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a b s t r a c t

Zero thermal expansion materials are important for the practical applications due to their shape stability

as changing temperature. The reported concept of average atomic volume is an available method to hunt

new zero thermal expansion materials. Here, according to this concept, a tetragonal tungstate Cs2W3O10

with zero expansion has been found. There is no structure phase transition as increasing temperature

from 150K to 573K. The coefficient of thermal expansion of axes and volume are αa =0.0074×10−6 K−1,

αc =1.63×10−6 K−1, and αV =1.60×10−6 K−1, respectively, in the temperature range of 150 ∼ 573K.

The temperature- and pressure-dependent Raman spectra reveal that the vibrations of WO6 octahedra

libration modes with positive total anharmonicity and W-O-W bending mode with negative Grüneisen

parameter are possibly the origin of zero thermal expansion in Cs2W3O10.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

It is well known that the phenomenon of thermal expansion

and cold contraction exists in most materials. The coefficient of

thermal expansion (CTE) is a parameter used to characterize the

expansion properties of solid materials. The mismatch of CTE is

an issue in fields of electric devices [1], solid oxide fuel cells

[2], thermoelectric materials [3], etc., which seriously restricts

the applications of functional materials. Many efforts have been

performed to solve the mismatch of CTE, of which exploring ma-

terials with zero thermal expansion (ZTE) is a feasible way. Due to

the great advantage of adjusting thermal expansion, the study of

negative thermal expansion (NTE) received great attention [4–12].

One way is that preparation of composite materials with NTE and

PTE materials such as ZrW2O8/Al [13], ZrW2O8/ZrO2 [14], ScF3/Cu

[15] and Zr2WP2O12/PI [16]. Another way is that use chemical

modification (element substitution or guest insertion) in NTE

compounds to achieve ZTE behavior such as (Zr,Sn)Mo2O8 [17],

(Ta,Ti)(Mo,V)O5 [18], Hf0.85Ta0.15Fe2C0.01 [19], NaxFeFe(CN)6 [20],

mesopores PbTiO3 [21], and TiCo(CN)6·2H2O [22]. There are also

some inherent ZTE compounds such as FeCo(CN)6 [23], Ta2Mo2O11

[24], Zn4B6O13 [25] and ZrMgMo3O12 [26]. It should be noted

that the ZTE compounds are very few. Recently, a new concept of

“average atomic volume (AAV)” has been proposed by Gao et al.

[27,28], which can be used to explore potential zero or negative

thermal expansion in the open-framework materials. According to

the concept, the value of AAV can be calculated by the equation
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AAV=V/(Z×N) where V is unit cell volume, Z is cell formula units,

and N is the number of atoms in the chemical formula. As the

value of AAV is ∼16 Å3, the ZTE occurs.

Inspired by the concept of AAV, we investigated some

tungstates because most of them belong to open-framework

materials. Fortunately, a kind of cesium tungstate Cs2W3O10 re-

ported firstly in 1996 [29] has been found. Based on the structure

data of Cs2W3O10, we can find that the V is 2636.89 Å3, Z is 11 and

N is 15, so its AAV is 15.98 Å3. Due to its AAV is exactly equal to

16 Å3, which means that it can be as a probable candidate for ZTE

materials. Tetragonal Cs2W3O10 with space group I4_ possesses

a framework structure formed by corner-sharing WO6 octahedra

together with Cs atoms residing in the WO6 framework. It is one

of important functional materials and has been researched in

the fields of optics and catalysis [30–32]. However, the thermal

expansion properties of Cs2W3O10 have not been studied to the

best of our knowledge.

In this work, the crystal structure and thermal expansion of

Cs2W3O10 were investigated by temperature-dependent X-ray

diffraction (XRD). The ZTE appeared along both a- and c- axis, and

also in volume. Especially, the CTE of a-axis is very small, which

should be caused by the chains of WO6 octahedra in ab-plane.

The mechanism of ZTE also is discussed based on the results of

temperature- and pressure-dependent Raman spectra. The libra-

tions of WO6 octahedra and W-O-W bendings should be related to

the ZTE.

In order to determine the purity of sample, the XRD data have

been collected at room temperature, of which Rietveld refinement
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Fig. 1. (a) Rietveld refinement patterns at room temperature. (b) XRD patterns at different temperature and temperature dependence of cell parameters. (c) a, c and (d) V

and of Cs2W3O10. The inset is the schematic diagram of Cs2W3O10.

also has been performed. The observed, calculated and difference

patterns are displayed in Fig. 1a. The reliability factors (Rwp, Rp,

RR) listed in Table S1 (Supporting information) are less than 10%,

indicating that the refinement result is satisfactory. The cell pa-

rameters, space group, atom position, occupancy, isotropic atomic

displacement parameters (B) are also listed in Table S1, which

are agreement with those reported in Ref. [29]. It can be seen

that tetragonal Cs2W3O10 with a=16.1040(7) Å and c=10.1899(4)

Å has been obtained. The crystal structure schematic based on

the atom positions of sample is shown in the inset of Fig. 1a. The

corner-sharing WO6 octahedra form the framework structure, of

which Cs atoms reside in interstices.

To investigate the thermal expansion properties of sample,

the temperature-dependent XRD has been performed and XRD

patterns at different temperature are displayed in Fig. 1b. It can

be seen that the structure phase transition has not been observed

as changing temperature from 150K to 573K. The cell parameters

at different temperature were obtained by Rietveld refinements of

XRD data. The temperature dependences of a, c and V have been

plotted in Figs. 1c and d. The CTEs obtained by linearly fitting of

a-T, c-T and V-T curves are αa =0.0074×10−6 K−1, αc =1.63×10−6

K−1, and αV =1.60×10−6 K−1, respectively. It is clear that ZTE

occurs in Cs2W3O10. The ab plane has ultralow thermal expansion

and the volume thermal expansion comes from the contribution

of c-axis. This area ZTE also has been observed in some complex

system such as (C3H5N2)2K[M(CN)6] [33], (PPh4)[Cu2(CN)3] [34],

[Sr(DMPhH2IDC)2]n [35] materials, while very few in oxides. For

the volume thermal expansion, it should be noted that Cs2W3O10

also could be called as ZTE materials because its linear CTE

αl = 1
3αV (0.53×10−6 K−1) is less than 1.0×10−6 K−1 according

to the description by Sleight [36]. Compared with other ZTE

compounds such as Zn4B6O13 [25], Mn3(Cu0.55Sn0.45)N [37] and

Mg1.8Cu0.2P2O7 [38], Cs2W3O10 has a quite wide ZTE temperature

range.

It is important to clarify the mechanism of abnormal thermal

expansion in Cs2W3O10. In order to achieve that, the Raman

spectra have been recorded at different temperature and pressure,

respectively. In Fig. 2a, the temperature-dependent Raman spectra

have been plotted in the range of 10–1100 cm−1. With raising tem-

perature from 113K to 673K, the increase or decrease of Raman

peak has not been observed. There is no phase transition during

the temperature range, which is in agreement with the results

of temperature-dependent XRD. To find the relationship between

each vibration mode and temperature, Raman peaks were carefully

fitted by Lorentz peak profiles. The temperature-dependent shift

of each mode is displayed in Figs. 2c and d. The frequencies of

all observed modes exhibit linear dependence on temperature.

The slope dωi/dT can be obtained from each ω-T curve. The mode

description and mode ωi at ambient temperature and pressure

are summarized in Table S2 (Supporting information). The Raman

mode description of sample is achieved according to the previous

Raman spectroscopic studies on WO3 and tungstates [39–44]. It

can be seen that the 12 vibration modes are observed from 10

cm−1 to 1100 cm−1, among which there are 2 modes for WO6

octahedra libration in ultralow wavenumber, 3 modes for W-O-W

bending in low wavenumber, 2 modes for O-W-O bending in

middle wavenumber and 5 modes for W-O stretching in high

wavenumber. The slopes of the 2 modes for WO6 octahedra libra-

tion are positive, while those of other 10 modes are negative as

listed in Table S2. Fig. 2b has also shown that the peaks identified

as WO6 octahedra libration below 50 cm−1 gradually shift to high

wavenumber as increasing temperature. The total anharmonicity of

Raman vibration modes has important effects on the thermal ex-

pansion of materials [45–48]. According to the formula 1
ωi

(
dωi
dT

)

P
,

the total anharmonicity has been calculated and listed in Table S2.

Usually, the modes with positive total anharmonicity have contri-

butions to NTE [45–48]. For Cs2W3O10, it can be seen that 2 modes

for WO6 octahedra libration possess positive total anharmonicity,

which should be the origin of abnormal thermal expansion shown

in Fig. 1.

The pressure-dependent Raman spectra have been recorded

in the range of 10–1100 cm−1. Due to the influence of noise, the

Raman peaks below 100 cm−1 have not been observed during

the measurements. As shown in Fig. 3a, with increasing pressure

from atmospheric pressure to 9.00GPa, the number of vibration

modes does not change, which indicates that there is no phase

transition under pressure. All peaks corresponding to the Raman

modes except 172 cm−1 shift to high wavenumber as increasing

pressure. Fig. 3b shows the partial magnification of Raman spectra
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Fig. 2. (a, b) Raman spectra at different temperature and (c, d) temperature dependence of Raman modes of Cs2W3O10. The solid lines are linear fitting to data of Raman

modes at different temperature.

Fig. 3. (a, b) Raman spectra at different pressure and (c, d) pressure dependence of Raman modes of Cs2W3O10. The solid lines are linear fitting to data of Raman modes at

different pressure.

in Fig. 3a. It can be seen that the peak at 172 cm−1 gradually

shifts to low wavenumber as changing pressure from atmospheric

pressure to 9.00GPa. In order to analyze the relationship between

each vibration mode and pressure, Raman peaks were fitted by

Lorentz peak profiles. The pressure-dependent shift of each mode

is displayed in Fig. 3c and d. The frequencies of all observed

modes exhibit linear dependence on pressure. The slopes dωi/dP

listed in Table S2 have been obtained from each ω-P curve. It

can be seen that the dωi/dP of mode at 172 cm−1 is negative,

while others are positive. The mode Grüneisen parameters can be

described as γiT = BT
ωi

(
dωi
dP

)

T
, in which BT is the bulk modulus. It

is clear that the mode with negative dωi/dP possesses negative

Grüneisen parameter, which will contribute to NTE. Based on this,

the mode at 172 cm−1 for W-O-W bending should be responsible

for the abnormal thermal expansion of Cs2W3O10.

According to the results above, the vibrations of two WO6

octahedra libration modes and one W-O-W bending mode are

possibly the origin of ZTE in Cs2W3O10. Here, it should be noted

that the W-O bond displays a covalent bond characteristic, while

the nature of Cs-O bond has stronger ionic bonding property

according to the results of first-principles calculation (Fig. S1 in

Supporting information). The role of Cs is similar with the guests

in NTE framework compounds such as NaxGaFe(CN)6 [49] and

AlPO4–17@O2 [50]. So, it is important to further investigate the

influence of WO6 octahedra framework on the thermal expansion,
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Fig. 4. Schematic diagram of projections in (a) ab- and (b) bc-plane and layers (c)

A, (d) B, (e) C and (f) D in the c-axis direction for WO6 octahedra framework.

the schematic of WO6 octahedra framework obtained by omitting

Cs atoms of the inset of Fig. 1a has been projected in ab- and

bc-planes as displayed in Figs. 4a and b, respectively. In Fig. 4b, it

can be seen that there are four layers of WO6 octahedra arranged

along c-axis direction in bc-plane. Each layer can be projected in

ab-plane (Figs. 4c-f). The chains formed by WO6 octahedra appear

in each layer. In ab-plane, these chains are paved along different

direction in different layer. It is clear that the ab-plane is composed

of WO6-octahedra-chains in the crystal structure of Cs2W3O10. The

vibrations of WO6 octahedra libration should be related to these

chains, which is possibly the origin of very low αa. As for the

vibration of W-O-W bending, it should be related to the transverse

vibration of apical and equatorial oxygen atoms of WO6 octahedra

throughout the lattice. The further studies are still needed to

clarify the vibration directions and the weighting of the two WO6

octahedra libration modes and one W-O-W bending mode to

the overall thermal expansion, which can help to understand the

thermal expansion mechanism in framework material Cs2W3O10.

The tetragonal tungstate Cs2W3O10 has been synthesized by the

solid state reaction method. The structure phase transition was not

observed in the temperature-dependent XRD patterns and Raman

spectra during the temperature measurement ranges. The cell

parameters changed little as increasing temperature from 150K to

573K. The very low CTE of axes and volume indicated that the ZTE

appeared in Cs2W3O10. The temperature- and pressure-dependent

Raman spectra showed that two WO6 octahedra libration modes

and one W-O-W bending mode should be responsible for the

ZTE of Cs2W3O10. This work provides one novel ZTE material

of Cs2W3O10, which gives insights into design new more ZTE

materials with open-framework.
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