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The influence of the modification of zirconium tungstate with Eu(III)  
on the α → β phase transition temperature and optical band gap
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The hydrothermal method was used to obtain pure and Eu(III)-modified ZrW2O8. Tungstates modified with 1, 
2, and 5 mol% Eu(III) were synthesized in order to investigate the influence of Eu(III) doping on the properties of 
zirconium tungstate. The samples obtained were phase homogeneous as shown by XRD. High temperature XRD was 
used to follow the temperature of the alpha-beta phase transition. It was observed that the higher the content of Eu(III), 
the higher the temperature of the transition. The unit cell parameters decrease both with the Eu(III) content and the 
temperature increasing. Тhe values of the thermal expansion coefficients obtained decreased with increasing Eu(III) 
for both the alpha and beta phases of ZrW2O8. Doping with increasing amounts of Eu(III) increased the energy of the 
optical band gap as well.
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INTRODUCTION

In the recent years the modification of tung-
states isostructural with CaWO4 was studied for 
their potential application for light emitting di-
odes [1–3]. Among those studied is the tungstate 
NaY(WO4)2, where Y3+ can be substituted by other 
lanthanide ions, Ln3+, due to their similar ionic ra-
dii [3]; NaLn(WO4)2 can be additionally co-doped 
with other Ln3+ [4]. However, because the materials 
mentioned have a positive coefficient of thermal ex-
pansion (CTE) and the impurities (sources of lumi-
nescence) worsen the mechanical properties, they 
cannot operate in an environment with large tem-
perature changes. Therefore, potential replacements 
could be the tungstates of Zr and Hf, which have 
negative coefficients of thermal expansion [5–8].

The cubic ZrW2O8 (primitive cubic space group 
P213, a = 9.1600 Å, PDF 00-050-1868) is the subject 
of interest in the research presented here. Its nega-
tive thermal expansion (–10.2×10–6 K–1, 30–120 °C 
[9]) is isotropic and relatively constant over a wide 
temperature range of –273 °C to 777 °C. In this 
range, the phase transition α-ZrW2O8 → β-ZrW2O8 
occurs (primitive cubic space group Pa3–, a = 9.1371 
[5]) that is associated with an order-disorder transi-

tion. The temperature of the transition is not well 
defined and in the literature the values for it vary in 
the range between 157 °C and 175 °C [10]. Heating 
above 777 °C can lead to the decomposition of the 
compound to its constituent oxides, ZrO2 and WO3 
[6, 7].

Although the crystal lattice is flexible with re-
spect to temperature changes, the literature data 
show that the cations in ZrW2O8 are difficult to 
substitute in both cationic sublattices [8]. The only 
complete substitution in the zirconium sublattice is 
with Hf in Zr1–xHfxW2O8 [5, 11]. The ions Ti4+ and 
Sn4+ were studied as possible substituting ions for 
the Zr4+ position in ZrW2O8. Attempts to replace Zr 
have resulted in the substitution of only 30% for 
Sn4+ [12] and 5% for Ti4+ cations [13]. Substitution 
studies indicate that isomorphic solid solutions 
are obtained, described by the general formula  
ZrW1–xTixO8 [13, 14]. There are no reports in the lit-
erature of attempts to replace Zr with other tetrava-
lent ions. Substitutions with lanthanide ions are 
limited to 5% and are only obtained for ions with 
small ionic radius. The literature data related to the 
preparation of ZrW2O8-based red phosphorus by 
modification with Eu3+ are limited [15].

Data on the influence of different modifiers on 
the properties of cubic tungstates are rather incom-
plete. It was found that even small amounts of a 
modifying agent may influence the phase transition 
temperature and the coefficient of thermal expan-
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sion (CTE) [16]. The introduction of ions with dif-
ferent radius and charge can lead to a disorder in 
the crystalline structure of the tungstate and conse-
quently to a change in their properties [8].

Although tungstates of Zr (as well as that of Hf) 
are difficult to produce, different methods have been 
successfully applied, among them coprecipitation 
[17], solid state reaction [18–22], low-temperature 
spark plasma sintering [23], sol gel method [9, 24], 
and hydrothermal synthesis [25–27]. Hydrothermal 
synthesis is considered suitable and economically 
advantageous because it is carried out at relatively 
low temperatures and produces phase homogeneous 
materials [27].

In the work presented here, the hydrothermal 
method was applied for zirconium tungstate syn-
thesis and its modification with different contents 
of Eu(III). The influence of the temperature and the 
content of the modifying agent on the coefficient 
of thermal expansion were followed. The band gap 
energy was calculated in order to evaluate the po-
tential application of the semiconductors obtained 
in photochemical processes.

EXPERIMENTAL

Materials

ACS grade starting materials ZrOCl2
.8H2O 

(Sigma-Aldrich) and Na2WO4
.2H2O (Aldrich) were 

used. Eu(NO3)3
.nH2O was synthesized from Eu2O3 

(Fluka, p.a.) by dissolving it in heated dilute HNO3, 
followed by crystallization after cooling of the so-
lution. The amount of water of crystallization was 
determined by titration.

Synthetic procedure

Synthesis of pure ZrW2O8

Initial solutions of ZrOCl2
.8H2O and Na2WO4

. 
2H2O in water with a concentration of 0.1 and 0.2 M, 
respectively, were prepared. They were mixed in 
stoichiometric ratio calculated Zr/W = 1:2, heated 
to 60 °C and stirred for 30 min. To the homoge-
neous solution obtained 15 ml 6M HCl was added 
(final concentration of HCl about 3М), followed by 
additional heating at 60 °C for 2 hours. After adding 
5 ml of 1-butanol, the solution was heated in a 75 ml 
Teflon autoclave for 15 h at 180 °C while stirring. 
After cooling down to room temperature, the sus-
pension obtained was filtered, washed with water 
and EtOH and dried at 50 °C. After calcination in 
preheated oven at 600 °C for 1 h and quick cooling 
down to room temperature, the sample obtained was 
ready for analysis.

Synthesis of ZrW2O8 modified with Eu(III)

A procedure analogous to the above for the pure 
ZrW2O8 was followed except that in the first step, a 
0.01 M water solution of Eu(NO3)3

.nH2O was added 
in such amount to obtain ZrW2O8 samples with 1, 2 
and 5 mol% Eu(III).

Methods for characterization

High temperature XRD was performed using a 
PANalytical Empyrean diffractometer with PIXcel 
3D detector. The XRD patterns were recorded be-
tween 15–90° 2θ with step 0.026°. An Anton Paar 
HTK 16N camera was used for in situ high tem-
perature measurements in the interval 25–250 °C 
with different steps. The unit cell parameters were 
calculated by the least square method using the 
FullProf software [28]. For the starting model of the 
α-ZrW2O8 the structure provided by [29] was used, 
while for the β-phase the structure of ZrWMoO8 
which adopts the Pa3– space group at room tempera-
ture [30] was used.

UV-VIS absorption spectroscopy – an Evolution 
300 UV-Vis spectrometer (Thermo Scientific) was 
used for measuring the absorption of the samples in 
the range 200–900 nm.

Band gap energy calculations. The optical prop-
erties (absorption and optical band gap energy) of 
the samples were studied using UV-Vis absorption 
spectra. In all cases absorption was registered from 
200 to 400 nm. The UV-Vis data were analyzed for 
the relation between the optical band gap, absorp-
tion coefficient and energy (hν) of the incident pho-
ton for near edge optical absorption in semiconduc-
tors. The band gap energy was calculated from the 
measured curves by fits according to Tauc’s equa-
tion [31] αhν = A(hν − Eg)n/2, where A is a constant 
independent of hν, Eg is the semiconductor band gap 
and n depends on the type of transition. The value 
used for n was 1, reflecting a direct transition. The 
well-known approach for semiconductor band gap 
energy determination from the intersection of lin-
ear fits of (αhν)1/n versus hv on the x-axis was used, 
where n can be 1/2 and 2 for direct and indirect band 
gap, respectively.

RESULTS AND DISCUSSION

Characterization of the samples  
by XRD phase analysis

Тhe XRD patterns from the high temperature 
analysis from 25 to 250 °C for pure ZrW2O8 are pre-
sented in Figure 1. The Eu(III)-modified ZrW2O8 
samples show the same tendency that is why their 
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XRD patterns are not included in the text. The pow-
der X-ray diffraction patterns of the samples proved 
their crystalline nature and the peaks matched well 
with literature ZrW2O8 reflections. All the diffracto-
grams show the reflection peaks typical for ZrW2O8. 
No additional phases containing W or Zr are ob-
served. The reflection peaks at 39.28 and 45.67 2θ, 
typical for Pt (111) and (002), respectively, are due 
to the substrate used during the measurements.

In order to observe the phase transition α-ZrW2O8 
→ β-ZrW2O8, the change in the intensity of the re-
flection peaks (110) and (310) was followed. These 

peaks are typical for the low-temperature α-ZrW2O8 
but not for the high-temperature β-ZrW2O8 phase. 
The dashed lines in Figure 1 point out that with the 
temperature increase the intensity of these reflec-
tion peaks decreases and they disappear above the 
temperature of phase transition.

Based on the evolution of reflection peak (310) 
during the high temperature investigations, it can 
be concluded that the modification of ZrW2O8 with 
Eu(III) causes an increase of the phase transition 
temperature (Fig. 2). The absence of the reflection 
peak (310) in the diffraction pattern of the non-

Fig. 1. XRD for pure ZrW2O8 at increasing temperature in the interval 25–250 °C; dashed lines illustrate the changes in the reflec-
tion peaks with the temperature. The asterisks denote Pt (111) and (002) reflections.

Fig. 2. Influence of Eu(III) on the increase of the phase transition temperature: XRD for ZrW2O8, pure and modified with 1 and  
2 mol% Eu(III) at 453 K from bottom to top.
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modified tungstate at 180oC (453 K) is evidence for 
the complete transition to β-ZrW2O8 phase. In the 
diffraction pattern of the ZrW2O8 modified with 1 
and 2 mol% Eu(III) at that temperature the reflec-
tion peak (310) is still visible.

The phase transition along with the complete 
phase reverse α-ZrW2O8 ⇌ β-ZrW2O8 after cooling 
back to 25 °C is shown in Figure 3. The difference 
in the structure of α-ZrW2O8 and β-ZrW2O8 phases 
is also presented. For the low temperature α-ZrW2O8 
phase the corner-sharing octahedra ZrO6 and tetra-
hedra WO4 are shown, each WO4 tetrahedron shares 
three of its oxygen with the adjacent octahedra. In 
the high-temperature β-ZrW2O8 phase two crystal-
lographic WO4 share three joined O atoms [8].

It is known that the transition α-ZrW2O8 → 
β-ZrW2O8, called order-to-disorder phase transition, 
depends on the orientation of WO4 tetrahedra [5]. 
A characteristic parameter η′T has been proposed 
to evaluate the extent of the disorder of WO4 tetra-
hedra depending on the temperature [32]. The pa-
rameter can be calculated by the integrated intensity 
of the reflection peak (310) versus (210) with the 
formula

                                                                  .

From Figure 4 it can be seen that in the presence 
of the modification agent Eu(III) the approach of 
the parameter η′T value equal to zero i.e. complete 
disorder WO4, is shifted to higher temperatures.

The dependence observed by us is different from 
the results published in the literature when the lan-
thanide ions are present in the structure of ZrW2O8 
[32]. Quite likely the reason for the difference is the 
incomplete crystallization of our samples (small av-
erage crystallite size) as can be seen from the data 
in Table 1. The data show that the crystallites are 
growing during the measurements, which could 
cause an additional rearrangement of WO4 and as a 
result a shift of the curve to higher temperatures is 
observed.

The coefficients of thermal expansion (CTE) 
calculated for the interval 25–100 °C (α-ZrW2O8 
phase) and 200–250 °C (β-ZrW2O8 phase) are pre-
sented in Table 1. The calculations were made by 
the classical formula for linear thermal expansion:

                                                      ,

where α is the linear expansion coefficient, aT1
 and 

aT2
 are the unit cell parameters at low and high tem-

perature, respectively and ΔT is the temperature dif-
ference.

Fig. 3. Reversibility of the phase transition α-ZrW2O8 ⇌ β-ZrW2O8: XRD for ZrW2O8 at 25 and 250 °C, and after cooling at 25 °C, 
from bottom to top.
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It can be seen that the addition of Eu(III) caused 
a decrease in the CTE for both phases. The value 
for the α-ZrW2O8 phase is similar to literature data 
(–10.2×10–6 K–1, 30–120 °C [9]) even though a dif-
ferent synthesis procedure has been used.

The change of the unit cell parameter with the 
Eu(III) content and the temperature is presented in 
Figure 5. It can be seen that Eu(III) addition caus-
es a decrease of the unit cell parameter. This can 
be explained by a partial replacement of Zr by Eu, 
leading to a solid solution of the type Zr1–xEuxW2O8–

x/2. The unit cell parameter decreases as a function 
of increasing temperature, which is to be expected 
due to the negative coefficient of thermal expansion 
(CTE) for ZrW2O8.

The band gap energy

The tungstates are semiconductors with a band 
gap energy for tungstates with formula AWO4 in 

the interval 2.1–4.8 eV [33, 34]. The band gap en-
ergy for double tungstates of the type AgLn(WO4)2 
show values between 3.48 to 4.00 eV for all Ln(III), 
including Y(III), for an indirect allowed transition 
[35].

The band gaps calculated on the base of the UV-
Vis spectra are presented in Figure 6, assuming a 
transition of the direct type.

For the non-modified ZrW2O8 the value is 3.95 eV, 
while for the samples modified with 1 and 2 mol% 
Eu(III) the band gap is broader, with practically 
the same energy of 4.33 eV. For the sample with 
5 mol% Eu(III) the energy band gap increased to 
4.45 eV. The values are high and clearly increase 
with increasing Eu(III) content. So far the position 
of the Eu(III) in the structure of the tungstate is not 
determined. Considering that it changed the lattice 
parameters (Fig. 5), its present in the crystal struc-
ture could be suggested. It is quite likely to be pre-
sent on the surface of the sample, as well. So far 

Table 1. The crystallites size and the coefficients of temperature expansion, CTE

ZrW2O8 ZrW2O8 + 1% Eu ZrW2O8 + 2% Eu ZrW2O8 + 5% Eu

Crystallites 
size

25 °C 26 nm 24 nm 20 nm 19 nm
250 °C 31 nm 28 nm 29 nm 26 nm
25 °C after cooling 31 nm 28 nm 29 nm 26 nm

CTE 
25–100 °C –10.8×10–6 K–1 –7.4×10–6 K–1 –9.3×10–6 K–1 –8.5×10–6 K–1

200–250 °C –5.4×10–6 K–1 –3.6×10–6 K–1 –2.8×10–6 K–1 –2.5×10–6 K–1

Unit cell pa-
rameter, Å

25 °C 9.15700(9) 9.15499(2) 9.15281(8) 9.14788(13)
100 °C 9.14956(5) 9.14997(7) 9.14639(6) 9.14205(9)
200 °C 9.13174(3) 9.13172(11) 9.13322(4) 9.13209(15)
250 °C 9.12925(10) 9.13009(7) 9.13192(12) 9.13094(6)

Fig. 4. Influence of the temperature and the modification agent 
Eu(III) on WO4 tetrahedra disorder.

Fig.5. Unit cell parameter change with the Eu(III) content and 
the temperature.
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it is difficult to explain the influence of Eu(III) on 
the broadening of the band gap. A possible reason 
could be the reduced average crystallite size. It is 
known that the presence of Ln(III) can decrease the 
rate of crystal growth [36]. As shown in Table 1, 
the pure ZrW2O8 has an average crystallite size of 
26 nm, while for the sample modified with 5 mol% 
Eu(III), it is 19 nm. The smaller crystallite size sug-
gests quantum effects which expands the forbidden 
zone [37].

CONCLUSIONS

Homogeneous pure and Eu(III) modified 
ZrW2O8 samples were obtained by hydrothermal 
synthesis. High temperature XRD showed that 
the modification of ZrW2O8 leads to an increase 
of the phase transition temperature. The presence 
of Eu(III) causes a decrease of the coefficients of 
thermal expansion both for alpha- and beta-ZrW2O8 
phases. The reversibility of the alpha-beta transition 
was observed by high temperature XRD. The band 
gap energy for pure ZrW2O8 was calculated from 
UV-Vis spectra to be 3.95 eV. The modification 
with Eu(III) caused an increase up to 4.45 eV.

The research presented is a part of a study in or-
der to determine the influence of lanthanides on the 
properties of Zr(IV) and Hf(IV) tungstates. Future 
investigations will study the effect of the different 
lanthanide ions on the phase transition as a function 
of the ionic radius.
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