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A B S T R A C T   

The palmierite-type matrix with lanthanides is capable of producing customizable multicolored emission, and 
has characteristics such as long service life and high energy efficiency. This research explored the impact of 
synthesis method and composition on structural and luminescence properties of K5Eu1-xHox(MoO4)4 with the 
palmierite-type structure. Two modifications with space group (SG) R 3m (α- phase) and C2/m (β-phase) were 
observed and characterized. This study underscores the critical role of co-doping of Eu3+ and Ho3+ cations in 
manipulating charge transfer and luminescence efficiency in visible and IR region. The existence of 5D0→7F0 
transition in the PL spectra indicates stable local environment of Eu3+ cations regardless of synthesis conditions.   

1. Introduction 

Double molybdates K5R(MoO4)4 with palmierite-related structure (R 
= rare earth elements (REE)) are effective phosphors characterized by 
high luminescence intensity, a small half-width of lines in the spectrum 
and a long lifetime. The great flexibility and stability of the palmierite- 
type structure adapting to different cations, define effective use of these 
matrices to create phosphors. The possibility of MoO4

2- tetrahedra rota-
tion in palmierite-type structures, the lability of oxygen atoms, and the 
possibility of both statistical and ordered M1 cite occupation with K+

and R3+ determines the presence several polymorphic modifications. 
Besides, formation of phases with an incommensurately modulated 
structure were established for some compounds [1–4]. 

K5R(MoO4)4 compounds are host systems where R3+ ions are 
embedded in M1 cite of inorganic host lattice. REE provide luminescent 
centers determining the efficiency of radiation by certain distances be-
tween ions, coordination numbers and spatial location in three- 
dimensional space. Eu3+ and Ho3+ are widely used to create red phos-
phors and phosphors with radiation in the IR range, respectively. The 
joint doping of cations into one matrix aims to study processes of con-
centration quenching and energy transfer between ions to create 
multifunctional materials such as IR sensors and light emitting diodes. 

In this paper the influence of conditions of preparation and elemental 
composition on structure and luminescent properties of K5Eu1-xHox(-
MoO4)4 has been studied. 

2. Materials and methods 

K2CO3 (99.99 %), MoO3 (99.99 %), Eu2O3 (99.99 %), Ho2O3 (99.99 
%) were used for the synthesis of LT-K5Eu1-xHox(MoO4)4 (LT-KEHM, 0 
≤ x ≤ 1, step 0.1) at 620 ◦C. High-temperature (HT) phases were ob-
tained from LT-KEHM by melting in a Pt crucible at 840 ◦C followed by 
quenching into liquid N2. 

The refinement of unit cells parameters was carried out by the Le Bail 
method [5] (Jana2006 software [6]) using powder X-ray (XRD) data 
obtained on Huber G670 powder diffractometer (CuKα) and Thermo 
ARL X’TRA (CuKα). Structures of K5Ho(MoO4)4 (KHM) modifications 
were refined by Rietveld method (Jana2006) using XRD data obtained 
on Siemens D500 (CuKα1- radiation, λ = 1.5406 Å). 

Luminescence excitation spectra (PLE) and photoluminescence 
emission spectra (PL) were captured using the Agilent Cary Eclipse 
luminescence spectroscopy facility and the Bruker IFS 125HR FTIR 
spectrometer. 

3. Results and discussion 

XRD study was revealed that the substitution of Eu3+ by Ho3+ in HT- 
phases leads to formation of KEHM solid solutions with a R 3m space 
group (SG) for all x (Fig. 1). Substitution of the larger Eu3+ (rVIII = 1.066 
Å) cation by Ho3+ (rVIII = 1.015 Å) leads to a decrease in unit cell 
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parameters V/Z and a, while a parameter “c” increases. For LT- KEHM 
(0 ≤ x ≤ 1) at x in the range from 0 to 0.5, the structure of the com-
pounds does not differ from the structure of the high-temperature 
α-phase, however, an increase in the Ho3+ content leads to a transi-
tion to the monoclinic β-phase with a SG C2/m (Fig. 1). 

Coordinates of atoms in the structures α-K5Yb(MoO4)4 (SG R 3m [1]) 
and β-K5Tb(MoO4)4 (SG C2/m [2]) were used to refine the structures α- 
and β-K5Ho(MoO4)4 (KHM), respectively. In both KHM modifications K+

occupy a M2 position of the palmierite-type structure, whereas a M1 
position is statistically occupied by K+ and Ho3+ (M1 =0.5 K++0.5Ho3+). 

After refining the structure of α-KHM large values of isotropic atomic 
displacement parameters (Uiso.) 0.188(6) and 0.135(9) were observed in 
the R 3m odel for O1 (site symmetry 6c) and O2 (site symmetry 18h) atoms, 
respectively. In this structure oxygen atoms O1 and O2 are located on a 
3-fold axis and in a plane perpendicular to this axis, respectively. High 
values of Uiso for O atoms can be associated with displacement of O1 
from the 3-fold axis and the displacement of O2 from a 18-fold position 
(x, x, z) to a 36-fold position (x,y,z), as in the palmierite-type structure 
α-K5Y(MoO4)4 [7]. Fig. 2a,b shows [ρdif. x,y,z)] residual electron density 
(e×Å− 3) maps for the α-KHMO structure in the plane (001) in the region 
of O1 (Fig. 2a) and O2 (Fig. 2b). The residual electron density for the 
α-KHMO structure after the refinement around majority of atoms also 
shows that the real structure can have lower symmetry than R 3m. 
Earlier similar problems were discovered when refining the structure of 
α-K5Eu(MoO4)4, and only electron diffraction studies showed a slight 
monoclinic distortion of the structure [4]. 

Additional reflexes were observed on XRD patterns of the β-phase 
after refinement the C2/m (Fig. 2d). Based on the data for other 
palmierite-type structure [2–4] these reflexes can be indexed in a 
superspace group C2/m(0β0)00 with a modulation vector q =

0.704857b*. Results of Le Bail decomposition are shown in Fig. 2e. Thus, 
the additional reflexes are satellite, and the real structure of the β-phase 
requires the application of a (3 + n)-dimensional formalism to refine the 
structure. 

Refinement of the structures of α- and β-KHM led to a satisfactory 
correspondence of calculated and experimental profiles (Fig. 2c,d). The 
refinement results are given in Table 1. ab projections of α- and β-KHM 
show Mo-O distances (Fig. 2f,g). For the β-phase the displacement of an 
apical Oap (O1) atom from the 3-fold axis is observed that does not 
contradict the data for structures with the SG C2/m. 

The photoluminescence spectra of HT-KEHM at λex = 395 nm shows 
five bands from the excited metastable state 5D0 Eu3+ to components of 
multiplets 7Fj (j = 0, 1, 2, 3, 4). The highest intensity peak, characterized 
by an electric dipole transition 5D0→7F2 at ~ 610 nm, determines the 
characteristic red glow of the samples. The maximum intensity of 
luminescence is observed at the highest concentration of europium. 
Even at a low concentration of Ho3+ there is a sharp decrease in the 
radiation intensity (more than 20 times) (Fig. 3b). This may indicate 
presence of an energy transfer from Eu3+ to Ho3+ ions with further non- 
radiative relaxation [8]. A peak at 578 nm corresponding to the 5D0→7F0 
transition is determined by oxygen environment of the Eu3+ cation. The 
fact that all compositions of solid solutions have only one emission line 

Fig. 1. Parts of XRD patterns for LT- (a) and HT- K5Eu1-xHox(MoO4)4 (b) phases in 2θ ranges of 25-33◦ and 39-43◦. Dependencies of unit cell parameters on x for HT- 
phase (c). 
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in the region of this transition (Fig. 3a) indicates one Eu3+ ion un-
changing type of environment in compounds. 

Kinetics study of 5D0 luminescence attenuation at room temperature 
for HT-KEHM showed that a calculated lifetime (τ) of Eu3+ luminescence 
decreases by ~ 2.8 times at 10 % Ho3+ content (Fig. 3c). This indicates 
confirmation of the energy transfer during doping of the system with 
Ho3+. 

In the luminescence spectrum of Ho3+ at λex = 462 nm (Fig. 3d), the 

most intense is a wide peak in the 1940–2060 nm range, corresponding 
to 5I7→ 5I8 transition. A less intense peak at 1995 nm (5I6→ 5I8) is also 
noticeable. The dependence of integral photoluminescence intensity on 
x demonstrates the strongest luminescent properties for sample with 
maximum Ho3+ content. Substitution of Ho3+ by Eu3+ leads to a sharp 
decrease in intensity of the glow of Ho3+, that indicates a Ho3+→Eu3+

energy transfer, followed by non-radiative relaxation. Thus, energy 
transfer from Eu3+ to Ho3+ is observed at λex = 395 nm and a reverse 

Fig. 2. Residual electron density distribution maps for the α-K5Ho(MoO4)4 structure in the region of O1 (interval 0–0.73; step 0.1) (a) and O2 (interval 0–0.24; step 
0.1) (b) atoms after refinement in the R 3m model. Parts of experimental, calculated and difference XRD profiles: after the Rietveld refinement of the α-phase structure 
(c) and β-K5Ho(MoO4)4 structure in the SG C2/m (d). Satellite reflections are indicated with red arrows. Results of Le Bail decomposition of XRD patterns for β-K5Ho 
(MoO4)4 in the SSG C2/m(0β0)00 (e). Black bars mark the positions of main reflections. ab projections in monoclinic β-phase (f) and rhombohedral α-phase (g). 
Distances are indicated in Å. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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process at λex = 462 nm. Both processes lead to non-radiative relaxation 
with a sharp decrease in luminescence intensity. 

A comparison of a spectrum fragment for HT- and LT- 
K5Eu0.5Ho0.5(MoO4)4 at λex = 462 nm is shown in Fig. 3e. A peak cor-
responding to 5I7→ 5I8 transition has a more complex shape for the LT- 
phase than for the HT- one. The luminescence intensity for the HT-phase 
is lower than for the LT-phase. Similar results were obtained in a study of 
other palmierite-type compounds [3]. 

4. Conclusion 

HT- and LT-K5Eu1-xHox(MoO4)4 were successfully prepared by the 
solid state synthesis method. Regions of α- (SG R 3m) and β- (SG C2/m) 
phase existence were found. Rietveld refinement allowed to process XRD 
patterns of α- and β-K5Ho(MoO4)4. The presence of satellite reflections in 
the β-phase structure required the use of a (3 + n)-dimensional 

Table 1 
Crystallographic data for α- and β-K5Ho(MoO4)4.   

β- α- 

Refinement Rietveld 
Space group C2/m R 3 m 
Background function Legendre polynomials, 15 terms 
Interval 2Θ(◦) 8–130 
Lattice parameters:   
a (Å), 10.4666(1) 6.02497(7) 
b (Å), 6.0300 (1) 6.02497(7) 
c (Å), 7.7266 (1) 20.5222(2) 
β (deg.) 117.868 (1)  
V (Å 3), 431.1 (3) 645.2(1) 
Formula units, Z 1 1.5 
N◦ reflections 306 164 
RWP, RP, Rexp (%) 7.62, 5.45, 2.73 9.49, 6.70, 2.9 
R and Rw (%) Rall/Robs 5.35/5.27 and 6.87/6.86 9.95/9.96 and 11.42/11.42 
Goodness of fit (ChiQ) 2.74 3.27  

Fig. 3. PL spectra of HT-K5Eu1-xHox(MoO4)4 (x = 0 (1); 0.1 (2); 0.2 (3); 0.3 (4); 0.4 (5); 0.7 (8) 0.8 (9); 0.9 (10); 1 (11)) at λex = 395 nm (a,b) and λex = 462 nm (d,f). 
Inserts show integral intensities of the 5D0 → 7Fj=0-4 (Eu3+) (b) and 5Ij=6,7→5I8 (Ho3+) (d) emissions. Decay curves at the excitation of 395 nm (c). PL spectra of HT-, 
LT-K5Eu0.5Ho0.5(MoO4)4 at λex = 462 nm (e). 
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approach. HT-K5Eu1-xHox(MoO4)4 exhibit significant energy transfer 
properties affecting the luminescence efficiency in both the visible and 
IR regions. The local environment of Eu3+ cation in HT-solid solutions is 
immutable and Eu3+ occupy only one site. Concentration quenching 
effect is not observed in both cases: both with intracenter excitation of 
Eu3+ and Ho3+ cations. The efficiency of LT-phase emission is higher 
than HT-phase that corresponds with previous data. 
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