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Abstract: In this investigation, ZrxY2−xVxMo3−xO12 (0 ≤ x ≤ 1.4) is developed and the effects of the
substitutions of Zr4+/V5+ for Y3+/Mo6+ in Y2Mo3O12 on the hygroscopicity and thermal expansion
property are investigated. For the smaller substitution content (x ≤ 0.5), their crystal structures
remain orthorhombic, while there is crystal water still in the lattice. The linear coefficients of
thermal expansions (CTEs), for x = 0.1, 0.3, 0.5, and 0.7, are about −4.30 × 10−6, −0.97 × 10−6,
0.85 × 10−6, and 0.77 × 10−6 K−1, respectively, from 476 to 773 K, which means that the linear CTE
could be changed linearly with the substitution content of Zr4+/V5+ for Y3+/Mo6+ in Y2Mo3O12.
As long as the substitution content reaches x = 1.3/1.4, almost no hygroscopicity and low thermal
expansion from room temperature are obtained and are discussed in relation to the crystal structure
and microstructure.
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1. Introduction

Most materials expand when heated, which come from anharmonic lattice vibrations, which
increases the distance between atoms. There are abnormal materials, which contract when heated and
are called negative thermal expansion (NTE) materials. NTE materials have attracted tremendous
attention due to their potential applications in manufacturing zero thermal expansion devices
and matching the coefficients of thermal expansion (CTEs) between different materials [1–3].
The mechanisms of NTE are extensively investigated [4–7]. More and more NTE materials have being
discovered [8–13]. The NTE properties come from different mechanisms for different crystal structures,
such as the magnetostrictive effect [14,15], anharmonic lattice vibration effect [16], ferroelectric
polarization effect [1], and charge transfer effect [17]. There are many experimental means to research
NTE mechanisms: Neutron/X-ray pair distribution function analysis, extended X-ray absorption fine
structure, infrared absorption spectrum, Raman scattering spectroscopy, etc. All of these gradually
promote the practical applications of NTE materials.

However, some drawbacks of NTE materials limit their practical application, such as narrow
NTE temperature range, smaller NTE coefficient, metastable structure, hygroscopicity, much higher
phase transition temperature than room temperature (RT), etc. [18–21]. A2M3O12 family materials
have wide NTE temperature ranges and stable structures. However, the A3+ ion radius can affect their
phase transition temperature and hygroscopicity. For example, Fe2Mo3O12 crystallizes in monoclinic
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structures at RT and a phase transition from monoclinic to orthorhombic structure on takes place at high
temperatures and then NTE could present. Y2Mo3O12 has heavy hygroscopicity in the atmospheric
environment at RT, with the crystal water limiting the transverse vibration of bridge oxygen atom in
A-O-M linkage (it is responsible for NTE). NTE could only be present after releasing crystal water.
The hygroscopicity of Y2Mo3O12 could be reduced by using the ion-substitution (Ce3+ [22], Fe3+ [23],
La3+ [24], and (LiMg)3+ [25]) method. Aliovalent substitution of Mo6+ and W6+ for V5+ in ZrV2O7

does not change its structure [26,27]. Dual-ion substitutions could change the phase temperature and
thermal expansion coefficient [8–10,28]. Dual-ion substitutions of Fe3+/Mo6+ for Zr4+/V5+ in ZrV2O7

can obtain near zero thermal expansion material [8].
In order to avoid hygroscopicity of Y2Mo3O12 and to obtain controllable thermal expansion

coefficient material, partial substitution may be necessary for both Y and Mo sites and may require
enhancing the solubility of dopants. In this work, we develop Y2−xZrxMo3−xVxO12 material using
Zr4+/V5+ to substitute Y3+/Mo6+ in Y2Mo3O12, and investigate the substitution effects on their thermal
expansion properties and hygroscopicity in detail. It is shown that the linear CTE could be changed
linearly with the substitution content of Zr4+/V5+ for Y3+/Mo6+ in Y2Mo3O12. A near zero thermal
expansion is obtained when x = 1.3/1.4.

2. Materials and Methods

Y2−xZrxMo3−xVxO12 (0.0 ≤ x ≤ 1.4) were synthesized by a solid-state method using Y2O3, ZrO2,
MoO3, and V2O5 as raw materials. The raw materials were mixed according to stoichiometric amounts
of Y2O3, ZrO2, MoO3, and 3% excess V2O5 of desirable materials and were then ground in a mortar for
3 h and pressed into tablets with measuring about 10 mm in length and diameter 10 mm. This was
followed by sintering at 1073 K (0.0 ≤ x ≤ 0.7) and 973 K (x = 1.3/1.4) for 4 h and cooling naturally to RT.

The linear thermal expansion coefficients of Y2−xZrxMo3−xVxO12 were measured on a dilatometer
(LINSEIS DIL L76, Linseis Messgeräte GmbH, Selb, Germany). Thermogravimetric analysis (TG)
of the powder samples were performed with an Ulvac Sinku-Riko DSC (Model 1500M/L, ULVAC,
Methuen, MA, USA) in the temperature range of 298–873 K with the heating and cooling rates of
10 K/min. XRD measurements of the powder samples were carried out with an X-ray diffractometer
(Model X’Pert PRO, Malvern Panalytical Ltd., Malvern, UK) to identify the crystalline phase. Raman
spectroscopy (Renishaw MR-2000 Raman spectrometer, Renishaw, Wotton-under-Edge, UK) was used
to characterize the vibrational property of lattice. The microstructures of the as-prepared pristine and
modified block Y2Mo3O12 were recorded using a scanning electron microscopy (SEM, FEI Quanta 250,
FEI, Hillsboro, OR, USA) with an accessory of energy dispersive spectrometer (EDS).

3. Results and Discussion

3.1. Low Thermal Expansion and Hygroscopicity

Figure 1a shows the relative linear length change curves of Y2−xZrxMo3−xVxO12 (0.0 ≤ x ≤ 1.4).
For the sample with x = 0.1 in Y2−xZrxMo3−xVxO12, the thermal expansion property was similar to the
reported Y2Mo3O12 (x = 0.0) [22,23], indicating that less substitution of Zr/V for Y/Mo in Y2Mo3O12

could not change the crystal structure of Y2Mo3O12. However, for x = 0.3, the thermal contraction and
thermal expansion corresponding to the release of adsorbed and crystal water before 476 K reduced
remarkably, indicating obvious reduction of the hygroscopicity (Figure 1b) [29]. The NTE trend after
the release of crystal water (>476 K) lowered, suggesting that the translation of bridge O in Y-O-Mo
and the rotation of polyhedraYO6/MoO4 related to NTE were limited by the substitutions of Zr/V for
Y/Mo in Y2Mo3O12. For the weight loss curve of the sample x = 0.5, after the release of crystal water,
there was a slight weight increase, which should have been related to instrument error.

The detailed estimation of the linear CTEs of the samples with x = 0.0, 0.1, 0.3, 0.5, and 0.7 were
about −8.18, −4.30 × 10−6, −0.97 × 10−6, 0.85 × 10−6, and 0.77 × 10−6 K−1, respectively, from 476 to
773 K, suggesting that the linear CTE could be changed gradually with the substitution amount of
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Zr4+/V5+ for Y3+/Mo6+ in Y2Mo3O12. Additionally, even near zero thermal expansion could be realized
for x = 0.7. It is interesting that, so long as the substitution reached x = 1.3/1.4, RT was observed almost
without hygroscopicity and low thermal expansion (Figure 1a,b).
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Figure 1. (a) Relative length change and (b) thermogravimetric analysis (TG) of Y2−xZrxMo3−xVxO12.

3.2. Crystal Structure

To make the relationship between the thermal expansion property and crystal structure change clear,
with the substitution amount of Zr4+/V5+ for Y3+/Mo6+ in Y2Mo3O12, XRD patterns and Raman spectra
of Y2−xZrxMo3−xVxO12 were performed. Figure 2a shows the XRD patterns of Y2−xZrxMo3−xVxO12

at RT with x = 0.0, 0.1, 0.3, 0.5, 1.0, 1.3, and 1.4 (for comparison, the XRD patterns of the samples
with x = 0.2, 0.4, and 0.7 are also presented in Figure S1). For x = 0.0, there were only four diffraction
peaks corresponding to the fully hydrated form of Y2Mo3O12·3H2O [22–25]. The XRD spectra had
minor changes with the increase of Zr4+/V5+, without diffraction peaks from other materials (such as
ZrMo2O8, YVO4, ZrO2, and ZrV2O7), which agreed with the results of the thermal expansion. These
mean that there was crystal water in the lattice. For x = 0.3–0.5, the diffraction peaks corresponded
to that of Y2Mo3O12, with the space group of Pbcn. However, for x ≥ 1.0, the primary diffraction
peaks corresponded to Zr(MoO4)2 or YVO4 (Figure 2b), which indicated that there was a mixture of
Zr(MoO4)2 and YVO4.

Figure 2c shows the Raman spectra of Y2−xZrxMo3−xVxO12. For x = 0.1, there were three primary
Raman bonds similar to 940, 821, and 334 cm−1 and that of Y2Mo3O12, due to the presence of crystal
water [22,23,25]. Additionally, two weak peaks at 258 and 887 cm−1 were also detected, which should
have been related to Zr-O or V-O vibrations. In particular, for x = 0.7, the three bonds became sharp,
presented a blue shift, and even split to two peaks (821 cm−1

→ 811 and 834 cm−1) [23], which suggested
the decreased effect of crystal water. For x = 1.3/1.4, the Raman peaks changed so much that the main
peak was replaced by the peak at 745 cm−1, which should have been related to the formation of new
phases corresponding to the result from XRD patterns (Figure 2a).

Figure 2d shows a high wave number Raman spectra of Y2−xZrxMo3−xVxO12. There was only one
bond at about 1611 cm−1 for x = 0.1 and 0.3, which was ascribed to the bending (υ2 + υ4) vibrations of
OH−. This indicated that there was crystal water in the samples. However, this bond disappeared
for x ≥ 0.5, which meant that the substitutions of Zr/V for Y/Mo could inhibit the entry of water into
the lattice.

In order to further check the effect of the substitution of Zr4+/V5+ for Y3+/Mo6+ on the hygroscopicity
of Y2Mo3O12, the microstructures of Y2−xZrxMo3−xVxO12 were performed by SEM and EDS spectra
(Figures 3a–g and 3a′–g′ for x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, and 1.4, respectively). For x = 0.1, the
SEM image showed aggregation grains separated from some pores due to the heavy hygroscopicity
(Figure 3a) [22,29]. For x = 0.2 and 0.3, the aggregation grains were bigger than that of 0.1, and the
number of pores become less and less due to the reduction of hygroscopicity (Figure 3b,c). For x = 0.4,
grains bonded together just like the binder, and far less pores were observed (Figure 3d). This means
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that the hygroscopicity of Y2Mo3O12 was suppressed by the substitution of Zr4+/V5+ for Y3+/Mo6+.
However, amorphous grains were observed for x = 0.5 (Figure 3e), and even for x = 0.7, there were
several, big, long columnar particles with smooth surfaces relating to the grain melting (Figure 3f).
The EDS spectrum of x = 0.7 presented elements of Zr, V, Y, Mo, and O (Figure 3f′). For x = 1.3 and
1.4, the small grains and laminar structures were observed, which could relate to the two phases of
Zr(MoO4)2 and YVO4, which corresponded to the XRD result (Figure 3g,g”,h).
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Figure 2. XRD patterns (a,b) and Raman spectra (c,d) of Y2−xZrxMo3−xVxO12.

From the SEM images (from x = 0.0 to x = 0.4), it can be seen that the pores reduced, suggesting
that the hygroscopicity decreased with the increased substitution of Zr4+/V5+ for Y3+/Mo6+. The low
thermal expansion (for x = 1.4 and 1.3) could have been related to the formation of two phases of
Zr(MoO4)2 and YVO4. Zr(MoO4)2 present in the NTE [30], while YVO4 showed positive thermal
expansion (Figure 4), and consequently, they canceled out one another’s thermal expansion and low
thermal expansion was obtained.
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Figure 3. Scanning electron microscopy (SEM) images (a–h) and the corresponding energy dispersive
spectrometer (EDS) spectra (a′–h′) of Y2−xZrxMo3−xVxO12 for x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, and 1.4,
respectively, and SEM images (h” and i) of x = 1.4 and 1.3.
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Figure 4. Relative linear length change of YVO4 prepared with Y2O3 and V2O5 raw materials using the
same temperature as Y2−xZrxMo3−xVxO12. The linear coefficients of thermal expansions (CTE) is about
6.02 × 10−6 K−1.

4. Conclusions

The effect substitutions of Zr4+/V5+ for Y3+/Mo6+ in Y2Mo3O12 on the hygroscopicity and thermal
expansion property were investigated. For the smaller substitution content (ZrxY2−xVxMo2−xO12,
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x ≤ 0.5), their crystal structures remained orthorhombic. However, there was crystal water still in
lattice. The adsorbed water disappeared with the increase of substitution content (x = 0.7). The linear
CTEs for x = 0.1–0.7 could have been changed linearly with the substitution amount of Zr4+/V5+ for
Y3+/Mo6+ in Y2Mo3O12. For x ≥ 1.0, low thermal expansion, and nonhygroscopicity from RT could be
obtained, relating to the two phases of Zr(MoO4)2 and YVO4. The results suggested that bi-substitution
could be a better way to reduce the hygroscopicity and to improve the thermal expansion property of
Y2Mo3O12.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/23/3945/s1,
Figure S1: XRD patterns of Y2-xZrxMo3-xVxO12, for x = 0.2, 0.4 and 0.7.
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