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Abstract A new group of cadmium and rare-earth metal

molybdato–tungstates with the formula Cd0.25RE0.50h0.25-

(MoO4)0.25(WO4)0.75 (RE = Pr, Nd, Sm–Dy, h—vacancies

in cation sublattice) were synthesized by a high-temperature

solid-state reaction between RE2MoO6 and CdWO4 mixed at

the molar ratio of 1:3. Powder X-ray diffraction measure-

ments showed that obtained phases adopt the scheelite-type

structure. The phases melt congruently in the temperature

range of 1382–1458 K.
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Introduction

Inorganic compounds doped with rare-earth ions are known

as promising materials for many applications [1–7]. Among

many inorganic oxosalts, doped double molybdates and

tungstates with the scheelite-type structure play important

part in the production of luminescent materials. These

inorganic compounds are extensively used in: luminescent

devices, such as fluorescent lamps, cathode ray tubes, diode

laser pumped solid-state lasers, amplifiers for fibreoptic

communication, etc. Many of these compounds show very

high luminescence quantum yield, excellent chemical and

thermal durability in air.

Depending on the size of RE3? ion or the solid-state

synthesis conditions (temperature and time of annealing,

cooling rate), rare-earth metal molybdates (RE2MoO6) have

been known to crystallize in three polymorphic modifica-

tions, with monoclinic (a), cubic (b) and tetragonal (c)

symmetries [8–14]. Lanthanum molybdate (La2MoO6),

obtained in standard solid-state conditions (gradually

increasing the temperature to 1523 K, keeping for 40 h at

1523 K and furnace cooling) adopts the tetragonal c-form

[10, 13]. Ce2MoO6 has a pseudo-cubic, fluorite-related

structure (b-form), the parameters of which are still

unknown [10, 13, 14]. The most characteristic type of

structure for RE2MoO6 (RE = Y, Pr–Lu) is the one closely

related to the scheelite-type (a-polymorph, C2/c; Z = 8)

[8–13]. It consists of three, nonequivalent deformed cubes

REO8 joined by common edges. Connected to each other,

deformed trigonal bipyramids MoO5 form zigzag rows

running along the [001] direction [12, 13].

This paper presents the synthesis of new cadmium and

rare-earths molybdato–tungstates of the formula Cd0.25-

RE0.50h0.25(MoO4)0.25(WO4)0.75 (RE = Pr, Nd, Sm–Dy,

h—vacancies in cation sublattice) from RE2MoO6

(a-forms) and CdWO4. The obtained compounds were

defined by XRD, SEM, TA and IR methods.

Experimental

Synthesis

The starting materials were RE2MoO6 (RE = Pr, Nd, Sm–

Dy) and CdWO4. Polycrystalline rare-earth molybdates

were prepared by a solid-state reaction, used by other

authors [15, 16], from stoichiometric amounts of analytical

grade RE2O3 (RE = Nd, Sm–Gd, Dy), Pr6O11, Tb7O12 and
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MoO3. The reagents were ground and annealed in conditions

described previously [17]. In order to obtain CdWO4, a

stoichiometric mixture of CdO (99.9%, Fluka) with WO3

(99.9%, Fluka) was thoroughly ground in an agate mortar

and heated in static air, in 12-h cycles and at the tempera-

tures: 1173; 1223; 1273; 1323; and 1373 K. To investigate

the reactivity of RE2MoO6 with CdWO4, the CdWO4/

RE2MoO6 mixtures were prepared with the range of cad-

mium tungstate from 10.00 to 90.00 mol%. All mixtures

were heated in air, in ceramic crucibles and in a resistance

furnace (temperature accuracy ± 1 K). The following

thermal treatment conditions have been used: 1298 K

(12 h); 1273 K (12 h); 1025 K (12 h); 1323 K (2 9 12 h)

and 1343 K (2 9 12 h). For better reactivity, after each 12-h

period of annealing, the mixtures were cooled to room

temperature and ground in an agate mortar. Mass changes of

all samples were checked.

Elucidation of experimental methods

X-ray powder diffraction patterns, performed to control the

progress of a solid-state reaction, were collected within the

range from 10� to 45� 2H with the step 0.02� and counting

time 1 s/step on a HZG-4 diffractometer with Cu Kaaver

radiation (k = 0.15418 nm). For indexing, XRD patterns

were collected within the range from 10� to 100� 2H with the

step 0.02� and counting time 10 s/step. The POWDER pro-

gram [18, 19] was used to obtain accurate unit cell dimensions.

The DTA–TG curves were obtained using a SDT 2960

TA Instruments thermoanalyzer. The experiments were

carried out in air at the flow rate of 110 mL/min and at the

heating rate of 10 K/min. The mass of each analyzed

sample was about 40 mg.

The morphology of selected samples was determined

using a JEOL JSM-1600 scanning electron microscope.

The pressed samples were coated with thin gold–palladium

alloy layer to facilitate conductivity.

IR spectra were recorded on a Specord M-80 spec-

trometer. The samples were pressed in pellets with KBr in

the weight ratio of 1:300.

Results and discussion

Phase identification in the CdWO4–RE2MoO6

(RE = Pr, Nd, Sm–Dy) system

The XRD patterns of the samples obtained after each heating

period of all CdWO4/RE2MoO6 mixtures were recorded and

analyzed. Figure 1 presents XRD pattern of the initial mixture

comprising 75.00 mol% of CdWO4 and 25.00 mol% of

Eu2MoO6 as well as the diffraction pattern of the sample

obtained after the last heating cycle of this mixture. The XRD

results indicate that initial compounds react with each other in

the solid state. The prepared samples, which initial mixtures

contained 75.00 mol% of CdWO4 and 25.00 mol% of

RE2MoO6, were pure single phase and their XRD patterns

showed only the diffraction lines characteristic of the schee-

lite-type structure. The diffraction patterns of the samples

obtained after the last heating cycle and comprising initially

below 75.00 mol% of CdWO4 contained two sets of dif-

fractions lines, i.e., the set of reflexions that can be attributed

to an adequate RE2MoO6 and the set of diffraction lines

characteristic for compounds with the scheelite-type struc-

ture. The same set of reflections as well as the set of dif-

fraction lines characteristic for CdWO4 were observed on the

diffraction patterns of the samples obtained after heating

CdWO4/RE2MoO6 mixtures containing initially above

75.00 mol% of CdWO4. We observed the mass decreases in

all CdWO4/RE2MoO6 mixtures after each heating period. The

biggest values of total mass loss (calculated by adding the

mass losses recorded after each heating period) were recorded

for the samples comprising initially 75.00 mol% of CdWO4

and 25.00 mol% of RE2MoO6 and they equaled: (Pr):
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Fig. 1 XRD patterns of an initial CdWO4/Eu2MoO6 mixture (the

molar ratio of reagents 3:1) (a), the sample obtained after last heating

cycle of this mixture (b)
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16.840%; (Nd): 16.680%; (Sm): 16.750%; (Eu): 16.640%;

(Gd): 16.550%; (Tb): 16.540% and (Dy): 16.460%. The val-

ues of mass losses calculated on a base of the Eq. 1, equal:

(Pr): 16.521%; (Nd): 16.450%; (Sm): 16.322%; (Eu):

16.289%; (Gd): 16.181%; (Tb): 16.147% and (Dy): 16.074%.

Real values of mass losses are slightly higher than the cal-

culated ones. This is because mass losses in experiment

include also these (so-called ‘‘heat losses’’) observed at high

temperatures.

3CdWO4ðsÞþRE2MoO6ðsÞ ¼
4Cd0:25RE0:50h0:25 ðMoO4Þ0:25ðWO4Þ0:75ðsÞ þ 2CdOðgÞ ð1Þ

The authors suggest that charge compensation, in the

structures of obtained phases, takes place through a

creation of statistical distributed vacancies in cation

sublattice (marked as h).

Characterization of Cd0.25RE0.50h0.25(MoO4)0.25(WO4)0.75

by XRD, SEM, and IR methods

The results of indexing powder diffraction patterns of

Cd0.25RE0.50h0.25(MoO4)0.25(WO4)0.75 as well as the

values of interplanar distances for CaWO4 [20] are shown

in Table 1. The calculated lattice parameters, the values of

experimental (obtained by degassing of samples and

hydrostatic weighing in CCl4 as pycnometric liquid) and

calculated density for obtained compounds as well as for

CaWO4 and CdMoO4 (both the scheelite-type structure)

[20, 21] are shown in Table 2. The data collected in

Tables 1 and 2 confirm that Cd0.25RE0.50h0.25(MoO4)0.25-

(WO4)0.75 are isostructural and crystallize in the tetragonal

system, in the scheelite-type structure. The unit cell

parameters of new cadmium and rare-earth metal molyb-

dato–tungstates linearly decrease with increasing of atomic

number of a lanthanide (Fig. 2).

Figure 3 shows the SEM morphology of Cd0.25Pr0.50-

h0.25(MoO4)0.25(WO4)0.75 particles. The edges of the

grains are clear and the particles are in the shape of oval

plates. Grains have different sizes, and the average particle

size is about 8 lm.

IR spectra of Cd0.25RE0.50h0.25(MoO4)0.25(WO4)0.75 are

shown in Fig. 4. In it the spectra of obtained compounds

are very similar. In the literature on IR spectroscopy of

solid single and double molybdates and tungstates with the

Table 1 Results of indexing Cd0.25RE0.50h0.25(MoO4)0.25(WO4)0.75 powder diffraction patterns

No. Pr Nd Sm Eu Gd Tb Dy CaWO4 h k l

dobs/nm I/I0 dobs/nm I/I0 dobs/nm I/I0 dobs/nm I/I0 dobs/nm I/I0 dobs/nm I/I0 dobs/nm I/I0 dobs/nm I/I0

1 0.47703 5 0.47551 5 0.47475 5 0.47375 4 0.47275 6 0.47126 4 0.47002 4 0.47645 84 1 0 1

2 0.31125 100 0.31030 100 0.30956 100 0.30883 100 0.30841 100 0.30727 100 0.30655 100 0.31049 100 1 1 2

3 0.28676 21 0.28462 15 0.28374 22 0.28261 16 0.28208 20 0.28131 18 0.28045 21 0.28426 39 0 0 4

4 0.26218 34 0.26166 23 0.26114 30 0.26070 27 0.26040 25 0.25938 17 0.25880 22 0.26213 19 2 0 0

5 0.22964 4 0.22925 3 0.22880 2 0.22836 3 0.22808 4 0.22714 2 0.22670 3 0.22962 18 2 1 1

6 0.22676 3 0.22561 1 0.22497 3 0.22427 2 0.22395 3 0.22315 2 0.22257 3 0.22562 3 1 1 4

7 0.19993 2 0.19927 1 0.19873 2 0.19828 1 0.19791 1 0.19722 1 0.19681 1 0.19943 10 2 1 3

8 0.19349 38 0.19263 30 0.19210 42 0.19160 35 0.19134 38 0.19066 34 0.19017 33 0.19276 36 2 0 4

9 0.18536 11 0.18501 14 0.18466 16 0.18431 15 0.18407 16 0.18337 12 0.18299 13 0.18536 15 2 2 0

10 0.16992 25 0.16882 16 0.16831 19 0.16777 19 0.16746 18 0.16695 16 0.16648 21 0.16877 17 1 1 6

11 0.15924 21 0.15891 22 0.15859 29 0.15826 22 0.15809 30 0.15748 19 0.15713 24 0.15921 23 3 1 2

12 0.15567 12 0.15512 10 0.15474 13 0.15439 11 0.15418 11 0.15362 11 0.15325 10 0.15528 13 2 2 4

13 0.14332 3 0.14231 3 0.14179 3 0.14130 3 0.14105 3 0.14064 3 0.14021 3 0.14218 4 0 0 8

14 0.13100 4 0.13082 4 0.13057 4 0.13034 4 0.13019 4 0.12968 3 0.12942 3 0.13109 2 4 0 0

15 0.12567 8 0.12497 7 2 0 8

16 0.12523 10 0.12471 14 0.12440 16 0.12407 14 0.12389 17 0.12346 10 0.12315 14 0.12480 11 3 1 6

17 0.12064 5 0.12037 5 0.12018 7 0.11992 5 0.11984 4 0.11930 4 0.11901 4 0.12055 2 4 1 3

18 0.11918 4 0.11888 4 0.11862 5 0.11835 3 0.11822 6 0.11777 3 0.11751 4 0.1903 7 4 0 4

19 0.11720 5 0.11701 5 0.11679 5 0.11657 3 0.11645 6 0.11600 3 0.11574 4 0.11723 4 4 2 0

20 0.11340 4 0.11279 4 0.11247 4 0.11212 2 0.11196 4 0.11160 2 0.11130 3 0.11282 3 2 2 8

21 0.10956 4 0.10880 4 0.10845 4 0.10807 5 0.10788 4 0.10724 5 0.10873 3 1 1 10

22 0.10848 4 0.10822 7 0.10799 6 0.10777 6 0.10764 8 0.10723 5 0.10699 7 0.10837 5 4 2 4

23 0.10380 4 0.10341 4 0.10317 4 0.10292 3 0.10279 3 0.10242 2 0.10217 2 0.10352 2 3 3 6

24 0.10118 5 0.10100 5 0.10080 6 0.10118 3 5 1 2
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scheelite-type structure [22–26], the broad absorption

bands with their maxima at *928 cm-1 can be attributed

to the symmetric modes of W–O bonds in WO4 more

than Mo–O bonds in MoO4 (the region of vibration

frequencies for WO4—935–925 cm-1 while for MoO4—

905–894 cm-1 [22]). The broad absorption bands centred

around 816 and 756 cm-1 the outcome of stretching

vibrations of W–O bonds in WO4 tetrahedra [22–26]. The

absorption bands with the maxima located at *440 and

*312 cm-1 can be ascribed as the symmetric and asym-

metric deformation modes of W–O bonds in WO4 tetra-

hedra, respectively [22–26]. Because of the small amount

of MoO4 against WO4 tetrahedra in the structures of

Cd0.25RE0.50h0.25(MoO4)0.25(WO4)0.75, the absorption

bands connected with stretching as well deformation

modes of Mo–O bonds in MoO4 tetrahedra were not

observed.

Thermal studies of

Cd0.25RE0.50h0.25(MoO4)0.25(WO4)0.75

In order to specify thermal properties of

Cd0.25RE0.50h0.25(MoO4)0.25(WO4)0.75, DTA–TG investi-

gations were performed in air. Figure 5 shows DTA curves

of these compounds. On each DTA curve only one endo-

thermic effect was found. No mass losses were noted on the

TG curves (not presented here) up to the onsets of the

observed effects. On the base of DTA–TG curves for

Table 2 Crystallographic characteristic of Cd0.25RE0.50h0.25(MoO4)0.25(WO4)0.75, CaWO4 and CdMoO4

Compound a/nm c/nm c/a Z V/nm3 dexp/g cm-3 dcal/g cm-3 References

Cd0.25Pr0.50h0.25(MoO4)0.25(WO4)0.75 0.52415(1) 1.1468(6) 2.1880 4 0.31508(2) 6.50 6.92 This study

Cd0.25Nd0.50h0.25(MoO4)0.25(WO4)0.75 0.52332(2) 1.1383(9) 2.1753 4 0.31176(7) 6.64 7.02 This study

Cd0.25Sm0.50h0.25(MoO4)0.25(WO4)0.75 0.52236(5) 1.1344(2) 2.1717 4 0.30954(4) 6.72 7.12 This study

Cd0.25Eu0.50h0.25(MoO4)0.25(WO4)0.75 0.52137(1) 1.1303(2) 2.1680 4 0.30725(2) 6.79 7.18 This study

Cd0.25Gd0.50h0.25(MoO4)0.25(WO4)0.75 0.52067(1) 1.1283(7) 2.1671 4 0.30589(9) 6.86 7.25 This study

Cd0.25Tb0.50h0.25(MoO4)0.25(WO4)0.75 0.51873(5) 1.1250(5) 2.1688 4 0.30273(6) 6.93 7.34 This study

Cd0.25Dy0.50h0.25(MoO4)0.25(WO4)0.75 0.51762(1) 1.1216(4) 2.1669 4 0.30052(1) 7.03 7.42 This study

CaWO4 0.524294(6) 1.1373(7) 2.1692 4 0.31264(6) 6.100 6.117 [20]

CdMoO4 0.5156(1) 1.1196(1) 2.1715 4 0.2976(5) 6.078 [21]
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Cd0.25RE0.50h0.25(MoO4)0.25(WO4)0.75 and observations of

the residues in corundum crucibles it was found that

endothermic effects with their onsets at: 1382 K(Pr),

1420 K(Nd), 1450 K(Sm), 1458 K(Eu), 1454 K(Gd),

1448 K(Tb), and 1461 K(Dy) are associated with melting of

these compounds. In order to determine melting behaviour

of Cd0.25RE0.50h0.25(MoO4)0.25(WO4)0.75, additional tests

were carried out. Samples of obtained compounds were

heated in a furnace at the temperature higher about 10 K

than the onsets of the recorded effects. After heating for 4 h,

the samples were quickly removed from a furnace and rap-

idly quenched to 263 K. The XRD patterns of melted sam-

ples show only diffraction lines characteristic for initial

phases. Therefore, the endothermic effects recorded on DTA

curves of all obtained compounds are associated with con-

gruent melting Cd0.25RE0.50h0.25(MoO4)0.25(WO4)0.75.

Conclusions

New cadmium and rare-earths molybdato–tungstates with

the formula of Cd0.25RE0.50h0.25(MoO4)0.25(WO4)0.75

(RE = Pr, Nd, Sm–Dy, h—vacancies in cation sublattice)

were prepared by a conventional solid-state sintering

reaction from RE2MoO6 and CdWO4. The obtained com-

pounds are isostructural and crystallize in the tetragonal

system, in the scheelite-type structure. The lattice param-

eters of the obtained compounds linearly decrease with
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increasing of an atomic number of lanthanide. Big differ-

ences between the calculated and experimental values of

density for each phases obtained confirm a presence of

statistical distributed vacancies in cation sublattice. In air

Cd0.25RE0.50h0.25(MoO4)0.25(WO4)0.75 melt congruently in

the temperature range of 1382–1458 K. Due to congruent

melting, the Cd0.25RE0.50h0.25(MoO4)0.25(WO4)0.75 crys-

tals can be grown by Czochralski method. This fact makes

the studied compounds promising materials for lasers.
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