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Abstract

A kind of negative thermal expansion ZrW2O8 nanorods were synthesized using a hydrothermal method, followed with a post-annealing at

570 8C for 2 h. Effects of HCl concentration on the microstructure, morphology and negative thermal expansion property in resulting ZrW2O8

powders were investigated by X-ray diffraction (XRD) and transmission electron microscope (TEM). Results indicate that the formation of the

precursor ZrW2O7(OH)2(H2O)2 significantly depends on the HCl concentration, and the precursors ZrW2O7(OH)2(H2O)2 can form in the 2–8 mol/

L HCl solution. With increasing the concentration of the HCl solutions from 2 to 8 mol/L, the rod-like ZrW2O8 particles become more

homogeneous, and the average dimension change from 10 mm � 0.5 mm to 700 nm � 50 nm. All the ZrW2O8 powders obtained in different

conditions exhibit negative thermal expansion property, and the average negative thermal expansion coefficients from 15 8C to 600 8C decrease

gradually with the increasing HCl concentration.
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1. Introduction

Negative thermal expansion (NTE) materials have attracted

widespread interest due to their potential application over the

last decade. While most materials expand with increasing

temperatures, NTE materials contract upon heating. This makes

them fascinating as fillers for use in composites, where they can

mix with the positive thermal expansion materials to form

various materials with controlled thermal expansion, being

positive, negative or even zero. To date, cubic zirconium

tungstate (ZrW2O8) has been considered one of the most

promising NTE material. Due to its strong isotropic NTE

property (�8.9 � 10�6 8C�1) over its entire stability tempera-

ture range from �273 8C to 770 8C [1,2].

The conventional synthesis of ZrW2O8 used sintering of

mixed powders of WO3 and ZrO2 at 1200 8C for several days

with intermediate grindings, followed by rapid quenching in
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water [3–8]. The quenching step is necessary to avoid

decomposition into binary oxides, as ZrW2O8 is only

thermodynamically stable between 1105 8C and 1257 8C and

metastable below 770 8C [9]. This method has several

problems, such as the volatilization of WO3, decomposition

into WO3 and ZrO2 between 770 8C and 1105 8C, and the

ZrW2O8 powders with inhomogeneous and large particle

morphologies. The preparation of high quality composites

requires a homogeneous distribution of filler particles, making

small particles with uniform particle morphologies favorable

for such applications. Two routes have been proposed to

prepare nanosized ZrW2O8 particles, including sol–gel method

[10,11] and hydrothermal synthesis [12,13]. These wet

chemical methods often give access to small particles with

uniform particle morphologies. Sol–gel route can reduce the

heat-treatment temperature. However, the solution usually is

aged and gelatinized for several weeks, and furthermore, the

obtained ZrW2O8 particles are highly agglomerated. It is

necessary to overcome this agglomeration problem, as it

interferes with the preparation of high quality homogeneous

composites. Compared with the conventional solid state
d.
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Fig. 1. XRD patterns of the precursors prepared in HCl solutions with different

concentrations (CHCl = 1, 2, 4, 6, 8, 10 and 12 mol/L).
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reaction and sol–gel route, the hydrothermal route presents

many benefits such as use of mild temperature, elimination of

high-temperature calcinations and removing aggregates, which

is widely applied to synthesize powders at low temperatures.

There are several papers reporting the hydrothermal synthesis

of ZrW2O8. The ZrW2O8 is accessible by dehydration of a

precursor, ZrW2O7(OH)2(H2O)2, most previously reported

synthesis of ZrW2O7(OH)2(H2O)2 were carries out by

hydrothermal treatment in HCl solution, but lack of series

research on the influences of HCl concentration on the

microstructures, particle sizes, morphologies, especially the

NTE properties of the resulting products ZrW2O8. The former

researches reported mainly focus on the effects of different

acids, chloride ion concentration and alcohols on the

preparation of the ZrW2O8 by hydrothermal method [12–16].

In this work, ZrW2O8 powders were synthesized using

hydrothermal route in HCl solution with different concentra-

tion. We also report a detailed study on the effects of HCl

concentration on the microstructure, particle size, morphology,

especially the NTE property of the resulting ZrW2O8.

2. Experimental

All the chemical reagents were of analytical grade purity

without further purification. In the typical procedure, zirconium

oxynitrate [ZrO (NO3)2�5H2O] and ammonium tungstate

[N5H37W6O24�H2O] were dissolved separately in distilled

water according to the molar ratio of Zr:W = 1:2. The Zr

solution was added slowly into the W solution under vigorous

stirring. After stirring and heating at 80 8C for 2 h, 1, 2, 4, 6, 8,

10, 12 mol/L HCl solution were, respectively, added into the

mixture and the stirring was continued. After 3 h, a

homogenous mixture was formed. The mixture was finally

poured into a Teflon-lined Parr bomb and heated at 180 8C for

15 h. Then the product was centrifuged, washed with distilled

H2O, and dried at 60 8C. To obtain ZrW2O8 powders, the

resulting precursor was heat treated at 570 8C for 2 h.

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). In situ X-ray diffraction

measurements were used to characterize the resulting products

with a scan speed of 28 (2u) min�1 at 15, 100, 150, 200, 300,

400, 500 and 600 8C. The lattice constants of the products

obtained at different temperatures were calculated by powder X

software. The particle morphology and size were observed with

the Holland Tecnai-12 transmission electron microscope

(TEM) at an accelerating voltage of 120 kV.

3. Results and discussion

The crystal structures of the precursors and resulting

powders were investigated by XRD experiments. Fig. 1 shows

the typical XRD patterns of the precursors synthesized in HCl

solutions with different concentrations (1, 2, 4, 6, 8, 10 and

12 mol/L). As one can see in Fig. 1, the precursors synthesized

in 2, 4, 6 and 8 mol/L HCl solutions have almost the same XRD

patterns, indicating that the same products were obtained, and
all the XRD patterns of these precursors are in good agreement

with that of ZrW2O7(OH)2(H2O)2 (JCPDS28-1500), and the

indices of crystallographic plane of the ZrW2O7(OH)2(H2O)2

are also shown in Fig. 1. However, with further increase of the

concentration of the HCl solutions, the resulting products

synthesized in 10 and 12 mol/L HCl solutions mainly are WO3

(JCPDS20-1324), it is probably because the concentration of

the HCl solutions is too high to form the precursor

ZrW2O7(OH)2(H2O)2. In the hydrothermal synthesis, the

following reactions may take place [16]:

ZrO2þ þ ðx þ 1ÞH2O ! ZrO2�xH2O þ 2Hþ (1)

WO4
2� þ 2Hþ þ ðy � 1ÞH2O ! WO3�yH2O (2)

ZrO2�xH2O þ WO3�yH2O ! ZrW2O7ðOHÞ2ðH2OÞ2
þ ðx þ 2y � 3ÞH2O (3)

According to the above reactions, it can be seen that this

reaction system has a close relationship with the acidity. When

the concentrations of the HCl solutions increased (�10 mol/L),

it will promote the ammonium tungstate to hydrolyze and

restrain the zirconium oxynitrate from hydrolyzing, so the

resulting products synthesized in 10 and 12 mol/L HCl

solutions mainly are WO3. While the concentration of the

HCl solution is too low (�1 mol/L), the crystallized precursor

ZrW2O7(OH)2(H2O)2 cannot form. The product synthesized in

1 mol/L HCl solution shows an amorphous phase, which is

similar to that reported by Xing et al. [14].

ZrW2O7(OH)2(H2O)2 is an intermediate of the final product

ZrW2O8. Based on our previous research on the TG-DSC of the

ZrW2O7(OH)2(H2O)2 [12], in this work, the heat-treatment

temperature is chosen at 570 8C for 2 h.

ZrW2O7ðOHÞ2ðH2OÞ2 ! ZrW2O8þ 3H2O " (4)

After heat-treatment at 570 8C for 2 h, the XRD pattern of

resulting powder synthesized in 2 mol/L HCl solution is shown

in Fig. 2(b), and the XRD pattern of its precursor is also given in



Fig. 2. XRD patterns of the precursor ZrW2O7(OH)2(H2O)2 prepared in 2 mol/

L HCl solution and the product ZrW2O8 post-annealed at 570 8C for 2 h.
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Fig. 2(a). It can be seen that both the precursor and the heat-

treated product are showing high and sharp diffraction peaks

which indicates the good crystallinity of the specimens. The

peak positions of the heat-treated product are well indexed to
Fig. 3. TEM images of the ZrW2O8 particles prepared in HCl solutions with d
cubic ZrW2O8 (JCPDS 50-1868). And the other resulting

products synthesized in 4, 6 and 8 mol/L HCl solutions also

have the same XRD results. However, after heat-treatment, the

precursors synthesized in 1, 10 and 12 mol/L HCl solutions all

change into the mixed powders of ZrO2 and WO3. According to

the XRD results discussed above, it reveals that the HCl

concentration have a large effect on the formation of

crystallized precursor ZrW2O7(OH)2(H2O)2. In our experi-

ment, it is found that the crystallized precursor

ZrW2O7(OH)2(H2O)2 can be obtained in the HCl solutions

with the concentration between 2 mol/L and 8 mol/L.

Fig. 3 shows the TEM images of ZrW2O8 powders

synthesized in 2, 4, 6 and 8 mol/L HCl solutions by

hydrothermal route. All the ZrW2O8 powders obtained in

different conditions show rod-like appearances. In Fig. 3(a), it

can be seen that the ZrW2O8 rods synthesized in 2 mol/L HCl

solutions are inhomogeneous, the big rod is about 10 mm in

length and 0.5 mm in width and small one is about 2 mm in

length and 50 nm in width. When the concentration of HCl

solution increased, the rod-like ZrW2O8 particles become more

homogeneous. The magnitudes of the ZrW2O8 rods synthesized

in 4 and 6 mol/L HCl solutions are about 1.5 mm in length and

120 nm in width (see Fig. 3(b) and (c)), When the concentration
ifferent concentrations: (a) 2 mol/L; (b) 4 mol/L; (c) 6 mol/L; (d) 8 mol/L.
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Fig. 4. XRD patterns of the ZrW2O8 powders prepared in 2 mol/L HCl solution

characterized at different temperatures.

Table 1

NTE coefficients (�10�6 8C �1) of ZrW2O8 powders prepared in HCl solutions

with different concentrations.

Concentration of HCl

solution (mol/L)

Temperature range

15–200 8C 200–600 8C 15–600 8C

2 �14.03 �5.07 �6.73

4 �10.91 �3.61 �5.63

6 �9.86 �3.52 �5.42

8 �8.75 �3.90 �5.11
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of HCl solution is 8 mol/L, the obtained ZrW2O8 particles are

nanorod-like with average length of 700 nm and width of

50 nm. From the TEM results, it can be concluded that all the

ZrW2O8 particles crystallized in rod-like appearances. With the

increase of the concentration of HCl solution from 2 to 8 mol/L,

the magnitudes of the ZrW2O8 rods decrease from micron to

nanometer level and the morphologies of the particles become

more homogeneous.

The concentration of the HCl solution plays an important

role in the growth of ZrW2O8 by hydrothermal route. To further

investigate the effects of the HCl concentration on the NTE

properties of the obtained ZrW2O8 powders synthesized in

different conditions (2, 4, 6 and 8 mol/L), all the NTE

coefficients of ZrW2O8 powders were measured using in-site

X-ray diffraction at different temperatures and then calculated

by the cell parameter calculation method [17]. Fig. 4 shows the

high temperature XRD patterns of the resulting ZrW2O8

powders (synthesized in 2 mol/L HCl solutions) characterized

at various temperatures. From the graph, the peaks shift to

higher diffraction angle with the increasing temperature, which

can be found obviously from the inset in Fig. 4. Due to the cubic
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Fig. 5. The lattice constants depended on the temperatures for different speci-

mens.
structure of the ZrW2O8, when the diffraction angle increases,

value of d decreases in contrast, which lead to the decreasing of

the lattice constants and contracting of the cell volume of

ZrW2O8 by increasing temperatures. This indicates that the

cubic ZrW2O8 powders show NTE property, attributed to the

rigid unit mode of its framework structure and the liberation of

the WO4 unit with the unshared vertex [18–20]. In Fig. 4, the

(1 1 1), (2 2 1), (3 1 0) and (3 2 2) peaks were observed in the

XRD pattern below 200 8C, whereas they disappeared above

200 8C, which is due to the structure phase transition. The low-

temperature phase (P213) transited to the high temperature

phase (Pa 3). Between 150 8C and 200 8C, the structure of

ZrW2O8 underwent an a to b structure phase transition, which

is consistent with Refs. [21–25]. Other ZrW2O8 powders

synthesized in 4, 6 and 8 mol/L HCl solutions also have the

same phenomenon discussed above.

Fig. 5 depicts the lattice constants of ZrW2O8 depending on

the temperatures. It is obvious that the lattice constants decrease

with the increasing temperatures, which also indicates that NTE

nature of the obtained ZrW2O8. After linear fitting, the NTE

coefficients of ZrW2O8 synthesized in different HCl solutions

are shown in Table 1. The NTE coefficients of all the a-phase

ZrW2O8 (temperature from 15 8C to 200 8C) obtained in

different conditions are lager than those of b-phase ZrW2O8

(temperature from 200 8C to 600 8C). With the increase of the

concentration of HCl solutions, the average NTE coefficients of

the ZrW2O8 powders in the temperature range from 15 8C to

600 8C decrease gradually. The concentration of the HCl

solutions has some effects on the NTE property and which

might be caused by the different microstructures. Further work

is in the progress to investigate the formation mechanism in

detail.

4. Conclusions

The rod-like ZrW2O8 powders were synthesized using a

hydrothermal route. The influences of HCl concentrations on

the growth and NTE property of ZrW2O8 were studied. To

obtain the crystalline precursor ZrW2O7(OH)2(H2O)2, the

concentration of the HCl solution should be approximately kept

between 2 and 8 mol/L. As the HCl concentration increases

from 2 to 8 mol/L, the magnitudes of the ZrW2O8 rods become

more homogeneous, and the increasing concentration also gives

a reduction in particle size from 10 mm � 0.5 mm to

700 nm � 50 nm. Meanwhile, all the resulting ZrW2O8

powders show NTE properties and average NTE coefficients
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from 15 8C to 600 8C decrease gradually with the increasing

HCl concentrations.
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