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Abstract

As a result of the chemical synthesis, a heterogeneous compound with luminescent 
properties was obtained, containing rare-earth metal ions (Er3+, Nd3+), Mo6+, and 
Zr4+. The reaction was carried out using solutions of Na2MoO4, ZrOCl2, NdCl3, and 
ErCl3 at a temperature of 22 °C. After 30─35 days, the system reached equilibrium, 
and an insoluble greyish-blue precipitate was formed. ICP-AES analysis confirmed 
the presence of all the initial components and showed the heterogeneity of the 
material; the molar ratio nNa : nMo : nZr : nEr : nNd = 0.05 : 0.22 : 0.086 : 0.082 : 0.05 
was confirmed in the system. X-ray microanalysis revealed a complex multiphase 
structure characterized by significant chemical diversity and the presence of 
nanoparticles. Partial emission of Nd3+ at a wavelength of around 885 nm (4F3/2 
→ 4I9/2 transition) was found by luminescence investigations; this can be utilised 
in medical near-infrared laser systems. Spectrometer constraints prevented the 
detection of Er3+ emission. The material's molybdenum-based structure and 
the presence of Zr4+ ions are responsible for the visible glow. Although more 
research is necessary to completely comprehend the Er3+ emission, the acquired 
findings suggest the possibility of developing complex heterogeneous luminous 
compounds containing rare earth ions for optical and medicinal applications.
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1. Introduction

The prospects for using functional materials con-
taining Zr4+, REE, [MoO4]

2- in the chemical and optical 
industries, as well as in medicine, nuclear and semi-
conductor technologies, and in laser, magnetic, and 
phosphor applications, arise from the diversity of 
their properties [1–3]. Molybdates containing rare- 
earth element (REE) ions are of particular scientific 
interest due to their potential as phosphors with high 
color-rendering efficiency. In recent years, REE com-
pounds, including REE molybdates, have been widely 
used in the production of X-ray phosphors [4–6].

In REE luminophores, the activators are REE ions, 
and the efficiency of emitters of this type appears 
when the activator ions are in inorganic systems, 
which are isostructural, solid powder phases. Their 
powder form allows for a significant expansion and 
simplification of practical application [7, 8].

REE molybdates, which contain two REE cations, 
are effective luminescent materials that emit red 
light under the influence of ultraviolet rays even in 
low concentrations, providing high brightness [9].

Zirconium compounds have different physical 
and chemical properties depending on their form 
and environment [10]. For example, zirconium diox-
ide (ZrO2) is a refractory oxide that is used in thermal 
barrier coatings, dental ceramics, and solid oxide fuel 
cells [11, 12]. Zirconium molybdate is of particular 
interest because some of its forms exhibit negative 
expansion upon heating, it combines well with ce-
ramics, and can be used in thermal management ap-
plications. In addition, zirconium-based compounds 
can form stable structures with molybdate anions, 
allowing the development of materials with tailored 
optical, catalytic, and structural properties [13, 14].

Another interesting aspect is compounds contain-
ing zirconium and lanthanides, such as Ln3+-enriched 
ZrO2 or zirconium and lanthanide-containing molyb-
dates. Trivalent lanthanide ions (Ln3+) doped with 
zirconium dioxide (ZrO2) exhibit improved structural 
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stability and functional properties [15]. The intro-
duction of lanthanides improves ionic conductivity 
and thermal stability by stabilizing high-temperature 
tetragonal or cubic phases and creating oxygen va-
cancies [16, 17]. Such compounds are more resis-
tant to heat and permeation changes, have good ion 
permeability, and in some cases, light-emitting and 
radiation-resistant properties. This expands the pos-
sibilities of their application in functional ceramics 
and modern composite materials [18].

Neodymium (Nd3+) has unique luminescent prop-
erties, which is why it has found application in various 
high-tech areas. Here are the main areas of its use:

1. Laser technology – neodymium lasers (Nd:YAG, 
Nd:YVO4, Nd:glass),

2. Medicine – used in surgery (tissue coagulation, 
tumor removal), ophthalmology (vision correction), 
dermatology (tattoo removal),

3. Industry – cutting, welding and engraving of 
metals, ceramics,

4. Military equipment – laser rangefinders and 
target designators,

5. Scientific research – as sources of monochro-
matic radiation,

6. Optical materials – glasses and crystals with 
Nd3+, amplifiers of optical signals in telecommunica-
tions (fiber optics),

7. Filters and sensors – operating in the IR range,
8. Phosphors and backlighting LED technology – 

neodymium is added to phosphors to improve the 
color rendering of LEDs,

9. Screens and displays – in some types of plasma 
panels and specialized displays [19─23].

The aim of the work is to synthesize an inorganic 
compound containing rare earth ions [MoO4]2- and 
zirconium. The relevance of the research is due to 
the critical role of rare earth and zirconium com-
pounds in radio electronics, instrument-making and 
mechanical engineering, as well as the widespread 
use of their molybdates in medicine, various indus-
tries and advanced technologies [24]. 

In this work, Er3+ and Nd3+ ions were chosen as ac-
tivators as various types of luminescent activators, 
allowing one to obtain a large number of lumino-
phores of the same structural type.

2. Experimental part

The following compounds were used as start-
ing compounds: Na2MoO4∙2H2O (≥99.5%, Merck, 
Germany), ZrOCl2∙8H2O (98%, Merck, Germany), 
ErCl3∙6H2O (99.995%, Merck, Germany), NdCl3∙H2O 
(≥99.99%, Sigma Aldrich, USA). Preparation for the 

study of the chemical reaction between ZrOCl2, ErCl3, 
NdCl3 and Na2MoO4 in an aqueous medium was car-
ried out at a temperature of 22 °C as follows: a solu-
tion of Na2MoO4 was poured into a 25 ml beaker, to 
which solutions of ZrOCl2, ErCl3, NdCl3 were added 
in such a way as to satisfy the molar ratio of 1: 1: 1: 
3 according to the calculation of the chemical reac-
tion. The concentrations of Zr, Er, Nd in the initial 
aliquots were the same (in mole fractions). The on-
set of equilibrium in the system was established by 
systematic observation of the sediment height and 
periodically conducting chemical analysis of control 
samples of equilibrium solutions. After equilibrium 
was established, the solid phase was separated from 
the filtrate, washed several times thoroughly with 
deionized water and dried in a drying cabinet at a 
temperature of 50─60 °C.

To determine the composition of the precipitate, 
qualitative and quantitative elemental analysis of the 
obtained solid phase was performed using the meth-
od of inductively coupled plasma atomic emission 
spectrometry (ICP-AES) on an iCAP PRO XP device 
(Thermo Scientific, USA), respectively. To conduct 
ICP-AES and XRF, tablets were prepared (by pressing 
the compound under study onto a boric acid sub-
strate); then the samples were transferred into solu-
tion under the influence of microwave radiation.

To determine the homogeneity and confirm the 
composition of the compound, scanning electron 
(SEM, images were obtained on a Carl Zeiss EVO-10 
microscope) and X-ray microanalysis (Energy Dis-
persive X-ray (EDX) analyses) were performed. The 
luminescent properties of the obtained substance 
were determined. Luminescence excitation spectra 
of powder samples were recorded on a Perkin Elmer 
LS 55 luminescence spectrometer at room tempera-
ture (298 K) in the wavelength range of 300─900 nm, 
which corresponds to the UV, visible and near IR 
ranges. A standard holder for solid samples was used 
for recording; the amount of the studied material 
did not allow covering the entire area of the holder, 
which reduced the intensity of the obtained signal.

3. Results and discussion	

Equilibrium in the reaction under study was 
reached after 30–35 days. Starting from the 30th day, 
the amount of sediment no longer changed. The pH of 
the filtrate was 2–3, and the temperature was 22 °C.

As a result of the reaction, a greyish-blue precipi-
tate was formed. The precipitate was separated from 
the filtrate and thoroughly washed several times with 
deionized water.
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Table 1. Results of elemental analysis of the AES-ICP 
complex (average values based on three determina-
tions; relative standard deviation 1-2%)

Element Content, wt. %
Na 1.22
Mo 30.98
Zr 7.9
Er 13.62
Nd 7.09

The results of the sample analysis by atomic 
emission spectroscopy (AES-ICP) are presented in 
Table 1. Based on the AES-ICP data, it was estab-
lished that the sample contains all the ions of the 
initial components.

According to the results of quantitative analysis 
of ICP-AES, the synthesized solid phase sample is 
heterogeneous: �Na : �Mo : �Zr : �Er : �Nd = 0.05 : 
0.22 : 0.086 : 0.082 : 0.05.

The obtained results of SEM images of the pow-
der sample with different magnifications (in the 
same area) show some morphological features, such 
as granularity and a heterogeneous structure (Fig. 1).

The presence of different phases and dispersions 
have different effects on the formation of physi-
cochemical properties. According to the results of 
X-ray microanalysis, in 3 selected areas of the sam-
ple in the figure, the spectra correspond to overlap-
ping areas. When interpreting the results of elemen-
tal analysis, it should be taken into account that the 
sodium K-line overlaps with the neodymium L-line, 
and therefore the determination of quantitative ra-
tios may be ambiguous (Fig. 2).

However, when assessing the spatial distribution 
of the composition, one can notice a close percent-
age ratio and a certain homogeneity of the solid 
phase, although it is not expressed very strongly (Ta-
ble 2).

The resulting compound contains two REE ions 
(Er and Nd), which emit light in the near IR range 
(according to the generally accepted concepts of 
the luminescent properties of REE ions). The Perkin 
Elmer LS 55 spectrometer allows only partial de-
tection of the luminescence band for the Nd3+ ion, 
corresponding to the 4F3/2-4I9/2 transition in the 
region of 885 nm (inserted in Fig. 3).

 

 

Fig. 1. SEM images of a powder sample.

Fig. 2. X-ray microanalysis spectrum of the studied sample.
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Table 2. Percentage ratio of elements and assessment of homogeneity of the solid phase.

Element Weight % Atomic % Error %
Zone 119 / Selected Zone 1

OK 32.42 75.29 10.04
NaK 1.23 1.99 16.15
ZrL 6.6 2.69 6.82

MoL 32.19 12.47 3.64
ClK 1.32 1.38 13.79
NdL 10.34 2.66 7.16
ErL 15.9 3.53 7.84

Zone 119 / Selected Zone 2
OK 24.1 67.56 10.51

NaK 0.94 1.84 19.1
ZrL 7.39 3.63 7.48

MoL 34.87 16.31 4.12
ClK 1.38 1.74 12.94
NdL 11.99 3.73 8.29
ErL 19.33 5.18 8.03

Zone 119 / Selected Zone 3
OK 31.68 74.19 10.01

NaK 1.39 2.27 14.29
ZrL 6.34 2.6 7.02

MoL 32.21 12.58 3.6
ClK 1.94 2.06 10.34
NdL 10.73 2.79 7.34
ErL 15.71 3.52 7.66

 

Fig. 3. Luminescence spectra (1-4) recorded at different excitation values, and excitation spectrum (5). 1 – excitation 
at 400 nm, 2 – excitation at 432 nm, 3 – excitation at 450 nm, 4 – excitation at 475 nm. Excitation spectrum (5) was 
recorded for the most intense band at 540 nm. Insert – excitation at 400 nm, maximum slit width.
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The intensity of this band is weak compared to 
the intensity of the bands in the visible region of 
the spectrum, so it was recorded separately, at the 
maximum slit width of the spectrometer. The erbi-
um photoluminescence band (~1500 nm) cannot be 
recorded on this spectrometer in principle. It should 
be noted that the presence of a d-element (Zr) with 
an unfilled d-shell in the complex apparently caus-
es intense luminescence in the visible region of the 
spectrum and a complex type of excitation spec-
trum, although it is known from the literature that 
the Mo matrix itself exhibits luminescence in the 
300─550 nm region under UV excitation.

4. Conclusions 

The conducted study demonstrated that a chemi-
cal reaction within the investigated system results in 
the formation of a previously undescribed insoluble 
solid phase, which represents a novel multicompo-
nent compound incorporating Na, Mo, Zr, Nd, and Er 
elements originating from the starting reagents. The 
synthesis of such a heterogeneous material is note-
worthy, as it combines multiple rare-earth and tran-
sition metal components, providing a promising plat-
form for advanced optical materials development.

Comprehensive elemental analysis confirmed the 
stoichiometric inclusion of all expected elements, 
validating the successful incorporation of Nd3+ and 
Er3+ ions into the crystal matrix. Detailed morpholog-
ical characterization revealed a complex, multiphase 
nanostructure, with clear evidence of nanoscale 
domains and heterogeneous particle distribution. 
These structural features may play a significant role 
in defining the optical and luminescent behavior of 
the material.

The photophysical investigation of the synthe-
sized phase revealed a characteristic emission band 
of Nd3+ ions at approximately 885 nm, correspond-
ing to the 4F3/2-4I9/2 transition, which was partially 
resolved under the selected excitation conditions. 
The observed spectral properties indicate that this 
compound can be considered a promising candidate 
for the design of laser-active materials and further 
functional optical devices.

Thus, the novelty of this work lies not only in the 
synthesis of a new, insoluble, rare-earth-containing 
solid phase but also in its detailed structural eluci-
dation and demonstration of practical luminescent 
potential. Future studies will focus on fine-tuning 
its synthesis parameters, exploring energy transfer 
mechanisms between Nd3+ and Er3+ centers, and eval-
uating its performance in prototype laser systems.
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