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Abstract
Negative thermal expansion materials ZrW2�xMoxO8 (0 � x � 2) have been successfully synthesized by the reaction of a mixture of

ammonium tungstate and ammonium molybdate with zirconium oxynitrate using a hydrothermal method. Effect of substituted ion Mo on the

microstructure, a-to-b and cubic to trigonal phase transition in resulting ZrW2�xMoxO8 powders was examined by the XRD experiments. It was

found that the structural phase transition temperature decreased slightly with increasing substituted content. The cubic to trigonal phase transition

was also influenced by substituted content. The resulting products decomposed to WO3/MoO3 and ZrO2 as temperature increasing when x � 0.5

and while x > 0.5, the cubic phase transited to trigonal phase. The effect of substituted Mo on the morphology of resulting products was also

investigated by SEM experiments.
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1. Introduction

Materials that exhibit negative thermal expansion (NTE)

are of considerable scientific and technological interest

[1–3]. The most potential application is using them in

composites to facilitate the control of bulk thermal expansion

properties to obtain a good match to other system

components or zero expansion in fields where exact

positioning of parts is crucial [4–6]. The recent works on

Cu/ZrW2O8 [7–9] and ZrW2O8/ZrO2 [10,11] composites are

examples of this approach.

Among all the negative thermal expansion materials, cubic

ZrW2O8 has been extensively studied because it shows

isotropic negative thermal expansion behavior over the wide

temperature range from 0.3 to 1050 K [12]. But for using it as

fillers in composites, there are some drawbacks [13]. ZrW2O8 is

only thermodynamically stable at high temperatures, which

makes it difficult to synthesize. Due to the a-to-b phase

transition, the expansion curve shows a discontinuity around

430 K and it makes the change of the linear expansion
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coefficient from�8.8 to�4.9 � 10�6 K�1. Moreover, ZrW2O8

undergoes a phase transition from cubic to orthorhombic

structure at 0.21 GPa that is not reversible, which leads to

problems during the processing and utilizing of composites

under pressure.

It has been reported that cubic ZrMo2O8 displays NTE with

a = �5.0 � 10�6 K�1 between 11 and 573 K with no phase

transitions and there is a phase transition between 0.7 and

2.0 GPa but is reversible, indicating that ZrMo2O8 might be

advantageous for applications in composites [14,15]. Unfortu-

nately, cubic ZrMo2O8 is metastable at all temperatures, which

makes it difficult to synthesis with pure phase and thus restricts

the application in making composites.

It is known that the ZrW2O8 forms a complete solid solution

with ZrMo2O8 and the solid solution with appropriate substitute

content might centralize the advantages of ZrW2O8 and

ZrMo2O8, which might be used in composites and replace

ZrW2O8 or ZrMo2O8. There are some papers reporting the

synthesis of Mo-substituted ZrW2O8 [16,17], but lack of series

research on the influences of substitute content on the

microstructure, the phase transition, especially the morphology

of the resulting products. While in making composite, particle

shape might be an important consideration in both processing

and using.
d.
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In this paper, ZrW2�xMoxO8 (0 � x � 2) powders were

synthesized by hydrothermal method and the effect of

substituted-Mo content on the microstructure and morphology

was also studied.

2. Experimental

All the chemical reagents were of analytical grade purity

without further purification. In the typical procedure,

zirconium oxynitrate [ZrO(NO3)2�5H2O], ammonium tung-

state [N5H37W6O24�H2O] and ammonium molybdate

[N5H37Mo6O24�H2O] were dissolved separately in distilled

water according to the molar ratio of Zr:W:Mo = 1:(2 � x):x.

The Zr solution was added slowly to the mixture of W and Mo

solution under vigorous stirring. Then, 6 M HCl was added

slowly to the above solution with continuous stirring for

another 3 h. The mixture was finally loaded into a Teflon-lined

Parr bomb and heated at 180 8C for 15 h followed by washing

with distilled water and drying at 60 8C. To obtain pure

ZrW2�xMoxO8 (0 � x � 2) powders the obtained solid

products (precursors) were heated at different temperatures

mainly according to the TG-DSC results.

The resulting products were characterized by powder X-ray

diffraction using Cu Ka radiation (l = 0.15418 nm) with

40 kV/200 mA (D/max2500, Rigaku). The XRD data were

collected with a scan speed of 58(2u) min�1 in the 2u range

from 108 to 508 by continuum scanning method. TG-DSC of the

precursor was recorded on a NETZSCH-STA449.C thermo-

gravimeter. The samples’ morphology and particle size were

examined with PHILIPS XL-30ESEM scanning electron

microscopy.

3. Results and discussion

Fig. 1 shows the typical XRD patterns of the hydrothermal

prepared ZrW2�xMoxO8 (x = 0.3, 1.0, 1.5) precursors. As one

can see in Fig. 1, the precursors synthesized with different
Fig. 1. XRD patterns of ZrW2�xMoxO8 precursors (a) x = 0.3; (b) x = 1.0; (c)

x = 1.5.
amount of substituted Mo ions have almost the same XRD

patterns, indicating that the same products were obtained. The

strong and sharp diffraction peaks appearing in the XRD

diagrams have obvious relevance with the well-crystallized

precursors. Other precursors with different x values obtained in

the experiments also show the same XRD pattern and can be

indexed as a pure ZrW2O7(OH)2(H2O)2 phase (JCPDS 28-

1500).

To obtain cubic ZrW2�xMoxO8, the obtained precursors

must be heat-treated and the process was monitored by the TG-

DSC experiments. Fig. 2(a) shows the TG-DSC curves of

precursor ZrW1.7Mo0.3O7(OH)2(H2O)2. The TG curve indi-

cates two regions of mass loss. One is from RT to 250 8C with

the mass loss about 8.42% and the other is up to 900 8C. The

first mass loss is mostly due to desorption of water. According

to the following formula, the theoretical mass loss is 8.72%

when precursor ZrW1.7Mo0.3O7(OH)2(H2O)2 is changed into

ZrW1.7Mo0.3O8, which is similar to our experimental result.

The second mass loss may be due to the decomposition of the

obtained ZrW1.7Mo0.3O8 which might be confirmed by the

XRD results discussed below.

ZrW1:7Mo0:3O7ðOHÞ2ðH2OÞ2 ! ZrW1:7Mo0:3O8þ 3H2O "
Fig. 2. TG-DSC curves of (a) precursor ZrW1.7Mo0.3O7(OH)2(H2O)2 and (b)

precursor ZrWMoO7(OH)2(H2O)2.



Fig. 3. XRD patterns of the obtained powders (a) ZrW2O8; (b) ZrW1.7Mo0.3O8;

(c) ZrW1.5Mo0.5O8; (d) ZrWMoO8; (e) ZrW0.5Mo1.5O8; (f) ZrMo2O8.
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The DSC curve reveals an endothermic peak that correlates

to the first mass loss and the other endothermic peak over the

temperature range of the second mass loss. There is a small

exothermic peak at around 568.4 8C indicating the phase

formation of cubic phase.

Fig. 2(b) shows the TG-DSC curves of precursor

ZrWMoO7(OH)2(H2O)2. Compared with Fig. 2(a), there are

two small exothermic peaks at 549.2 and 708.1 8C, which might

be caused by the phase formation of cubic phase and the

trigonal phase respectively and this could be confirmed by the

XRD results shown in Figs. 3 and 4.

All the TG-DSC curves of different precursors are similar to

Fig. 2 but with different mass loss values and different phase

formation temperatures.

According to the TG-DSC results, to obtain pure cubic

phase, the precursors were heat-treated at different tempera-

tures. For x = 0, 0.3, 0.5, 1.0, 1.5 and 2.0, the heating
Fig. 4. XRD patterns of (a) ZrW1.5Mo0.5O8 and (b) ZrWMoO8 powders

calcined at 700 8C (&: WO3; ~: ZrO2; $: trigonal ZrWMoO8).
temperatures are 580, 570, 550, 550, 480 and 400 8C
respectively, and the XRD patterns of the resulting powders

are shown in Fig. 3.

In Fig. 3, it can be seen that all the products are showing high

and sharp diffraction peaks which indicates the good crystal-

linity of all the obtained powders. There are some differences

between the XRD patterns with carefully comparison. The

XRD patterns of samples ZrW2O8, ZrW1.7Mo0.3O8 and

ZrW1.5Mo0.5O8 (Fig. 3(a)–(c)) are the same and display the

characteristic XRD peaks corresponding to a-ZrW2O8

(JCPDS(13-0557), space group: P213), no obvious diffraction

peaks arising from the possible impurity phases such as WO3,

ZrO2, etc. are visible. When the substituting ion increased (e.g.

x = 1), peaks (1 1 1), (3 1 0), (3 2 2) and (3 3 1) are disappeared

as shown in Fig. 3(d). The remaining peaks can be indexed to b-

ZrW2O8 (space group: Pa 3̄). The XRD patterns of samples

ZrW0.5Mo1.5O8 and ZrMo2O8 are almost the same but are

different with those of ZrWMoO8 or ZrW2O8. Compared with

Fig. 3(a), only (3 1 0), (3 2 2) and (3 3 1) peaks are disappeared

but peak (1 1 1) still exists. According to literature [18], this is a

pure cubic ZrMo2O8 phase. Usually, cubic ZrW2O8 obtained at

room temperature shows a-ZrW2O8 structure consisting of

ZrO6 octahedra linked through oxygen atoms with WO4

tetrahedra. There is a kinetically limited order–disorder phase

transition at about 430 K, and above this temperature, the

structure of ZrW2O8 is changed into a disordered phase b-

ZrW2O8 with one oxygen site half occupied. According to the

XRD results discussed above, it can be concluded that the

order–disorder transformation is also affected by the sub-

stituted content of Mo and the a–b phase transition temperature

decreased slightly with increasing the content of Mo, which is

in accordance with the result reported by Evans et al. [19].

In ZrW2�xMoxO8 system, the structure of the obtained

products can be adjusted between a-ZrW2O8 to b-ZrW2O8 or to

cubic ZrMo2O8 simply by changing the x values in our

experiments.

To investigate the heat stability of the obtained powders,

ZrW2�xMoxO8 (0 � x � 2) were calcined at different tem-

peratures and the structures were characterized by XRD. Fig. 4

shows the typical XRD patterns of ZrW1.5Mo0.5O8 and

ZrWMoO8 calcined at 700 8C. It can be found that after

heat-treated at 700 8C, ZrW1.5Mo0.5O8 was decomposed and

slight amount of WO3 and ZrO2 were detected as shown in

Fig. 4(a). While in Fig. 4(b), ZrWMoO8 with trigonal phase is

visible and these results are in accordance with TG-DSC

analyses. In our experiments, it was found that the resulting

products with x � 0.5 would decompose to WO3/MoO3 and

ZrO2 as temperature increasing, while x > 0.5, the cubic phase

would transit to trigonal phase.

The negative thermal expansion property of the obtained

samples was investigated by the cell parameter calculation

method together with the thermal mechanical analysis and the

results indicate that all the samples show NTE property (e.g. the

NTE coefficient of ZrW1.7Mo0.3O8 from 20 to 700 8C is

�6.61 � 10�6 K�1) but there are differences between them.

The differences might be caused by the different microstructure

and the results will be published elsewhere.



Fig. 5. SEM images of samples (a) ZrW2O8; (b) ZrW1.7Mo0.3O8; (c) ZrW1.5Mo0.5O8; (d) ZrWMoO8; (e) ZrW0.5Mo1.5O8; (f) ZrMo2O8.
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More interestingly, ZrW2�xMoxO8 (0 � x � 2) powders

with different x values have different morphologies. The SEM

images of ZrW2�xMoxO8 (x = 0, 0.3, 0.5. 1.0, 1.5, 2.0) are listed

in Fig. 5.

ZrW2O8 powders which were prepared by hydrothermal

method show rod-like (2 mm wide) appearance with lengths

exceeding to 10 mm (Fig. 5(a)). In Fig. 5(b), it can be seen that

the substituting small amount of Mo produces regular rods of

very smooth facets with the wideness of about 800 nm and the

lengths of 5 mm. While the substituting Mo ions increased

(x � 0.5), the rod-like morphology was changed. The as-

prepared particles of ZrW1.5Mo0.5O8 and ZrWMoO8 appeared

rod-like aggregates and the aggregates were made up of several

nanorods which connected with each other to form a bundle of

nanorods with rod-like morphology (Fig. 5(c) and (d)). The

lengths of the rod-like aggregates were 4 and 2 mm

respectively. In Fig. 5(e), one can see that the morphology
was changed to peanut-like aggregates which were also made

up by several nanorods but the lengths were reduced to about

1.8 mm. When the W was completely substituted by Mo, the

obtained ZrMo2O8 powders were nanorod-like with average

wideness of 50 nm and lengths of 500 nm. From the SEM

results, it can be concluded that the sizes and morphologies of

ZrW2�xMoxO8 powders were extensively influenced by the

molar ratio of W/Mo. With the increase of Mo, the particle sizes

were decreased and the mechanism needs further investigation.

4. Conclusion

A series of ZrW2�xMoxO8 (0 � x � 2) powders were

successfully prepared using hydrothermal method followed

by heat-treatment. The influences of the molar ratio of W/Mo in

ZrW2�xMoxO8 (0 � x � 2) system were studied in detail and it

can be found that the microstructure and particle size or
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morphology can be adjusted simply by changing the x values.

The results reported here might have potential meanings in

promoting the application of negative thermal expansion

materials.
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