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Abstract. Cr2(MoO4)3 and N-doped Cr2(MoO4)3 are 
prepared by sol-gel and solid state methods, respectively. 
These molybdates are characterized by powder X-ray 
diffraction, scanning electron microscopy, energy 
dispersive spectroscopy, thermogravimetric analysis,  
FT-IR and UV-visible diffuse reflectance spectroscopy. 
The photodegradation of methylene blue solution was 
investigated in the presence of these oxides. 
 
Keywords: molybdate, powder XRD, methylene blue, 
photodegradation. 

1. Introduction 

Methylene blue (MB) is widely used in the textile 
industry as a dying agent. It is soluble in water, toxic and 
non-biodegradable. A large volume of colored organic 
dyes, including MB is released into aquatic habitats by 
textile industries causing severe environmental pollution. 
A number of physical and chemical methods such as 
adsorption, flocculation, reverse osmosis, precipitation, air 
stripping, and ultrafiltration have been developed for 
decolorization of polluted water. Nevertheless, these 
methods are expensive and transfer the pollutants into 
sludge that gives rise to new pollutants. Advanced 
oxidation processes (AOPs), a group of established 
treatment methods which rely on the generation of OH 
radicals for degradation of pollutants, are found to be 
effective both from the economic and energy points of 
view to address the decolorization of polluted water. 
Semiconductor mediated visible light driven 
photocatalysis, one of the AOP, is considered as one of 

the promising and green chemical process for wastewater 
management. Titanium dioxide, a wide bandgap material, 
has been extensively used as photocatalyst due to its 
remarkable properties such as chemical stability, cost, 
activity under a wide range of pH and efficiency [1, 2]. 
One of the main drawbacks of TiO2 is its large bandgap 
which restricts its use in UV light only. Therefore, the 
focus has been shifted to visible light driven 
semiconducting materials for harvesting the solar energy 
for photocatalytic applications including the degradation 
of pollutants.  

Binary and ternary transition metal oxides have 
been considered as potential photocatalysts for dye 
degradations [3-5]. The properties of these oxides can be 
tailored by substituting the anions and/or cations in their 
lattices [6, 7]. Molybdates and tungstates of composition 
A2M3O12 (M = Mo, W) have been extensively 
investigated for their negative thermal expansion (NTE) 
phenomena. The structure of these materials consists of 
corner-sharing AO6 octahedra and MO4 tetrahedra. 
Several studies on the thermal expansion properties of 
tungstates and molybdates of A2M3O12 family and their 
solid solutions have been reported [8-13]. The A3+cation 
in A2M3O12 can be occupied by a transition or rare earth 
cation indicating its compositional flexibility. Therefore, 
these materials are promising for tailoring of new 
materials with a controllable coefficient of thermal 
expansion [14, 15]. 

Chromium molybdate (Cr2(MoO4)3) is one of the 
A2M3O12 structure type molybdates, which exhibits 
interesting magnetic, electrical and catalytic properties. It 
is prepared by solid state synthesis, precipitation method 
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or thermal decomposition of chromate and molybdate 
solutions [9, 16-18]. The method of preparation is found 
to influence its properties significantly. Although the 
magnetic and electric properties of Cr2(MoO4)3 have been 
extensively studied, the reports on its catalytic properties 
are limited [19-21]. The photocatalytic activity of 
Cr2(MoO4)3 to our knowledge is not reported. In this 
paper we report preparation, characterization and 
photocatalytic activity against MB degradation of 
Cr2(MoO4)3 and its N-doped analogue.  

2. Experimental 

2.1. Preparation of Cr2(MoO4)3 

Parent Cr2(MoO4)3 is prepared by a sol-gel method 
using Cr(NO3)39H2O, (NH4)6Mo7O244H2O, aqueous NH3, 
citric acid and ethylene glycol. Stoichiometric quantities 
of Cr(NO3)39H2O and (NH4)6Mo7O24·4H2O were first 
dissolved in double distilled water separately and labeled 
as “solution A” and “solution B”, respectively. “Solutions 
A” was slowly added to “solution B”. The chelating agent, 
citric acid, was added to this resultant solution. The molar 
ratio of citric acid to metal ions was 2:1. The pH of the 
ensuing metal citrate solution was attuned to 6–7 by 
adding dilute ammonia solution. The solution was then 
slowly evaporated on a hot plate till a viscous liquid was 
obtained. At this stage the gelating reagent, ethylene 
glycol, was added to the solution. The molar ratio of citric 
acid to ethylene glycol was 1.0:1.2. This mixture was 
heated at 373 K for 2–3 h under constant stirring. The 
temperature was increased to 433–453 K at the onset of 
solidification. The ensuing solid porous mass was crushed 
in an agate mortar using spectral grade acetone. The 
resultant black powder was heated in a muffle furnace at 
773 K for 2 h. The obtained powder was brown in color 
and designated as CMO. 

2.2. Preparation of N-doped Cr2(MoO4)3 

The N-doped CMO (Cr2(MoO4-xNy)3) was obtained 
by heating a mixture of CMO and urea at 673 K for 2 h in 
a muffle furnace. The weight ratio of CMO to urea was 
1:2. The resultant powder was washed several times with 
deionized water to remove excess unreacted urea and by-
products. The N-doped CMO was found to be blackish 
brown in color and designated as CMON. 

2.3. Characterization 

The powder X-ray diffractograms were recorded 
on Rigaku miniflex 600 powder X-ray diffractometer at 
room temperature in the 2θ range 10–80° for phase 
confirmation using Cu Kα radiation of wavelength  
1.5406 Å. The step size and scan step time were 0.020 and 
0.15 s, respectively. Thermogravimetric analysis (TGA) 
was performed using a Shimadzu differential thermal 
analyzer (DTG-60H) with a heating rate of 15 K/min. The 
SEM-EDS images were recorded on the HITACHI  
SU-1500 variable pressure scanning electron microscope 
(VP-SEM). Infrared spectra were recorded in the form of 
KBr pellets in the wave number range 1000–400 cm-1 
using JASCO IR-5300 spectrometer. JASCO V-650 UV-
vis spectrophotometer was used for UV-vis diffuse 
reflectance spectra (DRS) measurements in the range of 
200–900 nm. BaSO4 was used as the reflectance standard. 

2.4. Photocatalytic Activity 
Measurement 

Photoactivity of these samples was studied by 
photodegradation of methylene blue (MB) under visible 
light irradiation employing a 300 W lamp (380 < λ <  
< 840 nm) in HEBER visible annular type photoreactor. 
In a typical process, the catalyst (50 mg) was added to  
50 ml of MB aqueous solution (10 mg/l), in cylindrical-
shaped glass reactor at room temperature in air. The 
suspension was stirred in the dark for 60 min to establish 
adsorption–desorption equilibrium. At regular time 
intervals of 30 min, about 3–5 ml of the solution was 
collected and centrifuged to remove the catalyst particles 
and analyzed by JASCO V650 UV-vis spectrophotometer 
at λmax (664 nm). The degraded amount of MB is reported 

as 
0

0 )(
C

CCd −
= where C is the concentration of MB at 

each irradiated time and C0 is the concentration of MB at 
equilibrium. 

2.5. Determination of Methylene Blue 
Concentration  

The concentration of MB in aqueous solutions was 
determined by measuring absorbance at its λmax (664 nm) 
using the calibration curve. Fig. 1 shows the graphical 
relationship between concentration of MB and absorbance 
at 664 nm for calibration solutions. It is found that the 
calibration curve obeys the Beer’s law (A = εlc) in the 
concentration range of 0.0–10 mg·l-1. 
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Fig. 1. Calibration curve of methylene blue 

3. Results and Discussion 

3.1. Powder XRD 

The room temperature powder XRD patterns of 
CMO and CMON are recorded for phase conformation 
(Fig. 2). The powder patterns of CMO are consistent with 
reported data [JCPDF-20-0310] and free from impurities. 
The powder pattern of CMON is similar  to  that of CMO. 

Nevertheless, when plotted in an expanded scale, the 
diffraction peaks show a systematic shift towards lower 2θ 
value indicating a change in unit cell parameters and the 
substitution of nitrogen into the CMO lattice (Fig. 3). As 
the ionic radius of N3- (0.171 nm) is higher than that of O2- 
(0.140 nm), partial replacement of O by N should increase 
the unit cell parameter. The d-lines of CMO and CMON 
are refined by least square fitting the powder data, using 
POWD software. Both samples crystallized in 
orthorhombic lattice with space group pbcn. The observed 
changes in unit cell lengths and unit cell volume are due 
to the partial substitution of nitrogen into MO4 tetrahedra 
(Table 1). The observed and calculated d-values for the 
CMO and CMON along with hkl values are given in 
Table 2. The crystallite size of all powders was calculated 
from the line width of the intense diffraction line (103) 
using the Scherer’s formula [22]: 

θβ
λ

cos
9.0

=t
 

where t is the thickness in angstrom (Å) and corresponds 
to the crystallite diameter assuming a spherical shape; λ is 
the wave length of the X-ray used; θ is the Bragg angle 
and β is the full width at half maximum measured in 
radians of intense line in the powder XRD pattern.  

The crystallite sizes of the CMO and CMON were 
found to be 47 and 44 nm, respectively. 

 
 
 

 
 

Fig. 2. Powder XRD patterns of CMO (1)  
and CMON (2) 

Fig. 3. The observed shift of d-spacing between CMO (1)  
and CMON (2) 
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Table 1 

Refined unit cell parameters for CMO and CMON 
Unit cell parameters CMO CMON 

a (Å) 12.5784 12.5784 
b (Å) 8.8985 8.9260 
c (Å) 9.1249 9.1603 
α (°) 37.50 37.50 
β (°) 74.93 74.47 
γ (°) 71.26 70.71 

V (Å)3 1021.34 1028.47 
 

Table 2 

The observed and calculated d values for CMO and CMON along with their hkl values 
CMO CMON hkl 

dobs dcal dobs dcal 
011 6.3380 6.3707 6.3482 6.3929 
111 5.7371 5.6833 5.7421 5.699 
211 4.5151 4.4757 4.5182 4.4833 
102 4.2999 4.2890 4.3049 4.3037 
012 4.0499 4.0599 4.0547 4.0750 
112 3.8463 3.8636 3.8503 3.8766 
202 3.7012 3.6930 3.7056 3.7024 
311 3.5262 3.5024 3.5309 3.5060 
212 3.4297 3.4109 3.4328 3.4199 
221 3.3214 3.3747 3.3253 3.3825 
022 3.1675 3.1854 3.2164 3.1964 
122 3.1122 3.0879 3.1132 3.0980 
312 2.9329 2.9166 2.9354 2.9222 
013 2.8635 2.8781 2.8640 2.8495 
411 2.8177 2.8198 2.8198 2.8217 
213 2.6098 2.6171 2.6120 2.6253 
421 2.4739 2.4719 2.4755 2.4750 

 
3.2. Thermogravimetric Analysis 

Thermogravimetric (TG) profile of CMON is 
shown in Fig. 4. This profile is characterized by two 
significant weight change regions. In the temperature 
region of 303–673 K the observed weight loss for 
CMON is 0.32 %. This weight loss may be attributed to 
adsorbed and lattice water as they were extracted from 
water. In the 673–1073 K region CMON sample 
registered a weight gain of 0.11 %. It is well known that 
N-doped oxides gain weight on heating to above 673 K 
due to the release of gaseous nitrogen and becomes pure 
oxides [7]. Based on the TG profiles, the molecular 

formula of CMON can be written as Cr2(MoO4-xNy)3 
0.01H2O (wt % of N is 0.11). 

3.3. SEM-EDS 

The morphology of the CMO and CMON was 
studied by scanning electron microscope (SEM) (Fig. 5). The 
SEM image of both CMO and CMON show spherical 
shaped irregular size micro crystallites with considerable 
agglomeration. An estimation of nitrogen content in CMON 
was also obtained from EDS measurements (Fig. 5c). From 
the EDS data, the nitrogen content (wt %) for CMON was 
found to be 0.15. This result is comparable with the nitrogen 
weight percent obtained from TGA results. 
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3.4. FT-IR Spectra 

The IR spectra of CMO and CMON are shown in 
Fig. 6. These spectra are comparable with reported IR data 
of Cr2(MoO4)3 [23]. The broad band at 970 cm-1 is due to 
activation of ν1 vibrations and bands in the range of  
780–850 cm-1 are attributed to ν3 vibrations of the 
distorted MoO4 tetrahedra [21]. Further, when Mo–O 
bonds are replaced by Mo–N, the bond length increases 
(due to higher ionic radius of N3-) leading to a decrease in 
the force constant. Lower force constant results in a lower 
stretching or bending vibrational frequency. The observed 
shift in the band positions is in accordance with this 
argument [24]. 

 

 
Fig. 4. Thermogravimetric profiles of N-doped CMO 

 

 
 

Fig. 5. EDS profiles of CMO (a) and CMON (c); SEM images of CMO (b) and CMON (d) 
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Fig. 6. The FT-IR spectra of CMO (1) and CMON (2) 

3.5. UV-visible Diffuse Reflectance 
Spectra Analysis 

The light absorption properties of the CMO and 
CMON are investigated. Fig. 7 shows the diffused 
reflectance spectra (DRS) of these materials in the range 
of 200–900 nm. The spectra were characterized by peaks 
belonging to Cr3+ in the visible region and steeply 
increasing profile in the lower wavelength region. 
Trivalent chromium (3d3) with a ground state of 4A2 (F) is 
expected to give three spins allowed transitions (a, b, c) 
and a spin forbidden transition (d) as shown below: 

)()( 2
4

2
4 FTFA gg →   (a)  

)()( 1
4

2
4 FTFA gg →   (b)  

)()( 1
4

2
4 PTFA gg →   (c)  

EA 2
2

4 →    (d)  
The transitions (a), (b) and (d) occur at ≈ 685, 490 

and 745 nm, respectively. The transition (a), viz. 
)()( 2

4
2

4 FTFA gg →  corresponds to 10Dq. The 

transition (c), i.e.
 

)()( 1
4

2
4 PTFA gg →  is overlapped 

with charge transfer transition and hence is not detectable. 
The energies of electronic states E of the Cr+3 are 
influenced by the crystal field strength Dq and Racah 
parameters (B and C). The interrelation of these 
parameters, neglecting spin-orbit effects, is given by the 
Tanabe-Sugano strong field matrices [25]. The Racah 
parameters B and C are evaluated as follows. Let the 
energy difference between transitions (b) and (a) be δ. The 
parameter B can be estimated using the equation: 









−








−








=
815

10
2

Dq

DqDq
Dq

B
δ

δδ

 
The value of C was found from the following 

equation [26]: 

δ

2
2 8.19.705.3)( BBCEE −+≈

 
The values of Dq, B, Dq/B, C and C/B obtained for 

CMO are 1459, 580, 2.51, 2932 and 5.05 cm-1, 
respectively. The value of B is 918 cm-1 for the Cr3+ free 
ion [27]. Thus, the observed B value is decreased by about 
44 %. The reduction in B value might be due to bonding 
effects in this oxide. It is seen that, in the Tanabe-Sugano 
diagram, the crossing of the 2Eg and 4T2g levels occurs 
near Dq/B = 2.3. The value higher than 2.3 for Dq/B 
corresponds to strong ligand field sites [28]. Thus, the 
Cr3+ ion in CMO is in strong ligand field sites. The 
substitution of nitrogen into CMO lattice does not alter the 
absorption band positions considerably. 

 

 
Fig. 7. UV-visible DRS of CMO (1) and CMON (2);  
inset shows the KM plot for CMO (1) and CMON (2) 

The absorption band edge of the samples was 
obtained by extrapolating the horizontal and sharply rising 
part of the curves onto the wavelength axis. The edge of 
each absorption band was shifted towards longer 
wavelength side for CMON indicating the change in the 
band structure due to substitution of nitrogen into CMO. 
The red shift of CMON compared to CMO is further 
endorsed by a change in the color of the samples. The 
bandgap energy of semiconducting oxides can be obtained 
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from the Kubelka-Munk plot of (Khν)1/2 vs. hν. 
Extrapolation of the linear part of the plot to (Khν)1/2 = 0 
(i.e. to the X-axis) provides an estimation of the bandgap 
energy. Fig. 7 (inset) shows the Kubelka-Munk (KM) plot 
for both CMO and CMON samples and the estimated 
bandgap for these samples are found to be 2.08 and  
1.89 eV, respectively. Thus, the introduction of nitrogen 
into the CMO lattice reduces the bandgap energy conside-
rably as seen from the red shifts of the absorption band 
edge. It can be ascribed to the widening of the valence 
band, resulting from the hybridization of N 2p and O 2p [7]. 

3.6. Photodegradation of Methylene Blue 

The photocatalytic activity of CMO and CMON is 
evaluated by degradation of MB under the visible light 
irradiation. The degradation of both the samples was 
monitored by measuring the optical density (at 664 nm). 
Initially, the dark reaction was carried out for 60 min to 
attain the adsorption-desorption equilibrium in dye-catalyst 
suspension. Both CMO and CMON samples have adsorbed 
about 10–16 % of MB in the dark reaction. Under the light 
irradiation, it is seen that the degradation of MB increased 
with an increase in the irradiation time (Fig. 8).  

 
Fig. 8. The degradation of MB solution (C0 (MB) = 10 mg/l)  

in the presence of CMO and CMON.  
Inset shows the UV-vis spectra of MB at different time intervals 

in the presence of CMO and CMON 

Fig. 8 (inset) shows the UV-visible spectra of MB 
at different time intervals of irradiation. The absorption 
spectrum of MB is characterized by a medium band at 
~300 nm and a strong band at ~675 nm with a shoulder at 
~600 nm. The band at ~300 nm is attributed to the 
aromatic ring, whereas the overlapping bands at ~ 600 and 

~ 675 are assigned to conjugated π-system [29]. The 
decrease in absorbance of MB with increasing irradiation 
time indicates that both the materials in the present study 
have exhibited photoactivity against MB degradation 
under visible light irradiation. The range of MB 
degradation after 180 min of irradiation seen for the CMO 
and CMON is 37 and 47 %, respectively. Photocatalytic 
processes are based on electron hole pairs generated by 
means of photo excitation. The photoinduced electron and 
hole could migrate to the surface to react with the 
adsorbed reactants in the desired process, or undergo 
undesired recombination. Therefore, the generation and 
separation of photoinduced electron hole pairs are the key 
factors in a photocatalytic reaction. The possible 
photocatalytic degradation mechanism of MB under 
visible light irradiation is as follows: 

Ø In the presence of light, electrons are excited 
from the valence band to the conduction band of the 
catalyst (CMO/CMON), leaving a hole in the valence 
band. 

++−→+ VBhCBehvCMONCMO/        (1) 

Ø The excited electrons and holes can combine 
with surface −OH species and adsorbed oxygen to form 

the OH•  and −•
2O , respectively. Subsequently, these 

OH•  and −•
2O  react with dye molecules and degrade 

them into simple inorganic minerals. 
++•→++− HOHVBhOH           (2) 

−•→−+ 22 OCBeO       (3) 

ByproductsDyeOHO →+•+−•
2         (4) 

The photocatalytic activity of a material depends 
on several factors such as surface structure, degree of 
crystallinity, surface area, structure of material, adsorption 
ability of the pollutant, and bandgap energy of the 
material. The physical processes, including light 
absorption, transport of charge carriers and recombination 
rate of photogenerated electron-hole pairs influence 
photocatalytic efficiency of a photocatalyst. The bandgap 
energy of photocatalyst plays a key role in these 
processes. In the present study, the improved 
photoactivity for N-doped oxide may be attributed to (a) 
decrease in the band gap energy of CMON resulting in an 
increase in the number of absorbed photons and (b) 
defects created in the lattice due to the incorporation of 
nitrogen leading to a reduction in the electron-hole 
recombination rate. 
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3.6.1. Kinetic study to predict the rate 

constant for the reaction 

The kinetics of MB degradation in the presence of 
both the catalysts was also studied. The degradation 
reaction of MB with CMO and CMON shows pseudo first 
order kinetics (Langmuir-Hinshelwood model) [30]. The 
results were nearly consistent with linear equation 

kt
C
C

−=)ln(
0

. 

Fig. 9 represents a linear correlation, suggesting 
that the degradation reaction is of the first order. The 
correlation coefficient R can be calculated using the 
following equation: 

( ) ( ) ( )
( ) ( )( )( ) ( ) ( )( )( )∑ ∑∑ ∑

∑ ∑∑
−⋅⋅−⋅

⋅−⋅⋅
=

2222
iiii

iiii

yynxxn

yxyxn
R  

The slope of the linear line indicates the first order 
rate constant k. Standard deviations for the first order rate 
constants were given with the confidence level of 0.95 
(95 %) according to the general expression kkk mean ∆±=  

and Student's statistics is used in the calculation of 
confidence intervals Δk. The kinetic parameter k and 
square of correlation coefficients for both photocatalysts 
are given in Table 3. 

 

 
Fig. 9. The kinetics plot for the MB degradation in the presence 

of CMO and CMON 

 
Table 3 

First order rate constant k for the MB photodegradation reaction in the presence of CMO and CMON 
Photocatalyst 

(Dye) 
First order rate constant, 

k = kmean ± ∆k, min-1 
Square of correlation  

coefficient R2 
CMO (MB) 0.00239±0.00021 0.998 
CMON (MB) 0.00333±0.00032 0.997 

 

4. Conclusions 

Nitrogen doped Cr2(MoO4)3 is prepared by a facile 
solid state reaction method using urea as a source of 
nitrogen. Powder XRD patterns confirm its phase 
formation. CMON is crystallized in orthorhombic lattice. 
Based on the TGA and EDS profiles, the nitrogen content 
in CMON was found to be in the range of 0.11–0.15 wt %. 
The incorporation of nitrogen into CMO lattice is 
confirmed from (i) shift in the d lines of powder patterns; 
(ii) the presence of N peak in its EDS profile; (iii) change 
in the color of the samples; and (iv) shift in the absorption 
edge in UV-visible DRS profiles. The bandgap energy of 
N doped CMO is reduced by about 0.2 eV. The nitrogen 
doped CMO has shown higher photoactivity against the 
methylene blue degradation under visible light irradiation. 
The MB degradation in the presence of CMO and CMON 
follows pseudo first order kinetics. 
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ПІДГОТОВКА, ХАРАКТЕРИСТИКИ  

І ФОТОКАТАЛІТИЧНІ ДОСЛІДЖЕННЯ 
Cr2(MoO4)3 і НІТРОГЕН-ВМІСНОГО Cr2(MoO4)3 

 
Анотація. За допомогою золь-гель методу і методу 

твердого стану одержано Cr2(MoO4)3 і N-вмісний Cr2(MoO4)3, 
відповідно. З використанням порошкової рентгенівської диф-
ракції, скануючої електронної мікроскопії, енергодисперсійної 
спектроскопії, термогравіметричного аналізу, Фур'є-спект-
роскопії та УФ-спектроскопії дифузного відбиття проведено 
аналіз одержаних молібдатів. У присутності цих сполук 
досліджено фотодеградацію метиленового синього. 

 
Ключові слова: молібдат, порошкова рентгенівська 

дифракція, метиленовий синій, фотодеградація. 
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