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Abstract:  Undoped  PbNb2O6 and  Eu3+  ion  doped  PbNb2O6 samples  were  synthesized  by  high
temperature  mixed  oxide  method,  applying  a  heat  treatment  temperature  of  1250°C and  an
annealing time of 6 hours. In order to elucidate the structural and optical behavior of PbNb2O6:Eu3+

phosphors, XRD (X-ray diffraction), SEM (scanning electron microscopy), EDS (energy dispersive
spectroscopy),  CL  (cathodoluminescence)  and  absoption  analyses  were  performed.  The  X-ray
diffraction  results  showed  that  the  undoped  PbNb2O6 sample  crystallized  in  a  rhombohedral
symmetry while Eu3+ doped samples formed in orthorhombic symmetry. The morphologies of the
rhombohedral  and  orthorhombic grains  were  examined  by  SEM-EDS.  The  CL  spectra  showed
spectral profiles between 580 and 780 nm in relation to the 4f–4f transitions of Eu 3+. A strong
emission was observed at about 620 nm, corresponding to the red color and associated with the
5D0 → 7F2 transition of Eu3+, while the undoped sample did not exhibit CL emission of the host which
is probably due to the presence of lead in the host structure. In addition, the CL analysis results
showed that  the emission intensity increased with  the increase of  Eu3+ ion concentration.  The
increase in magnetic dipole transition caused by the electron beam radiation effect of the CL with
increasing doping concentration is associated with the change of dipole moments of the Eu3+ doped
tungsten bronze host and thus differentiating the emission spectrum. UV lamp excited photograph
of undoped  sample showed blue-violet color while Eu3+ doped phosphors with red color became
more significant with increasing Eu3+ concentration.

Keywords PbNb2O6; XRD–SEM; Eu3+ doping; cathodoluminescence.

Submitted: July 11, 2022. Accepted: September 19, 2022. 

Cite this: Ekmekçi  MK.  Influence of  Europium Doping on the Crystallization,  Morphology,  and
Cathodoluminescent Properties of PbNb2O6:Eu3+ Phosphors. JOTCSA. 2022;9(4):1129–40. 

DOI: https://doi.org/10.18596/jotcsa.1141909. 

*Corresponding author: E-mail: mekmekci@marmara.edu.tr. 

INTRODUCTION

Trivalent lanthanide (Ln3+) ions exhibiting 4f–4f
inner-shell  transitions  have  certain  properties
such  as  high  luminescence  efficiency,  narrow
emission  line,  and  long  decay  time  constant.
Due to their advantages, such as reliability and
environmental friendliness, they have attracted

great  attention  as  new  generation  solid-state
lighting sources in recent years (1–9). Among
these  materials,  trivalent  europium,  which  is
used as a dopant in the production of inorganic-
based  red light  emitting phosphors  (LEDs),  is
known  as  an  effective  activator  due  to  its
characteristic  5F0 → 7FJ (J = 0, 1, 2,  3,  4, 5)
band transitions.  In  addition,  the  Eu3+ is  well
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known for  its  strong  luminescence  in  the  red
region of  the spectrum, and also has a great
advantage over other  rare earth ions with an
even number of 4f electrons in that the initial
levels of transitions in both the absorption and
luminescence  spectrum  are  non-degenerate
(10). The magnetic dipole transition of 5F0 →7F1

and the  electric  dipole  transition  of  5F0 → 7F2

show emissions at wavelengths of 590–600 nm
and  610–630  nm,  respectively.  Moreover,
trivalent Eu, as a potential emission activator,
provides  important  information  about
spectroscopic characterization when used as a
dopant in different host structures (6-10). 

Cathodoluminescence (CL) is a method used in
the optical  characterization resulting from the
interaction  of  the  material  with  an  electron
beam  provided  by  an  electron  gun.  The  CL
analysis  can  be  interpreted  via  spectral  lines
that  are  similar  to  those  from  other
luminescence techniques, and characteristically
dominate  the  spectrum  with  bound  excitonic
states and changes from emission lines, donor-
acceptor  double  bands,  and  defect-related
properties (11–16). 

The synthesis, structural, and optical properties
of several AB2O6-type niobate compounds have
been  investigated  (17-21).  Among  the  lead-
based  niobates,  PbNb2O6 ceramics  have  been
studied  recently  for  their  photocatalytic  (22),
dielectric  and  piezoelectric  (23),  ferroelectric
(24-29),  and  thermal  properties  (30).
Furthermore, lhan et al. (17, 18) investigated
the  photoluminescence  properties  of
rhombohedral  PbNb2O6:Eu3+ phosphor,  as  well
as the thermoluminescence kinetic parameters,
Judd-Ofelt  analysis  and  radioluminescence
properties  of  orthorhombic  PbNb2O6:Eu3+

phosphor.

PbNb2O6 exhibits  three  different  structures  in
PbO-Nb2O5 system. The stable forms of PbNb2O6

are  the  rhombohedral  and  tetragonal
polymorphs,  which  occur  at  low  and  high
temperatures,  respectively.  The  rhombohedral
and  tetragonal  are  not  ferroelectric  and
piezoelectric. The only metastable orthorhombic
polymorph  of  PbNb2O6  is  an  important  high-
temperature piezoelectric material (30) that can
act  as  actuators  that  can  convert  electrical
pulses  to  motion or  sensors  that  can convert
motion/pressure  pulses  to  electrical  voltage.
This  actuator  and  sensor  property  of
piezoelectric  materials  can  be  combined  in
applications  in  the  medical  and  engineering

fields, for example, with the imaging technique
of  ultrasonography,  for  the  diagnosis  of
diseases  and  for  the  structural  imaging  of
engineering materials. PbNb2O6 with high Curie
temperature is used as a rocket and automobile
exhaust  sensor  material  (31).  In  addition,
PbNb2O6 synthesized by high temperature solid
state method was evaluated in terms of lithium
storage in rechargeable batteries (32, 33). The
ferroelectric phase transition properties of lead
meta  niobate  (PbNb2O6)  with  a  single  crystal
under  gamma  rays  radiation  have  been
investigated (34). Samarium doped lead based
ceramic materials with rhombohedral structure
were  produced  by  a  high  temperature
conventional solid state synthesis and examined
for  their  dielectric  and piezoelectric  properties
(35). Due to investigating the tunable dielectric
properties of PbNb2O6 via calcium substitution,
Pb1-xCaxNb2O6 perovskite  structures  were
synthesized  via  sol-gel  auto-combustion
method  (36).  Due  to  the  high  piezoelectric
constant, the high Curie temperature of Ca, and
excess  Ti  doped  high  density  PbNb2O6 (PN),
ferroelectric  ceramics  produced  by  the
traditional powder synthesis  method and their
use  in  ultrasonic  applications  as  piezoelectric
material have been investigated (37). PbNb2O6

ferroelectric  ceramics  with  orthorhombic
structure have been synthesized by solid state
reaction route and evaluated in terms of their
dielectric properties in the frequency range of
20 Hz to 2 GHz (38). 

Undoped  and  Eu3+ doped  PbNb2O6 ceramic
phosphors have been synthesized via solid state
synthesis.  The  structural  and  cathodolumi-
nescence  properties  of  the  samples  were
investigated. In addition, the effect of europium
doping  on  the  crystallization,  morphology,
structural and cathodolumi-nescence properties
of  the samples has also been researched and
evaluated.  The  microphase  morphology,
crystalline  structure  and  cathodoluminescence
properties of the samples were carried out by
XRD, SEM, EDS, CL, and absorption analyses. 

EXPERIMENTAL SECTION 

Undoped  PbNb2O6 and  Eu3+ doped
PbNb2O6:xEu3+ (x  = 0.5,  1,  3,  and  6  mol%)
samples were produced by using the solid state
reaction  route, where  x represents  2  atomic
value  due  to  Eu2O3. For  this,  Pb(NO3)2 and
Nb2O5 powders were taken as starting materials,
with  purities  of  99%  (Sigma-Aldrich)  and
99.9% (Alfa Aesar), respectively. Eu2O3 powder
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was  used as a dopant  with a purity of 99.9%
(Alfa Aesar). Pb(NO3)2 and Nb2O5 powders were
taken  and  mixed  according  to  PbNb2O6

stoichiometry. Eu2O3 was subsequently added to
this mixture in different molar ratios. Later on,
these powder  mixtures  were  homogenized  by
grinding in an agate mortar and subsequently
sintered in an electric furnace at 1250 °C in an
air atmosphere for 6 hours after pelleting. The
crystalline phases of the ceramic samples were
identified by X-ray diffractometry (XRD, Rigaku
Corp., D-MAX 2200) using Cu-Kα radiation and
Ni filter at a scanning rate of 2°/min between
20 and 65°. SEM observations were performed
by SEM (FEI, Oregon,  Inspect S50, USA).  The
elemental  contents  of  the  ceramic   samples
were examined by using an energy dispersive
spectrometer  (EDS,  OXFORD  Industries
INCAxSight  7274;  133-eV resolution 5.9 keV)

which  integrated  to  scanning  electron
microscope (SEM, JEOL Ltd., JSM-5910LV). The
CL  (cathodoluminescence)  spectra  were  taken
by  a  SEM  (NOVA-NANOSEM  650),  that  is
operated at 15 kV (spot size 3.5, work distance
6.6 mm, and high vacuum) equipped with field
emission  gun  at  room  temperature.  The  CL
system  is  equipped  with  a  spectrometer
(DATAN-Mono  CL4),  which  allows
monochromatic  CL  imaging  as  well  as  the
acquisition of CL spectra on very localized spots
of  a  sample. The  absorptions  of  the  samples
were  taken  by  a  Perkin-Elmer  Lambda
spectrophotometer (USA).

RESULTS AND DISCUSSION 

Morphological  and  Structural
Characterization

 

Figure 1: X-ray diffractions of undoped and Eu3+ doped PbNb2O6 samples.
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Figure 2: Relationship of orthorhombic and tetragonal in PbNb2O6 structure.

The  results  of  X-Ray  Diffraction  for  undoped
and doped samples that sintered at 1250 °C for
6 hours are shown in  Figure 1.  XRD analysis
also  showed  the  undoped  PbNb2O6 sample
crystallized  in  rhombohedral  (hexagonal)
symmetry  (JCPDS  card  No.  29–0780)  with
space group  R3/m (no.160) while  Eu3+ doped
samples  formed  in  orthorhombic  symmetry
(JCPDS  card  no. 11–0122)  with  space  group
Cmm2 (no.35).  The  lattice  parameters  of
rhombohedral were reported as a = 10.501 Å, b
= 10.501 Å,  c = 11.555 Å,  V = 1103 Å3 (28).
The orthorhombic PbNb2O6 cell data  have been
reported  as  a0=17.65  (Å),  b0=17.91  (Å)  and
c0=7.736 (Å) (24).  Interestingly, as seen from
the  XRD  model  of  the  PbNb2O6 samples,  the
Eu3+ doped  samples  changed  to  a  different
symmetry  than  the  undoped  sample.  In  the
XRD  pattern  of  the  undoped  sample,  the
rhombohedral  phase,  which  normally
crystallizes at 1150 °C, also formed at 1250 °C,
and there is  an orthorhombic  phase indicated
by  "O"  in  the  form  of  impurity  in  the
rhombohedral  phase.  As  stated  in  different
studies  (18,37),  orthorhombic  polymorph  can
be obtained  by  rapid  cooling of  tetragonal  at

temperatures  between  1200-1250  °C.  In  this
study,  the  average  cooling  rate  is  about  6
K/min,  which  is  not  sufficient  for  the
transformation of the pure orthorhombic phase.
However, the lack of  rhombohedral polymorph
with Eu3+ doping and the ease with which the
orthorhombic polymorph was obtained indicate
that  an  anisotropic  phase  transformation
occurred  as  a  result  of  thermal  shock  in  the
lattice  caused  by  Eu3+ ions  doping  (18).  The
tetragonal (a≈b,c) and orthorhombic (a0,b0,c0)
polymorphs  have  tungsten  bronze  symmetry
(24, 39, 40), where the lattice data of them are
associated  with  a0=a√2,  b0≈a√2,  c0=2c.
Accordingly,  the  b/a ratio  is  approximately
equal to 1.015 where  a,  b constants are fairly
close. So,  due  to  a  small  distortion  in
orthorhombic,  the  XRD  pattern  of  the
orthorhombic PbNb2O6 can be indexed based on
tungsten  bronze  symmetry  (24,  25).  The
relationship  between  orthorhombic and
tetragonal polymorphs is illustrated in Figure 2,
where  tetragonal shows the small  square and
its  corners  located  in  the  B  tunnels,  while
orthorhombic represents the large square and
its corners located in the octahedral sites (18). 
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Figure 3: SEM micrographs of (a) undoped and (b) 0.5, (c) 3, (d) 6 mol% Eu3+
 doped samples at

20 kV acceleration voltage, and 20.000x magnification.

SEM  micrographs  of  undoped sample
(rhombohedral) and 0.5, 3, 6 mol% Eu3+

 doped
ones (orthorhombic) are shown in Figure 3(a–
d), respectively. The morphology of the grains
was  examined  by  the  SEM.  The  grain
morphology  of  the  undoped  sample  showed
smooth surface and an amorphous shape, while
the boundaries of the grains were hard to see.
Depending on  concentration, the grain shapes
of  the  doped  samples  exhibited an  oval  and
wavy morphology, which are more common for
3 and 6 mol% samples. SEM findings uncovered
a terraced morphology that can be ascribed to
the angular structure of tungsten bronze. SEM
results  may  also  be  associated  with  how
morphological  transformation  between

orthorhombic and rhombohedral. The decrease
in  the  grain  size  with  the  increase  in  Eu3+

concentration  can  be  explained  by  the
restriction of grain growth due to suppression in
the lattice (41,42). The grain sizes for 0.5 and 6
mol% were detected between 3-11 and 1.5-6.5
μm, respectively. 

EDS  analysis  was  applied  to  the  samples  in
order to define the composition change of the
elements.  EDS results (weight% and atomic%)
for  6  mol% Eu3+ doped  sample  are  given  in
Figure 4. As seen in the tabulated EDS results
in Figure 4,  the atomic% compositions of  the
elements are in agreement with the theoretical
atomic amounts%.
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Figure 4: EDS spectrum and elemental analysis results (wt.%, at.%) and theoretical atomic
percentages for 6 mol% Eu3+

 doped sample. 

Cathodoluminescence Analysis 
Figure 5(a-e) shows the CL spectra of undoped
PbNb2O6 (rhombohedral) and  0.5,  1,  3  and 6
mol%  Eu3+ doped  phosphors  (orthorhombic)
sintered  at  1250  °C.  In  Fig.  4a,  the  CL
spectrum  of  the  undoped  sample  has  a  CL
emission of around 640 nm. The observed CL
emission  of  undoped  PbNb2O6 is  probably
associated with the defect emission, which can
be attributed to the recombination of electrons
in the non-bridging oxygen band-gap state with
holes  in  the  valence  band  (43).  Generally,
considering lead niobate as a host structure, a
weakness in CL emissions was observed. This is
probably related to the presence of lead in the
compound. Lead has the ability to stop gamma
and X-ray radiation due to lead's high atomic
number and stable isotopes (44). 

A weak CL emission observed around 420 nm
may probably be related to the rhombohedral
host, and a peak around 440 nm observed in
Eu3+  doped  samples  is  associated  with  the
orthorhombic  polymorph.  The  illustration  of
rhombohedral  PbNb2O6  structure is  shown  in
Figure 6, where the rhombohedral has an edge-
sharing  crystal  arrangement  (28)  while  the
orthorhombic (in Figure 2) has a corner-sharing
structure. The edge-shared octahedral structure

is associated with a higher band gap compared
to the corner-shared octahedral structure (45),
which can be ascribed to a  lower wavelength
shift  of  rhombohedral or  a  larger  wavelength
shift  of  octahedral. Therefore,  a  change  in
wavelength  is  likely  to  occur  with  the
rhombohedral-orthorhombic  phase
transformation,  where  the  peak  of  the  edge-
shared  rhombohedral host  at  about  420  nm,
shifted  to  the  peak  of  the  corner-shared
orthorhombic host at about 440 nm. The shift
between the two polymorphs was also studied
by absorption analysis, which is given in Figure
7. PL host absorption for rhombohedral PbNb2O6

has been previously  reported around 385 nm
(17),  but  it  was  not  clearly  observed  in  the
same spectral range. The absorption peaks of
the Eu3+ doped  PbNb2O6  and undoped  PbNb2O6

samples are around 370-375 nm. As seen in the
spectral  profiles,  the  absorption  of  the  Eu3+

doped  samples  decreases  with  the  increasing
doping concentration. On the other hand, when
compared to undoped and Eu3+ doped samples,
it  is  seen  that  the  undoped  sample  slightly
shifts  towards  higher  energy.  Accordingly,
based  on  the  absorbance  results  where  a
slightly  higher  energy  shift  occurred,  this
supports  the  shift  of  rhombohedral  host
emission.
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Figure 5: CL emission spectra and CL micrographs (inset figures) for (a) undoped PbNb2O6, and
(b) 0.5, (c) 1, (d) 3, (e) 6 mol Eu3+ doped PbNb2O6 phosphors.
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Figure 6: Illustration of rhombohedral (hexagonal) PbNb2O6 structure.

The CL emissions of Eu3+ doped phosphors were
monitored for the CL peaks of  592, 618, 650,
695  and  755  nm  corresponding  to  5F0→7F1,
5F0→7F2, 5F0→7F3, 5F0→7F4, and 5F0→7F5 transitions,
respectively. Increasing the Eu3+ concentration
increased  the  5F0→7FJ (J  =  0,  1,  2,  3,  4,  5)
transition  intensities,  while  the  highest  CL
intensity was reached at 6 mol% concentration.
CL micrographs of undoped  PbNb2O6 and  Eu3+

doped phosphors are shown in the inset figures
of Figure 4(a-e).  As seen as in CL spectra, the
asymmetry ratio (5F0→7F2/5F0→7F1) decreased or
the  symmetry  of  phosphor  increased with
increasing Eu3+  concentration.  Among Eu3+ ion
transitions,  it  is  well  known  that  the  5D0→7F1

magnetic dipole transition hardly changes with
the crystal field around the Eu3+ ions whereas
5D0→7F2 electric  dipole  transition  is  very

sensitive to the crystal  field changes (42).  In
radioluminescence  (RL)  mechanism, the
excitation of holes and electrons by high-energy
X-rays may create asymmetry differences with
the UV-Vis excitation mechanism of  PL,  where
X-ray excitation with a volumetric character can
change the asymmetric ratio due to its deeper
penetration  (46-48). On  the  basis  of  the
similarity  of  the  CL  mechanism  to  the  RL
mechanism  due  to  the  high-energy  electron
beam,  it  is  possible  that  electron  beam
irradiation changed the dipole moments in the
Eu3+ doped  host  and  caused  the  emission
spectrum  change.  Therefore,  when
PbNb2O6:Eu3+ phosphor  was  exposed  to
irradiation with high-energy electrons of CL, the
symmetry  of  the  Eu3+  local  environment
probably increased (46-48).
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Figure 7: Absorption spectrums of undoped PbNb2O6 (rhombohedral) and Eu3+ doped PbNb2O6

(orthorhombic) samples.

In inset photographs of  Figure 5(a-e),  the CL
micrograph of the undoped sample has different
regions  such  as  blue-yellow-green-red  due  to
the broad peak between 400-800 nm, while the
Eu3+ doped samples  have red  regions  due  to
Eu3+ emissions.  The  UV  lamp photographs  of
PbNb2O6 and  PbNb2O6:Eu3+ phosphors  under
254 nm are shown in Figure 8.  The  UV lamp

photograph  of  the  undoped sample  has  blue-
violet emission that supports the peak around
420 nm. The Eu3+ doped samples with red color
became  brighter  with  increasing  Eu3+

concentration, and 6 mol% doped sample has
the brightest appearance, as seen in CL results,
which show the highest emission intensity.

Figure 8: UV lamp photograph of undoped and Eu3+ doped PbNb2O6 ceramics phosphors with
excitation of 254 nm or short wavelength. 

CONCLUSION

By  solid  state  reaction,  Eu3+ doped
orthorhombic  PbNb2O6 phosphors  with  tugsten
bronze symmetry were fabricated. According to
X-ray diffraction results, undoped PbNb2O6 has a
rhombohedral  symmetry,  while  the  Eu3+

presence between 0.5 and 6 mol% led to the
orthorhombic  phase  transformation.  SEM
analysis  revealed  that  the  grains  of  the

undoped sample have an amorphous shape and
a  smooth  surface  such  that  the  boundary  of
grains is hardly seen. The grain shapes of Eu3+

doped  samples  for  3  and  6  mol%  samples
showed an  oval  and  wavy  morphology.  CL
emission of the undoped sample has a peak at
around  640  nm,  which  is  related  to  defect
emission.  The  CL  emission  of  rhombohedral
PbNb2O6 host was not clearly observed in the CL
spectral  profiles.  This  can  be  associated  with
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the presence of lead in PbNb2O6, which has the
ability to stop gamma and X-ray radiation. The
rhombohedral-orthorhombic phase
transformation  led  to  a  shift  in  the
rhombohedral and orthorhombic CL host peaks,
in  which  the  edge-shared  rhombohedral host
and the corner-shared orthorhombic host have
CL peaks at wavelengths of about 420 and 440
nm, respectively. The Eu3+ doped PbNb2O6 and
undoped PbNb2O6 samples exhibited absorption
peaks of around 370-375 nm, where the slightly
higher energy of the undoped sample supports
a high energy shift  of  the rhombohedral  host
emission.  The  CL  emissions  of  PbNb2O6:Eu3+

phosphors exhibited the 5F0→7FJ (J = 0, 1, 2, 3,
4,  5) characteristic transitions of  Eu,  and the
highest CL intensity was observed at 6 mol%
concentration.  The decrease in the asymmetry
ratio  or  the  increase  in  magnetic  dipole
transition  with  the  increase  in  doping
concentration  showed  that  the  electron  beam
radiation of CL changes the dipole moments of
the  Eu3+ doped  tungsten  bronze  host  and
causes a difference in the emission spectrum.
UV  lamp  photograph  of  undoped  PbNb2O6

exhibited blue-violet emission that supports the
peak around 420 nm, while Eu3+ doped samples
exhibited red color that became more evident
with increasing Eu3+ concentration.
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	Figure 1: X-ray diffractions of undoped and Eu3+ doped PbNb2O6 samples.
	
	Figure 2: Relationship of orthorhombic and tetragonal in PbNb2O6 structure.
	
	Figure 3: SEM micrographs of (a) undoped and (b) 0.5, (c) 3, (d) 6 mol% Eu3+ doped samples at 20 kV acceleration voltage, and 20.000x magnification.
	SEM micrographs of undoped sample (rhombohedral) and 0.5, 3, 6 mol% Eu3+ doped ones (orthorhombic) are shown in Figure 3(a–d), respectively. The morphology of the grains was examined by the SEM. The grain morphology of the undoped sample showed smooth surface and an amorphous shape, while the boundaries of the grains were hard to see. Depending on concentration, the grain shapes of the doped samples exhibited an oval and wavy morphology, which are more common for 3 and 6 mol% samples. SEM findings uncovered a terraced morphology that can be ascribed to the angular structure of tungsten bronze. SEM results may also be associated with how morphological transformation between orthorhombic and rhombohedral. The decrease in the grain size with the increase in Eu3+ concentration can be explained by the restriction of grain growth due to suppression in the lattice (41,42). The grain sizes for 0.5 and 6 mol% were detected between 3-11 and 1.5-6.5 μm, respectively.
	EDS analysis was applied to the samples in order to define the composition change of the elements. EDS results (weight% and atomic%) for 6 mol% Eu3+ doped sample are given in Figure 4. As seen in the tabulated EDS results in Figure 4, the atomic% compositions of the elements are in agreement with the theoretical atomic amounts%.
	
	Figure 4: EDS spectrum and elemental analysis results (wt.%, at.%) and theoretical atomic percentages for 6 mol% Eu3+ doped sample.
	
	Figure 6: Illustration of rhombohedral (hexagonal) PbNb2O6 structure.

