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Abstract The preparation and characterization of the M0–
M00–O nitrate–tartrate (M0 = Ca, Ba, Gd and M0 = W, Mo)

precursor gels synthesized by simple, inexpensive, and

environmentally benign aqueous sol–gel method is reported.

The obtained gels were studied by thermal (TG/DSC)

analysis. TG/DSC measurements revealed the possible

decomposition pathway of synthesized M0–M00–O nitrate–

tartrate gels. For the synthesis of different metal tungstates

and molybdates, the precursor gels were calcined at different

temperatures (650, 800, and 900 �C). According to the X-ray

diffraction (XRD) analysis data, the crystalline compounds

CaMo1-xWxO4 doped with Ce3? ions, BaMo1-xWxO4 doped

with Eu3? ions and Gd2Mo3O12 were obtained from nitrate–

tartrate gels annealed at 650–900 �C temperatures. The

XRD data confirmed that the fully crystalline single-phase

powellite, scheelite, or Gd2(MoO4)3 structures were formed

already at 650 �C. Therefore, the suggested sol–gel method

based on the complexation of metal ions with tartaric acid is

suitable for the preparation of mixed tungstates–molybdates

at relatively low temperature in comparison with solid-state

synthesis.

Keywords Sol–gel synthesis � Precursors � TG � DSC �
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Introduction

Nowadays, considerable research attention has been

devoted to trivalent lanthanide ions as luminescence cen-

ters due to the rapid development of diode lasers [1, 2].

Especially, phosphors excited by vacuum ultraviolet light

have drawn a great amount of attention with their appli-

cation in plasma display panels, and mercury-free fluo-

rescent lamps [3]. Besides, the search for stable, inorganic

rare-earth-based red phosphor with high absorption in the

near-UV/blue spectral region is an attractive and chal-

lenging research task [4]. Moreover, nano- or micrometer-

sized inorganic compounds activated by rare-earth ions

have received much attention due to a wide application in

luminescence devices, such as cathode ray tubes [5], field

emissive display [6], and plasma display panels [7]. Such

applications are highly dependent on the basic factors that

govern the luminescence. For instance, particle size and

morphology are primarily responsible for the luminescent

properties and the device performance of Ln3?-doped

phosphors [8]. For practical applications, phosphors with

spherical morphology of a fine size (0.5–4 lm), which

could be obtained only at relatively low temperatures, may

offer dual advantages over other morphologies in that they

achieve high packing densities and minimize the light

scattering [9].

The optical properties of trivalent rare-earth ions either

in tungstates or in molybdates with scheelite (CaWO4) or

powellite (CaMoO4) structures, respectively, have been

widely investigated in the last several years [10–15].

Moreover, it is well known that rare-earth elements can

form series of isomorphous molybdates with general for-

mula Ln2(MoO4)3, and some of these compounds show

interesting fluorescence properties as well [11]. Therefore,

such compounds as CaWO4, CaMoO4, BaMoO4, and
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Gd2Mo3O12, which have potential industrial applications in

solid-state lasers, color TV monitors, and etc. may play

important role as host materials in the future technologies

[10, 16–18]. Consequently, different new synthesis meth-

ods which could easily produce such kind of materials with

well-determined crystallinity and controlled morphology

are still very desirable.

Many different preparation techniques, such as traditional

solid-state reactions [19], combustion [20], Czochralski

method [21], solvothermal processes [22], microwave irra-

diation [23], spray pyrolysis [24], the facile microemulsion-

mediated hydrothermal process [25], electrochemical [26],

sonochemical [27], and sol–gel synthesis [28] are success-

fully used for the synthesis of different inorganic ceramic

materials. Among these different synthesis routes, the

solution-based synthetic methods play a crucial role in the

design and production of fine ceramics and have been suc-

cessful in overcoming many of the limitation of the tradi-

tional solid-state, high-temperature methods. The use of

solution chemistry can eliminate major problems, such as

long diffusion paths, impurities, and agglomeration, and

result in products with improved homogeneity [29].

In the past few decades, many researchers have carried

out the studies on the formation of metal complexes with

organic ligands. Furthermore, the metal complexes with

organic ligands have been used for the preparation of

ceramics and metal oxide thin films by sol–gel process,

using metal nitrates [30–32], chlorides [33], and acetates

[34] as starting materials. Besides, metal salts are very

useful, inexpensive, and very easy to handle in comparison

to metal alkoxides, and hence they are good alternatives for

the conversion to oxides by thermal decomposition. They

can be dissolved in many kinds of organic solvents in

which metal complexes are formed.

From this point of view, the wet synthesis route called

an aqueous sol–gel method, is really attractive and com-

pared to other techniques, as it has the advantages of a

good control of the starting materials and of the processing

parameters, a high purity of the raw materials, and the low

temperature of the process. A good homogeneity of the

product could be achieved by control of the stoichiometry

of the starting solution.

In this article, we report the synthesis of scheelite-type

M0M00O4 (M0 = Ba, Ca, and Gd) compounds doped with

RE3? ions (RE = Eu, Ce) by aqueous sol–gel synthesis

route with tartaric acid as a complexing agent. Moreover,

the thermal decomposition of the M0–M00–O nitrate–tartrate

gels (M0 = Ca, Ba, Gd, Eu, Ce and M00 = W, Mo), which

is the critical stage of this preparation technique was also

investigated in detail. Besides, aqueous sol–gel chemistry

routes based on ammonium-molybdate/tungstate as the

precursor and calcium and/or barium and/or gadolinium

nitrate tetrahydrates as the source of metal ions have been

developed to prepare particular molybdate/tungstate pow-

der samples doped by Eu3? and Ce3? ions.

Experimental details

Sample preparation

The samples of CaMo1-xWxO4: 0.5% Ce (x = 0.0, 0.25, 0.5,

0.75, and 1.0), BaMo1-yWyO4: z%Eu (y = 0.0, 0.5, and 1.0;

z = 1, 4, and 8), and Gd2Mo3O12 were prepared by an

aqueous nitrate–tartrate sol–gel synthesis route. The starting

materials europium oxide (Eu2O3, 99.99%, Alfa Aesar),

gadolinium nitrate hexahydrate (Gd(NO3)3�6H2O, 99.99%,

Sigma-Aldrich), gadolinium oxide (Gd2O3, 99.99%, Alfa

Aesar), cerium nitrate hexahydrate (Ce(NO3)3�6H2O,

99.99%, Sigma-Aldrich), molybdenum oxide (MoO3,

99.9%, Alfa Aesar), tungsten oxide (WO3, 99.9%, Sigma-

Aldrich), calcium nitrate tetrahydrate (Ca(NO3)2�4H2O,

99%, Alfa Aesar), barium nitrate (Ba(NO3)2, and 99.9%,

Alfa Aesar) were weighed according to the desired stoichi-

ometric ratio. Nitric acid (HNO3 conc., Roth) and aqueous

ammonia (NH3�4H2O, conc. 26%, Sigma-Aldrich) were

used as solvents and reagents to control the pH of the solu-

tions. Tartaric acid (C4H6O6, 99.5%, Penta) was used as a

complexing agent. In the sol–gel process, MoO3 and/or WO3

were first dissolved in 25 mL of concentrated ammonia

solution by stirring at 70–80 �C. Secondly, tartaric acid (TA)

dissolved in a small amount of distilled water was added in a

molar ratio of (W and/or Mo)/(TA) = 0.25, with a contin-

uous stirring during several hours at a constant temperature.

Next, the stoichiometric amount of calcium nitrate tetrahy-

drate, and/or barium nitrate, and/or gadolinium nitrate

hexahydrate dissolved in distilled water was mixed into the

reaction solution. To prevent precipitation, excess ammonia

was neutralized by concentrated HNO3 until the pH reached

the value of *1.0. Afterward, Eu2O3 and/or Ce(N-

O3)3�6H2O, and/or Gd2O3 were added directly to the reaction

mixture. Finally, the same amount of the aqueous solution of

the complexing agent was repeatedly added to the reaction

mixture to prevent crystallization of metal salts during the

gelation process. The solution was closed with a watch glass

and stirred for 60 min. The obtained clear solution was

concentrated by a slow evaporation at 80 �C in an open

beaker. A yellow or dark blue transparent gel formed after

nearly 90% of the water has been evaporated under contin-

uous stirring. After drying in an oven at 105 �C, fine-grained

powders were obtained. The precursor xerogels were cal-

cined for 5 h at 500 �C in alumina crucibles and reground

carefully in an agate mortar. Since the gels are very com-

bustible, slow heating (1 �C/min), especially between 150

and 300 �C, was found to be essential. After intermediate

grinding, the obtained powders were repeatedly annealed in
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air at ambient pressure at 650, 700, 750, 800, 900, and

950 �C, at each temperature holding for 1, 5, 10, and 30 h.

Characterization of samples

The crystallization processes of the complex precursor

were examined by thermogravimetry and differential

scanning calorimetry (TG–DSC, Netzsch STA 449C Jupi-

ter instrument) using a sample weight of about 10 mg and a

heating rate of 5 �C/min in flowing air (70 cm3/min) at

ambient pressure from room temperature to 1000 �C. The

synthesized samples were characterized by X-ray powder

diffraction analysis (D8 Bruker AXS powder diffractome-

ter) using Cu Ka1 radiation. The spectra were recorded at

the standard rate of 1.5�2h/min.

Results and discussion

Thermal analysis

It is well known, that thermal characterization of synthesized

samples is important both for the control of the reaction

process and of the properties of materials obtained. In this

context, thermal analysis is a versatile group of techniques

which can be used to monitor the preparative studies [35–

48]. To understand pyrolysis behavior and crystallization

process, the TG–DSC curves of nitrate–tartrate molecular

precursors to CaMo1-xWxO4 (x = 0.0, 0.25, 0.5, 0.75, and

1.0), BaMo1-xWxO4 (x = 0.0, 0.5, and 1.0), and Gd2Mo3O12

were recorded and they are presented in Figs. 1, 2, 3. The

decomposition process in the CaMo1-xWxO4 system can be

roughly divided into three periods (Fig. 1, Table 1). The first

weight loss starts at 136–171 �C in the TG curves and its

initial part could be attributed to the removal of surface

absorbed water and/or water from the coordination sphere of

the metal complexes. A strong endothermic peak near

168 �C (CaMoO4, Fig. 1a) and less expressed endothermic

peaks around 150–155 �C (Fig. 1b–e) on the DSC curves

correspond to the first period of weight loss on the TG

curves. Besides, the first step of the decomposition of Ca–

Mo/W–O nitrate–tartrate gel precursors could be related to

the decomposition reactions of mixed-metal nitrate and

ammonium salts, which starts to decompose with further

increasing of temperature. The decomposition reactions of

different metal salts, which have formed during gelation

process as secondary crystallization phases were also sug-

gested by weak endothermic effects near 194 �C in DSC

curves, as shown in Fig. 1c and d. The exothermic peaks at

218 �C in Fig. 1b and d could be also attributed to the

decomposition of ammonium nitrate, which formed by

neutralization reaction between nitric acid and ammonia.
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Fig. 1 Combined TG–DSC curves of the precursor gels to CaMo1-x

WxO4 in flowing air: CaMoO4 (a), CaMo0.75W0.25O4 (b), CaMo0.5

W0.5O4 (c), CaMo0.25W0.75O4 (d), CaWO4 (e)
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The weight loss at 400 �C is in the range 69.4–79.2%. With

further increasing temperature up to 490–583 �C, the second

weight loss starts (Table 1) which is attributed to the pyro-

lysis of the organic part of precursors. The total weight loss

about 90% is indicated by the TG curves at 1000 �C. The

exothermic peaks at about 496–607 �C (Table 1) are

attributed to the combination of oxidation of organic groups

by nitrate and air. Besides, these exothermic behaviors are

closely related to further pyrolysis of intermediate products,

which are usually formed during decomposition of nitrate–

tartrate gel precursors. The TG curves indicate that the

weight loss of the Ca–Mo–W–O nitrate–tartrate gels caused

by heating from room temperature is completed at progres-

sively higher temperatures 530 �C (Fig. 1a), 570 �C

(Fig. 1b), 600 �C (Fig. 1c, d), and 640 �C (Fig. 1e), for

increasing content of W.

TG–DSC curves of the gel precursors to BaMoO4,

BaMo0.5W0.5O4, and BaWO4 are presented in Fig. 2. All

three TG curves indicate that the weight loss of the Ba–

Mo–W–O nitrate–tartrate gels occurs with the increase of

temperature from room temperature to 580 �C and the

decomposition process can be roughly divided into three
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curves of the precursor gels to

BaMo1-xWxO4 in flowing air:

BaMoO4 (a), BaMo0.5W0.5O4

(b), BaWO4 (c)
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periods (Table 2). The first mass loss starts at temperatures

141–173 �C, corresponding to the loss of surface absorbed

water and/or water from the coordination sphere of the

metal complexes. The endothermic peaks at about

155–198 �C on the DSC curves show the loss of adsorbed

water and ammonia from the gel. They can be also asso-

ciated with the decomposition reactions of metal nitrates

and ammonium salts. This process is confirmed by TG

curves in Fig. 2, which show the mass losses from 63.3 to

75% occurring by 400 �C (Table 2). Further weight loss on

TG curves indicates the pyrolysis process of the residual

organic part of the gels. The last mass loss of about 10% is

observed between 500 and 600 �C. This combustion pro-

cess of residual pyrolysis products confirmed by exother-

mic peaks at 496 �C (Fig. 2a), 512 �C (Fig. 2b), and

499 �C (Fig. 2c), respectively. Finally, the weight remains
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Fig. 3 Combined TG–DSC

curves of the Gd–Mo–O

precursor gels synthesized in the

sol–gel process using different

starting materials in flowing air:

Gd(NO3)3�6H2O (a) and Gd2O3

(b)

Table 1 Thermoanalytical data for the CaMo1-xWxO4 gels

Precursor gel Onset1/�C End1/�C Mass loss/% at 400 �C Onset2/�C End2/�C Mass loss/% at 1000 �C Endo1/�C Exo2/�C

CaMoO4 171 236 79.2 490 514 91.6 168 496

CaMo0.75W0.25O4 139 223 75.2 537 566 89.4 155 550

CaMo0.5W0.5O4 136 220 72.2 542 602 91.0 150 556

CaMo0.25W0.75O4 138 220 73.7 529 599 91.3 151 540

CaWO4 161 203 69.4 583 628 90.0 153 607

Table 2 Thermoanalytical data for the BaMo1-xWxO4 gels

Precursor gel Onset1/�C End1/�C Mass loss/% at 400 �C Onset2/�C End2/�C Mass loss/% at 1000 �C Endo1/�C Exo2/�C

BaMoO4 157 228 75.0 487 552 88.2 163 496

BaMo0.5W0.5O4 141 229 71.8 489 539 86.8 155 512

BaWO4 173 213 63.3 470 574 86.3 198 499
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constant, which shows that the decomposition and com-

bustion of all organic materials components in the pre-

cursors have been completed below 600 �C. The weak

peaks on the DSC curve at *600 and *650 �C probably

correspond to the beginning of crystallization of BaMoO4,

BaMo0.5W0.5O4, and BaWO4.

The TG–DSC curves of the Gd–Mo–O nitrate–tartrate

gels synthesized in the sol–gel process using different

starting materials either Gd(NO3)3�6H2O, or Gd2O3 are

shown in Fig. 3. Figure 3a and b indicates that weight loss

of the precursor gels occurs in the TG curves on going from

room temperature to 1000 �C, and the decomposition

process can be roughly divided into four periods. The small

endothermic peaks at about 150 �C (see Fig. 3a, b) on the

DSC curves correspond to the first step of mass loss. The

exothermic peaks at 166 �C (Fig. 3a), 198 and 205 �C

(Fig. 3b) are attributed to the second weight loss step,

which is associated with thermal decomposition of metal

precursor. The weight loss of about 30% (Fig. 3a) and 35%

(Fig. 3b) which occurs from 175 to 450 �C and from 175 to

535 �C, respectively, is attributed to the second period of

thermal behavior. The third mass loss from 450 to 600 �C

(see Fig. 3a) and from 535 to 625 �C (see Fig. 3b) is

associated with the burning of organic parts in the pyrolysis

intermediates of Gd–Mo–O nitrate–tartrate gels. The exo-

thermic peaks at 512, 557 �C (Fig. 3a), and at 606 �C

(Fig. 3b) confirm the possible combustion process of resi-

due of mixed-metal gels. It is interesting to note, that

starting from *600 �C the TG curves for both gel pre-

cursors are quite different. The mass of Gd–Mo–O nitrate–

tartrate gel prepared from Gd(NO3)3�6H2O decreases

monotonically with increasing temperature up to 1000 �C.

Surprisingly, the precursor almost completely evaporates at

1000 �C, which is very difficult to explain. The endother-

mic behavior on the DSC curve also is attributed to the last

mass loss in the TG curve showed in Fig. 3a. Meanwhile,

the last weight loss from 750 to 850 �C in the TG curve of

Gd–Mo–O precursor gel obtained from Gd2O3 indicates

the decomposition of the residuals in the gel precursor.

Moreover, the observed mass loss of only about 2% from

750 to 850 �C (see Fig. 3b) indicated a possible decom-

position of carbonate residuals during the crystallization

process. Finally, the weight of residual Gd–Mo–O pre-

cursor gel obtained from Gd2O3 remains constant which

indicates that the decomposition and combustion of all

organic components in the precursor have been completed

below 850 �C and, according to the DSC curve, the crys-

tallization of the end product occurred. The total weight

loss at 1000 �C for the Gd(NO3)3�6H2O and Gd2O3 pre-

cursors is 86.4 and 59.3%, respectively. In conclusion, the

thermal decomposition of Gd–Mo–O nitrate–tartrate gels

occurred in a different way depending on the source of

gadolinium in the starting gel precursor.

X-ray diffraction

Figure 4 exhibits powder X-ray diffraction (XRD) patterns

of the CaMo1-xWxO4:0.5%Ce3? samples obtained by sin-

tering the dried gels for 5 h at 500 �C and then re-

annealing them for 1 h at 800 �C in air at ambient pressure.

As seen from Fig. 4a and e, the calcinations of Ce–Ca–W–

Mo–O nitrate–tartrate precursor gels at 800 �C produce

fully crystalline CaMoO4 and CaWO4 phases, respectively,

and no characteristic peaks due to the appearance of

crystalline Ce2O3 (or CeO2) phase were observed. The

calcinations of Ca–Mo–O:Ce precursor gel at 800 �C for

1 h produced only the tetragonal CaMoO4 phase (Fig. 4a)

which corresponds to ICSD file No. 62219, and no peaks

from impurities were present. Very similar situation was

also observed during sol–gel preparation of calcium tung-

state. In Fig. 4e only characteristic peaks of the single

crystalline CaWO4 compound (ICSD No. 157428) are

seen. However, in the XRD pattern of the CaMo0.75

W0.25O4, CaMo0.5W0.5O4, and CaMo0.25W0.75O4 powders
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b CaMo0.75W0.25O4, c CaMo0.5W0.5O4, d CaMo0.25W0.75O4,

e CaWO4 and standard ICSD cards of CaMoO4 and CaWO4
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calcined at 800 �C (Fig. 4b–d, respectively) all character-

istic peaks could be indexed as crystal phases of solid

solutions of CaMoO4–CaWO4. This result clearly indicates

that the crystallization of CaMo1-xWxO4 (x = 0.0, 0.25,

0.5, 0.75, and 1.0) is entirely complete at relatively low

temperature of 800 �C and is in consonant with the results

of TG–DSC.

The Ba–Mo–W–O nitrate–tartrate gels were annealed at

650 �C in order to obtain single BaMoO4 and BaWO4

crystal phases. The XRD patterns of synthesis products are

shown in Fig. 5. As seen, the calcination of Ba–Mo–W–O

nitrate–tartrate precursor gels at 650 �C produced fully

crystalline solid solution BaMo0.5W0.5O4. Additionally, the

samples doped with 8% of Eu3? ions are also solid solution

BaMo0.5W0.5O4 (see Fig. 5c, respectively), and no peaks

which could be attributed to the impurities phases in the

XRD patterns were observed. These results clearly show

that lanthanide dopant concentration has no influence to the

crystallization of the solid solution of BaMo0.5W0.5O4. The

results lead to the conclusion that the proposed sol–gel

synthesis route is a very suitable method to prepare the

single BaMoO4 and BaWO4 crystalline materials homo-

geneously doped with relatively high amount of Eu3? ions.

The XRD patterns of the Gd–Mo–O nitrate–tartrate gels,

synthesized using different starting gadolinium source, are

presented in Fig. 6. As seen from Fig. 6a, the crystalliza-

tion process of the Gd2Mo3O12 starts at 650 �C when in the

sol–gel processing MoO3, Gd(NO3)3�6H2O, and tartaric

acid as a starting compounds were used. However, the

large amount of impurity phases is also present in the final

material. It is interesting to note, that this Gd–Mo–O pre-

cursor gel annealed even at 700 �C for 10 h showed the

complete decomposition of the final inorganic residue. This

result is in a good agreement with TG/DSC data presented

in Fig. 3. The XRD pattern of the Gd–Mo–O gel precursor

derived from gadolinium oxide and sintered at 900 �C for

30 h in air showed the crystallization of Gd2Mo3O12

crystalline phase (Fig. 6b) and negligible amount of MoO3

as side crystalline phase. However, the intensity of MoO3
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Fig. 5 XRD patterns of Eu3?-doped BaMo0.5W0.5O4 precursors heat-
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b BaMo0.5W0.5O4:4% Eu3?, c BaMo0.5W0.5O4:8% Eu3? and standard

ICSD cards of BaMoO4 and BaWO4
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impurity peaks decreases significantly with increasing

sintering temperature and annealing time.

Conclusions

In conclusion, a series of CaMo1-xWxO4:0.5%Ce (x = 0.0,

0.25, 0.5, 0.75, and 1.0), BaMo1-yWyO4:z%Eu (y = 0.0, 0.5,

and 1.0, z = 1, 4, and 8), and Gd2Mo3O12 compounds were

successfully prepared by simple, inexpensive, and environ-

mentally benign aqueous nitrate–tartrate sol–gel process.

According to the XRD data, the crystallization of the Ca-

MoO4, CaWO4, BaMoO4, BaWO4, and Gd2Mo3O12 pre-

cursors is completed at relatively low temperatures, which is

in consonant with the results of TG–DSC measurements.

The crystallization of CaMo0.75W0.25O4, CaMo0.5W0.5O4,

and CaMo0.25W0.75O4 solid solutions was observed in the

whole substitutional range. Also, we showed that these

molybdates and tungstates can be easily doped with lan-

thanide ions without changing their crystal structure. Also, in

this study we showed that the Gd2Mo3O12 could be syn-

thesized using the same sol–gel technique, however, the

starting materials should be selected with care.
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