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The phase transition, hygroscopicity, and thermal

expansion properties of Yb2−xAlxMo3O12
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Materials with the formula Yb2−xAlxMo3O12 (x = 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 0.9, 1.0, 1.1, 1.3, 1.5, and 1.8)

were synthesized and their structures, phase transitions, and hygroscopicity investigated using X-ray powder diffrac-

tion, Raman spectroscopy, and thermal analysis. It is shown that Yb2−xAlxMo3O12 solid solutions crystallize in a

single monoclinic phase for 1.7 ≤ x ≤ 2.0 and in a single orthorhombic phase for 0.0 ≤ x ≤ 0.4, and exhibit the

characteristics of both monoclinic and orthorhombic structures outside these compositional ranges. The monoclinic to

orthorhombic phase transition temperature of Al2Mo3O12 can be reduced by partial substitution of Al3+ by Yb3+,

and the Yb2−xAlxMo3O12 (0.0 < x ≤ 2.0) materials are hydrated at room temperature and contain two kinds of water

species. One of these interacts strongly with and hinders the motions of the polyhedra, while the other does not. The

partial substitution of Al3+ for Yb3+ in Yb2Mo3O12 decreases its hygroscopicity, and the linear thermal expansion co-

efficients after complete removal of water species are measured to be −9.1×10−6/K, −5.5×10−6/K, 5.74×10−6/K, and

9.5× 10−6/K for Yb1.8Al0.2(MoO4)3, Yb1.6Al0.4(MoO4)3, Yb0.4Al1.6(MoO4)3, and Yb0.2Al1.8(MoO4)3, respectively.
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1. Introduction

Although most materials expand as they are

heated, some compounds are found to contract with

increasing temperature.[1−5] This abnormal thermal

expansion behavior is called negative thermal expan-

sion (NTE). NTE has been observed in many or-

thorhombic tungstates and molybdates with the gen-

eral formula A2M3O12, where A is a trivalent cation

and M is either Mo or W.[6−14]

The rare earth tungstates and molybdates may

crystallize either in a monoclinic or orthorhombic

structure depending on the A3+ cation size, and

only the orthorhombic modifications exhibit nega-

tive thermal expansion due to transverse thermal vi-

brations of the A–O–M linkages of corner-sharing

AO6 and MO4 polyhedra.[15] The monoclinic ones

have an edge-shared structure which cannot accom-

modate transverse thermal vibrations, and therefore

do not exhibit NTE. Those with larger A3+ cation

size, such as Y2W3O12, Yb2W3O12, Y2Mo3O12, and

Yb2Mo3O12, crystallize in an orthorhombic structure

and are highly hygroscopic, forming a trihydrate struc-

ture at room temperature.[16−18] It was found that

the presence of water species hinders not only the li-

brational and translational motions of the polyhedra

but also the stretching vibrations of the M–O bonds,

revealing that both the low frequency and high fre-

quency phonon modes contribute to the NTE.[12] The

NTE can only be observed after complete removal of

the water molecules.[13] On the other hand, this fam-

ily of materials with a smaller A3+ cation size such

as Al2(MoO4)3, Fe2(MoO4)3, and Cr2(MoO4)3 crys-

tallize in a monoclinic structure (space group P21/a),

and undergo a phase transition from a monoclinic to

orthorhombic (space group Pnca) structure with in-

creasing temperature.[11,15,19,20]

Wu et al.[21] reported the controllable thermal

expansion and phase transition of Yb2xCrxMo3O12

with the aim of studying whether the NTE could

be reduced through substitution of Yb3+ with Cr3+.

They found that Yb2xCrxMo3O12 had an orthorhom-

bic for 0.0 ≤ x ≤ 0.4 and a monoclinic structure for

∗Project supported by the National Natural Science Foundation of China (Grant No. 10974183).
†Corresponding author. E-mail: ejliang@zzu.edu.cn

c⃝ 2012 Chinese Physical Society and IOP Publishing Ltd
http://iopscience.iop.org/cpb　http://cpb.iphy.ac.cn

046501-1



Chin. Phys. B Vol. 21, No. 4 (2012) 046501

1.7 ≤ x ≤ 2.0, and partial substitution of Yb3+ for

Cr3+ exhibited depressed monoclinic to orthorhombic

phase transition. Recently, we synthesized solid solu-

tions of Fe2−xYxMo3O12 (x = 0.2, 0.4, 0.5, 0.6, 0.8,

1.0, 1.2, 1.4, 1.6, and 1.8) and studied the structures,

phase transitions, hygroscopicity, and thermal expan-

sion properties of these materials.[22] It was found

that Fe2−xYxMo3O12 crystallized in a single mono-

clinic structure when x ≤ 0.4 and in a single or-

thorhombic structure when x ≥ 0.5. The monoclinic-

to-orthorhombic phase-transition temperature can be

effectively decreased by increasing the contents of Y3+

so that Fe1.5Y0.5Mo3O12 is already crystallized in

the orthorhombic phase at room temperature and re-

mains in this structure until at very low temperature

(< 103 K). However, the materials of orthorhombic

Fe2−xYxMo3O12 with x ≥ 0.5 are hygroscopic. In

fact, how to reduce the hygroscopicity of this family

of materials with larger A3+ cations and how to re-

duce the monoclinic-to-orthorhombic phase-transition

temperature of these with smaller A3+ cation sizes to

below room temperature still remains a great chal-

lenge. In this paper, we synthesize materials with the

formula Yb2−xAlxMo3O12 (0 ≤ x ≤ 2), with the aim

of decreasing the monoclinic-to-orthorhombic phase-

transition temperature of Al2Mo3O12 and to reduce

the hygroscopicity of Yb2Mo3O12.

2. Experimental details

Polycrystalline samples of Yb2−xAlxMo3O12 were

prepared by conventional solid-state reactions. Stoi-

chiometric amounts of Yb2O3 (purity 99.9%), Al2O3

(purity 99.9%), and MoO3 (purity 99.0%) were

thoroughly mingled and ground for two hours.

Yb2−xAlxMo3O12 (0.0 ≤ x ≤ 0.4) were prepared by

heating at 1173 K for 10 h and then reground followed

by sintering at 1173 K for 14 h. Yb2−xAlxMo3O12

(0.5 ≤ x ≤ 2.0) were prepared by one-step sintering

at 1173 K for 8 h. All samples were cooled down slowly

in the furnace.

X-ray diffraction (XRD) measurements were car-

ried out with an X’Pert PRO X-ray diffractometer.

A Renishaw MR-2000 Raman spectrometer with 532

nm laser wavelength excitation and a Jobin–Yvon

T64000 Raman spectrometer with 514.5 nm laser

wavelength excitation were used for the Raman spec-

troscopic studies. The temperature dependence of the

Raman spectra was recorded using a TMS 94 heat-

ing/freezing stage from Linkam Scientific Instruments

Ltd, with an accuracy of ±0.1 K. The differential scan-

ning calorimetry (DSC) measurements were done on

an Ulvac Sinku-Riko DSC, Model 1500M/L in the

temperature range of 303 K–873 K, with heating and

cooling rates of 10 K/min. The linear thermal expan-

sion coefficients of the samples were measured with a

dilatometer (LINSEIS DIL L76).

3. Results and discussion

Figure 1 shows the XRD patterns of

Yb2−xAlxMo3O12 for x = 0, 0.2, 0.3, 0.4, 0.7, 1.3,

1.5, 1.8, and 2, respectively. The XRD patterns re-

veal a Yb2Mo3O12-type orthorhombic structure up to

the nominal composition Yb1.6Al0.4Mo3O12 with in-

creasing Al3+ content, indicating that 20 mol% Yb3+

in Yb2Mo3O12 can be substituted by Al3+. How-

ever, new peaks, such as those at 15.6◦ and 26.8◦

(as indicated by M in Fig. 1) originating from the

Al2Mo3O12-type monoclinic phase start to appear in

the XRD pattern of Yb1.3Al0.7Mo3O12 and increase

with increasing Al3+ content, while the intensities

of the diffraction peaks belonging to the orthorhom-

bic structure, such as that indicated by O in Fig. 1,

decrease gradually. Only weak diffraction peaks at

18.4◦ of the orthorhombic phase can be observed

for Yb0.5Al1.5Mo3O12. A further increase in alu-

minum content (x ≥ 1.7) leads to the disappearance

of the orthorhombic phase and a single monoclinic

phase product Yb2−xAlxMo3O12 is obtained. There-

fore, the solid solutions of Yb2−xAlxMo3O12 remain

orthorhombic for 0 ≤ x ≤ 0.4 and monoclinic for

1.7 ≤ x ≤ 2.0. Due to the large difference in the ionic

radii between Yb3+ (0.858 Å, 1 Å=0.1 nm) and Al3+

(0.535 Å), higher substitution amounts of Yb3+ for

Al3+ or Al3+ for Yb3+ do not seem possible.
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Fig. 1. (colour online) The X-ray diffraction patterns of

Yb2−xAlxMo3O12 collected at room temperature.

Figure 2 shows the Raman spectra of

Yb2−xAlxMo3O12 for x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5,
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0.7, 0.9, 1.1, 1.2, 1.3, 1.5, 1.8, 1.9, and 2.0, respec-

tively. Three broad bands appear at about 950, 830,

and 340 cm−1 in the Raman spectra for x ≤ 0.4,

while additional Raman bands at about 1026 cm−1

and 1004 cm−1 start to appear at x = 0.5. Since

Yb2Mo3O12 has an orthorhombic structure in trihy-

drated form and Al2Mo3O12 has a monoclinic struc-

ture at room temperature, the three broad bands

at about 950, 830, and 340 cm−1 are characteristic

of the hydrated orthorhombic structure and indica-

tions of water species residing in the microchannels

of Yb2−xAlxMo3O12.
[12] However, the Raman bands

at about 1026 cm−1 and 1004 cm−1 are characteristic

of the monoclinic structure as shown by the Raman

spectrum of Al2Mo3O12 (see the Raman spectrum for

x = 2.0).[23] These results suggest that the solid so-

lutions of Yb2−xAlxMo3O12 remain orthorhombic for

0 ≤ x ≤ 0.4, and beyond this compositional range the

monoclinic phase appears. The hydrated orthorhom-

bic features disappear completely at x = 1.9 and 2.0.
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Fig. 2. (colour online) The Raman spectra of

Yb2−xAlxMo3O12 measured at room temperature for

x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 0.9, 1.1, 1.2, 1.3,

1.5, 1.8, 1.9, and 2.0, respectively.

We first consider the phase transition of

Al2Mo3O12 by partial substitution of Al3+ by Yb3+.

Figure 3 shows the temperature dependence of the

Raman spectra of Al2Mo3O12. The Raman modes be-

tween 950–1100, 750–950, and 300–450 cm−1 can be

identified as internal symmetric stretching, asymmet-

ric stretching, and bending vibrations of the MoO4

tetrahedra, respectively. With increasing tempera-

ture, the Raman band at 1028 cm−1 becomes grad-

ually weak and vanishes when the temperature is in-

creased to 493 K; accompanied by splitting of the

Raman band around 380 cm−1. This indicates that

Al2Mo3O12 transforms from the monoclinic to or-

thorhombic phase between 483 K and 493 K, in accor-

dance with the reported phase transition temperature

of this material.[19,23]
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Fig. 3. (colour online) Temperature dependence of the

Raman spectra of Al2Mo3O12.
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Fig. 4. (colour online) Temperature dependence of the

Raman spectra of Yb0.2Al1.8Mo3O12.

Figure 4 shows the temperature dependence of the

Raman spectra of Yb0.2Al1.8Mo3O12. It can be seen

that Yb0.2Al1.8Mo3O12 is crystallized in a monoclinic

structure at room temperature, as evidenced by the

appearance of the Raman band at about 1027 cm−1.
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When the temperature is increased to above 453 K,

this Raman band vanishes, accompanied by the split-

ting of the Raman band at about 380 cm−1, suggesting

that the monoclinic to orthorhombic phase transition

of Yb0.2Al1.8Mo3O12 occurs at about 453 K, about

30 K lower than that of Al2Mo3O12. The reduction

in phase transition temperature confirms the substi-

tution of Yb3+ for Al3+ and the formation of solid

solution Yb0.2Al1.8Mo3O12.

Figure 5 shows the temperature dependence of

the Raman spectra of Yb0.5Al1.5Mo3O12. It can be

seen that the monoclinic to orthorhombic phase tran-

sition occurs at about 443 K, as indicated by the split-

ting of the band at about 380 cm−1 and the vanish-

ing of the band at 1027 cm−1. The phase transition

temperature is only about 10 K lower than that of

Yb0.2Al1.8Mo3O12, demonstrating that the solubility

of Yb3+ in the solid solution Yb2−xAlxMo3O12 is lim-

ited (x ≥ 1.7).
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Fig. 5. (colour online) Temperature dependence of the

Raman spectra of Yb0.5Al1.5Mo3O12.

The above results indicate that the monoclinic

to orthorhombic phase transition temperature of

Al2Mo3O12 can be reduced by partial substitution of

Yb3+ for Al3+ cations, though the solubility is lim-

ited. However, Yb0.2Al1.8Mo3O12 is hygroscopic as in-

dicated by the broad band at about 956 cm−1. It dis-

appears above 373 K, accompanied by the appearance

of a new peak at 975 cm−1. We attribute these two

bands to the Mo–O stretching vibrations in the MoO4

tetrahedra connected to the YbO6 octahedra since no

such bands appear in Al2Mo3O12. With increasing

temperature, the water species will be removed, and

it can be inferred that the water species interact di-

rectly with those MoO4 tetrahedra connected to the

YbO6 octahedra, but not with those connected only to

the AlO6 octahedra. The phonon mode at 975 cm−1

is suppressed by the existence of water species and

activated after removal of the crystal water.

Figure 6 shows the DSC curves of

Yb2−xAlxMo3O12 with x = 2.0, 1.8, 1.5, and 1.3,

respectively. It shows that the monoclinic to or-

thorhombic phase transition starts at about 483 K for

Al2Mo3O12 and at about 452 K for Yb0.2Al1.8Mo3O12,

in accordance with our Raman spectral analyses

shown above. The broad endothermic peak for

x = 1.8, 1.5, and 1.3 is related to the removal of

the water species. Al2Mo3O12 is not hygroscopic, but

the other samples are due to the larger cation size of

Yb3+ creating microchannels in the structure.
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Fig. 6. (colour online) Typical DSC scans for

Yb2−xAlxMo3O12 (x = 2.0, 1.8, 1.5, and 1.3).

It is noticed that there is an obvious difference

in the positions of the endothermic peak for x = 1.8,

1.5, and 1.3. For x = 1.8, the material is an edge-

shared monoclinic structure which does not has large

openings for the water molecules to enter. The water

molecules may mainly interact with O atoms in the

Yb–O–Mo linkages on the surface and hence can be

released at lower temperatures. However, for x = 1.5

and 1.3, the materials are composites of monoclinic

and orthorhombic structures. In the corner-shared or-

thorhombic structure, the openings of the microchan-

nels increase with increasing contents of Yb3+ to allow

the water molecules to enter. The water molecules in

the microchannels interact with O atoms in the Yb–

O–Mo and/or Al–O–Mo linkages by hydrogen bond-

ing. Such water species may need a higher tempera-

ture to release. The smaller the microchannels are,

the more difficult it is for the water species to re-

lease. Besides, due to the different polarizability in

the Yb–O and Al–O bonds (electronegativity: 1.61

and 1.22 for Al and Yb) and the nonequivalent oxygen

sites in the microchannels,[22] the average interaction

strengths between the water species and the O atoms

in the linkages may be different for x = 1.5 and 1.3.
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Figure 7 shows the temperature dependence of

the Raman spectra of Yb1.8Al0.2Mo3O12. The bend-

ing mode shifts from 341 cm−1 to 324 cm−1, while the

symmetric (950 cm−1) and asymmetric (829 cm−1)

stretching modes shift to higher wavenumbers pro-

gressively with increasing temperature from 303 K

to 338 K. However, sharp peaks at about 970 cm−1

and 831 cm−1 appear and increase successively with

a further increase in temperature. The broad fea-

tures disappear completely when the temperature is

increased to 403 K. These changes are very similar to

those of Y2Mo3O12 with temperature,[12] which means

that Yb1.8Al0.2Mo3O12 keeps the same structure as

Y2Mo3O12. At room temperature, it forms a hydrated

orthorhombic structure. The changes in Raman spec-

tra are closely correlated to the release of water species

with increasing temperature. At lower temperatures,

the water species without strong interactions with the

polyhedra start to release, resulting in only shifts of

the broad Raman bands. However, the crystal water

species interacting strongly with the polyhedra in the

microchannels start to release at higher temperatures,

leading to the appearance of the sharp Raman bands.

As in the case of trihydrate Y2Mo3O12,
[12] the water

species hinder not only the librational and transla-

tional motions of the polyhedra, but also the internal

stretching and bending vibrations.

Similar behaviors of the Raman spectral changes

have been observed for Yb1.7Al0.3Mo3O12 and

Yb1.6Al0.4Mo3O12 (not shown here). However,

with a higher amount of substitution of Al3+ for

Yb3+, the Raman spectra exhibit both characters

of Yb2Mo3O12-type orthorhombic and Al2Mo3O12-

type monoclinic structures, as shown in Fig. 2, for

x ≥ 0.5. This suggests that the samples synthesized

for 0.5 ≤ x ≤ 1.7 are composites containing both mon-

oclinic and orthorhombic phases.
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Fig. 7. (colour online) The temperature dependence of

the Raman spectra of Yb1.8Al0.2Mo3O12.

Figure 8 shows the differential scanning calorime-

try plots of Yb2−xAlxMo3O12 with x = 0.1, 0.2, 0.3,

and 0.4, respectively. The DSC plots show clearly

that two or three endothermic processes exist, as re-

vealed by the different slopes corresponding to the

release of different water species. The two or three

processes of water release can also be seen from the

TG curves, as shown by Fig. 9. The weight loss in

A2Mo3O12 at the first stage was attributed to the re-

lease of water species associated with the amorphous

phase, and that at the second stage is related to the re-

lease of the crystal water in A2Mo3O12 microchannels.

From the TG curve, the number of water molecules in

Yb2−xAlxMo3O12·yH2O (x = 0.1, 0.2, 0.3, 0.4, and

1.8) per unit formula are calculated and listed in Ta-

ble 1.
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Fig. 8. (colour online) The typical DSC scans for

Yb2−xAlxMo3O12 (x = 0.1, 0.2, 0.3, 0.4, and 0.7).
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Fig. 9. (colour online) The TG curves of

Yb2−xAlxMo3O12 (x = 0.1, 0.2, 0.3, 0.4, 1.8).

Figure 10 shows the relative length changes

of Yb2−xAlxMo3O12 with x = 0.2, 0.4, 1.6,

and 1.8, respectively. Yb1.8Al0.2(MoO4)3 and

Yb1.6Al0.4(MoO4)3 have an orthorhombic struc-

ture and exhibit negative thermal expansion af-

ter complete removal of the crystal water species.

Yb0.2Al1.8(MoO4)3 has a monoclinic structure and is

hydroscopic at room temperature and transforms to

orthorhombic at about 430 K (see Fig. 4). It shows a

positive thermal expansion even after phase transition
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and release of the water species. Yb0.4Al1.6(MoO4)3
should be dominated by monoclinic constitution with

a minor orthorhombic content (see Figs. 1 and 2).

It also exhibits a positive thermal expansion af-

ter phase transition and removal of water species.

The linear thermal expansion coefficients after com-

plete removal of water species are calculated us-

ing the linear parts to be −9.1 × 10−6/K (470 K–

800 K), −5.5 × 10−6/K (470 K–840 K), 5.74 ×
10−6/K (430 K–1000 K), and 9.5 × 10−6/K (430 K–

950 K) for Yb1.8Al0.2(MoO4)3, Yb1.6Al0.4(MoO4)3,

Yb0.4Al1.6(MoO4)3, and Yb0.2Al1.8(MoO4)3, respec-

tively.

Table 1. Weight loss of Yb2−xAlxMo3O12 (x = 0.1,

0.2, 0.3, 0.4, and 1.8) and the corresponding number

of crystal water molecules per unit formula.

Sample Weight loss
Number of Number of

water molecules crystal water

Yb1.9Al0.1(MoO4)3 5.13% 2.44 1.71

Yb1.8Al0.2(MoO4)3 5.25% 2.46 1.59

Yb1.7Al0.3(MoO4)3 5.07% 2.32 1.56

Yb1.6Al0.4(MoO4)3 5.69% 2.58 1.52

Yb0.2Al1.8(MoO4)3 0.54% 0.17 0.13
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Fig. 10. (colour online) Relative length change with tem-

perature of Yb2−xAlxMo3O12 (x = 0.2, 0.4, 1.6, and 1.8).

4. Conclusion

Materials with the formula Yb2−xAlxMo3O12

(x = 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 0.9, 1.0, 1.1, 1.3,

1.5, and 1.8) have been synthesized and their struc-

tures, phase transitions, hygroscopicities, and thermal

expansion properties have been studied. It is found

that Yb2−xAlxMo3O12 crystallizes in a single mono-

clinic phase for x ≥ 1.7 and in a single orthorhombic

structure for x ≤ 0.4. The monoclinic to orthorhom-

bic phase-transition temperature in Al2Mo3O12 can

be effectively decreased with partial substitution of

Yb3+ for Al3+. The materials of the orthorhom-

bic Yb2−xAlxMo3O12 with x ≤ 0.4 are still hygro-

scopic, and the water species in the microchannels

hindering the motions of the polyhedra still exist,

but the number of water species per formula are re-

duced with respect to Yb2Mo3O12·3H2O. The lin-

ear thermal expansion coefficients after complete re-

moval of water species are measured to be −9.1 ×
10−6/K, −5.5 × 10−6/K, 5.74 × 10−6/K, and 9.5 ×
10−6/K for Yb1.8Al0.2(MoO4)3, Yb1.6Al0.4(MoO4)3,

Yb0.4Al1.6(MoO4)3, and Yb0.2Al1.8(MoO4)3, respec-

tively. This work provides some hope to reduce the

monoclinic to orthorhombic phase transition temper-

ature and to reduce the hygroscopicity of this family

of materials with smaller and larger A3+ cations by

proper design.
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