

powders of different colors.

The synthesis of Mn;xCoxM00O4 (0< x < 1) molybdates by the co-precipitation method
consists of making precipitated in aqueous medium in hydrated form. To do this, mixtures of
solutions of Mn** and Co?* cations such that [Mn?*"]+[Co?*]=1, were added to aqueous
solutions of sodium molybdate Na,MoQO,, under continuous magnetic stirring. Sodium
hydroxide solution NaOH (1M) was added dropwise to the mixture to maintain an optimal pH
for precipitation. The temperature was fixed at about 80°C. After one hour of stirring, the
reaction mixture obtained was washed with distilled water and ethanol several times. This
washing allowed to removal of the different residues from the product and to obtain hydrated

precursors, as proposed in the following reaction.
(1-x)Mn* + xCo** + MnO,* + nH,0 ——»  Mny.xCo,M00O,, nH,0 (1)

The obtained precursors were dried at 120°C for 12 hours to remove volatile impurities, then
ground to fine powders and then calcined in the air for 2 hours, allowing crystallization of the

Mn;.xCoxMoO, samples.
2.2. Characterization

The decomposition of pre-calcined powders was investigated through differential thermal
analysis (DTA) and thermogravimetric analysis (TGA) using a simultaneous DTA/TGA

analyzer (DTA-TG-60H Shimadzu). The resulting powders were characterized using an X-ray
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diffractometer (Bruker D8 Advance), equipped with a LynxEye detector. The X-ray generator
(40kV, 40mA) is a copper anticathode tube that uses the CuKa line. A graphite
monochromator eliminates the Kg lines. The wavelength of the K.1/Kq2 lines of copper is
0.15406 / 0.15443 nm. The phases obtained were analyzed using Eva PLUS software by
comparing the positions and intensities of the different diffraction lines observed with those
available in the PDF-4-2010 database, established by the ICDD (International Center for
Diffraction Data). The infrared spectra were taken using a Fourier-transform infrared
spectrometer (IR Affinity-1S Shimadzu). The Raman spectra were recorded with a LabRAM
HR 800 (Horiba Jobin-Yvon) spectrometer. The morphologies of the powders were examined
using scanning electronic microscopy (JEOL JSM 6400), and the specific surface areas were
determined using the Brunauer-Emmett-Teller (BET) method (Micrometrics Flowsorb I
2300). The color parameters (L*a*b*) were measured using the CIE Lab system colorimeter
(CR-400/410, KONICA MINOLTA).

3. Results and discussion

3.1. Thermal analysis

To determine the optimal calcination temperatures of the Mn;.,CoxMoO4 molybdate powders,
thermogravimetric analyses under air with a temperature rise of 5°C/min were carried out in
the temperature range of 25-900°C on the precursors corresponding to the composition of
Mng 4C0p6M00O, from each synthesis mode. In the case of the precursor obtained from the sol-
gel route, the thermogravimetric analysis showed a global loss of 60% distributed across
several steps (Fig.1a):

-A first loss, of about 5% starting around 105°C and was accompanied by a weak endothermic
effect that could correspond to the dehydration of the sample.

-A second loss, of about 34%, occurred between 340°C and 550°C accompanied by weak
exothermic effects that likely due to the combustion of organic species with the release of
carbon monoxide and nitrogen.

-A final loss, of about 21%, was accompanied by a strong exothermic effect observed
between 580°C and 620°C. This process probably corresponds to the oxidation of the carbon
produced during the combustion of the xerogel and to the crystallization of a solid phase.
Beyond 650°C, no phenomena were observed on the thermal analysis curve, which indicated

that the decomposition of the precursor was complete. The X-ray diffraction analysis (XRD)



of the residue of TGA showed the crystallization of the solid Mng4C0¢sM00,. Based on this
result, we could choose the temperature of 700°C as the optimal temperature for the
calcination of xerogels obtained from sol gel synthesis.

In the case of the precursor obtained by co-precipitation, the thermal analysis curve indicated
a global mass loss of about 8% (Fig.1b). The successive losses accompanied by endothermic
and exothermic effects, recorded between 50°C and 350°C, could correspond to the departure
of water and to the beginning of crystallization in the corresponding solid phase. For
temperatures above 380°C, no phenomena were recorded on the thermal analysis curve,
which meant that the decomposition of the precursor was complete. An XRD analysis of the
TGA residue confirmed the crystallization of Mng4CoosM0O, molybdate. Following this
observation, we could adopt 500°C as the optimal temperature for the calcination of the

precursors obtained by Co precipitation.
3. 2. X-ray diffraction

A room temperature XRD analysis was conducted to identify the phases formed after
treatment at 500°C and 700°C, respectively, of the precursors from co-precipitation and
pyrolysis of the gels. The obtained diffractograms highlight, regardless of the synthesis
method used, the formation of a continuous solid partition of nominal formula: Mn;.
xCoxM00, (0<x<1) of monoclinic symmetry, isotype to f-MnMoO, (PDF: 01-072-028) and
to p-CoMoO, (PDF: 00-021-0868) (Figs.2 and 3). For compositions (0<x<0.8), no transition
was observed after grinding. The DRX spectrum of the ground and unground composition
x=0.6 serves as an example to illustrate this observation (Fig.3b). This allows us to suggest

that the B polymorph could be stabilized by manganese doping.

The Enlarged view of XRD peaks of Mn;xCoxMo00O, (x=0, 0.3, 0.6, 1) compounds obtained
by co-precipitation are given in Figure 4. All peaks are isotopically indexed to the monoclinic
B-CoMo0O, phase (JCPDS 00-021-0868). This confirms the formation of a continuous -
CoMo00O,-B-MnMoQ, solid solution.

The calculation of crystallite size using the Scherrer equation from width at mid-height
measurements of X-ray diffraction lines made in the angular range 19.6°-30.5°, for Mn;.
xC0xM00, (0< x < 1) molybdates prepared by sol-gel route, is given in Figure 5. We note that
the crystallite size decreases significantly upon the insertion of 30% cobalt, beyond the

composition x=0.6, stable crystallite sizes =~ 53 nm are noted.



3.3. Infrared spectroscopy

To confirm the X-ray diffraction results, infrared spectroscopic analyses were performed on
the composition (x=0.3 and x=0.6) of the solid solution Mn;.CoxMo0O, elaborated by the sol-
gel route (Fig.6a) and by the co-precipitation method (Fig.6b). The infrared spectra show a
similar appearance regardless of the synthesis mode adopted; the stretching vibration bands of
Mo-O-Mo are observed at 887, 830, 893, and 832 cm™ [26-28]. The bands located at 754 and
760 cm™ are characteristic of the tetrahedral [MoO,] group, and their presence justifies the
existence of the tetrahedral coordination of Mo [29,30]. The band located at 856 cm™ is
associated with the vibration mode of the Mo-O band [32], those located at 499 and 480 cm™
are specific to the vibrations of Co-O-Mo bands [12,32].

3.4. Raman spectroscopy

The observed vibrational modes are divided into two characteristics, internal modes; which
are generated from the oscillation inside the molecular ionic groups with an immobile center
of mass, and external modes; which are vibrations of phonons of the lattice due to the
movement of cations. To confirm the results obtained previously, Raman spectroscopic
analyses were performed on Mn;.,CoxMo0O, (x=0.3 and x=0.6) powders elaborated by the sol-
gel process (Fig.7a) and by co-precipitation (Fig.7b). The high intensity bands observed at
926 and 924 cm™ correspond to the Mo(1)O(2) symmetric stretching vibration (vi(Ag))
[30,33]; the bands located at 874 and 872 cm™ are assigned to the Mo(1)O(1) symmetric
stretching vibrations [34]. The peaks at 813 and 810 cm™ are assigned to the anti-symmetric
stretching v3(Ag/C;h) and vs(Eg) vibration modes of the Mo-O-Mo of German entartet (e.g.),
respectively [35,36]. The bands observed at 353 and 350 cm™ correspond to the anti-
symmetric vq(Bg/D2h) and va(Ag/C,h) bending modes, respectively [37-39]. Those located at
320 and 318 cm™ correspond to the stretching vibrations of the Mo-O-Co bands [40]. The free

rotation mode was observed at 276 cm™ [41].
3.5. Microstructural characterizations

The powders of the Mn;CoxM0O, molybdates with x=0.3 and x=0.6 obtained via the sol-
gel route, and by co-precipitation, were characterized by scanning electron microscopy
(SEM).



The SEM micrographs (Fig.8a) show, for the product obtained via the sol-gel route, that
powders formed agglomerates consisting of particles of varied morphology with sizes ranging
from 1 to 9 um. The micrograph of the composition x=0.6 (Fig.8b) shows an advanced pre-
sintering state, which explains the low values of the specific surface areas determined for

these powders.

The powders obtained by co-precipitation present various morphologies. In fact, the powders
of compositions x=0 and x=0.3 (Fig.9a and Fig.9c) are formed by particles with a rectangular
parallelepiped shape, which come from agglomerated clusters of heterogeneous morphology.
The powders of fractions x=0.6 and x=1 (Fig.9b and Fig.9d) are composed by particles in the
form of more dispersed nano-rods; the average size of the particles of these powders is less
than 200 nm.

Specific surface area measurements were performed on the Mn;,CoMo0O, compositions
(x=0.3 and x=0.6) (Table 1). It was noted that the powders obtained by the sol-gel process
presented lower specific surface areas than those obtained by co-precipitation, irrespective of
the cobalt content. This can be explained by the effects of exposure to high temperature. The
particles of the powders obtained by the sol-gel process appeared spherical and
individualized. The average sizes of these particles were deduced by the above formula [42].
They were 9571 nm for the x=0.3 composition and 5963 nm for x=0.6, respectively.

6
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d: particle sizes (nm).
p: theoretical density (cm®/g) obtained by Rietveld refinement.
S: specific surface area (m?/g).

3.6. Evaluation of application properties of the synthesized pigments

The colorimetric parameters (L*a*b*) of the Mn;4xCoxM0O, 0<x<1 powder, obtained at
700°C by the sol-gel method and at 500°C by co-precipitation, were measured in the CIE Lab
system (Fig.10a and 10b). It was noted that the component (-b*) that characterized the purple
color, changed faintly with the cobalt incorporation rate, regardless of the synthesis method
used. The different colors obtained are shown in Figure 11.

The degree of bluing of the compounds prepared by the sol-gel route was higher than that
obtained from the powders synthesized by co-precipitation. In order to optimize the

processing temperature required for the industrial use of a dye pigment, we processed the
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samples (x= 0, 0.3, 0.6, and 1) obtained by both synthesis methods, at a temperature of
1100°C (Fig.12). We noted that the parameter (-b*) presented a maximum in the vicinity of
the x=0.6 fraction, irrespective of the method of synthesis used. The relatively high value of
this parameter might encourage the use of the composition x= 0.6 as a pigment in ceramic
staining. This result was compatible with that obtained in the case of the Mgi1.xCoxMoO,
system (0 <x< 1) [12].

The thermal and colorimetric stability of these pigments was studied in order to evaluate their
application as ceramic colorants. The thermal stability was verified by differential thermal
analysis (DTA) performed between 25°C and 1100°C with a 10°C/min rise. The curves
obtained for the compositions Mng;C0op3Mo0O, and Mng4CoosM0O, synthesized by co-
precipitation and the sol-gel processes, are shown in Figure 13. No thermal phenomena were
observed which indicated that these pigments had a good thermal stability.

The stability of the color of the Mng 7C03M00,4 and Mng 4C0gsM0O, compositions treated at
1100°C for two hours, was evaluated by tests of attacks by chemical agents on the pigments
in different media (acid (HNO3) and basic (NaOH)) titrated at 10%. After two hours of attacks
a filtration, washing and drying, colorimetric analyses were performed. The values obtained
showed that the colorimetric parameters of these compositions remained unchanged (Table 2).
This indicated that these pigments had good stability and resistance to an acid-base test.

4. Conclusion

The elaboration of the Mn;.xCo,Mo00O, (0<x<1) molybdates by the sol-gel and co-precipitation
methods led to powders with distinct microstructural characteristics. The X-ray diffraction
result showed the formation of continuous systems of the solid solution Mn;.xCoxM0QO,
isotype at B-MnMoO,, regardless of the adopted synthesis method. The grinding of the
powders with compositions 0<x<0.8 seemed to have no influence on the obtained pure phase.
The powders prepared by co-precipitation have an average particle size below 200 nm. These
powders also presented larger specific surface areas (6.39 m?/g and 7.52 m%g) than those
obtained by the sol-gel process (0.15 m?/g and 0.22 m?g). This was due to the high
calcination temperature (700°C) which led to an advanced pre-sintering phenomenon in the
case of powders prepared by the sol-gel process. The SEM images confirm these results. An
infrared and Raman spectroscopy showed that the cobalt was well inserted into the -

MnMoQO, system regardless of the synthesis method employed. Measurements of the



colorimetric parameters (L*a*b*) of the Mn;xCoxM0QO, (0<x<I1) system, obtained by both
synthesis methods, at a temperature of 1100°C, showed that the component (-b*), which
characterized the purple color, presented a maximum in the vicinity of the fraction x=0.6.
Thermal and colorimetric stability studies of the Mng7Cop3Mo00O, and Mng4CoosM0O,
pigments confirmed that they showed good stability and resistance under temperature and

chemical tests.
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Fig. 1. Thermal analysis (TGA-DTA) curves of Mng 4CosM0Q, prepared by sol-gel route (a)
and by co-precipitation (b).
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Fig.2. X-ray powder diffraction patterns of Mn;.xCoxMoO, (0 <x < 1) prepared by sol-gel at
700°C; (a) without grinding and (b) with grinding.
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Table 1
Specific surface areas of Mng7C0p3M004 and Mng 4C0op6M00O, powders prepared by sol-gel
and by co-precipitation.

Method of Incorporation rate Specific surface

synthesis of Co?* area BET (m%/g)
Sol- gel 0.3 0.15
(700°C) 0.6 0.22
Co-precipitation 0.3 6.39
(500°C) 0.6 7.52

Table 2
Colorimetric coordinates of Mng7C0g3M004and Mng 4C0o9sM0O, powders measured before

and after tests by chemical agents.

Sample Mng7C0p3M00, Mng 4C0psM0QO,
Colorimetric coordinates L* a* b* L* ax b*
Before tests 5448 0.83 -10.15 48.64 1.75 -21.69
After tests HNO; 54.46 0.81 -10.13  48.63 1.72 -21.67
10% Acid /Base NaOH 54.47 0.82 -10.14  48.62 1.73 -21.68
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