
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 5

/2
1/

20
25

 4
:5

2:
21

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Size of the rare-e
aSchool of Chemical Science and Technology

University (A Central University), Sagar-47

pushpalghosh27@gmail.com
bDepartment of Materials Science and Engi

50014, USA. E-mail: mudring@iastate.edu
cThe Critical Materials Institute, Ames Labo

† Electronic supplementary informa
10.1039/c7ra06741k

‡ Fellow of Royal Society of Chemistry (FR

Cite this: RSC Adv., 2017, 7, 33467

Received 16th June 2017
Accepted 24th June 2017

DOI: 10.1039/c7ra06741k

rsc.li/rsc-advances

This journal is © The Royal Society of C
arth ions: a key factor in phase
tuning and morphology control of binary and
ternary rare-earth fluoride materials†

Pushpal Ghosh, *a Rahul Kumar Sharma,a Yogendra Nath Chouryala

and Anja-Verena Mudring ‡*bc

In an ionic liquid assisted solvothermal synthesis developed by us for the synthesis of rare-earth (RE)

fluorides, it is possible to control the product formation by the choice of the rare earth ion. For rare-

earth cations with smaller ionic radii (below 1.075 Å), cubic NaREF4 with a spherical morphology is

obtained, whilst for rare-earth cations with radii between 1.08 Å and 1.13 Å, the formation of hexagonal

NaREF4 with a nanorod-like morphology is observed. For rare earth ions with a larger radius than that of

La3+ (1.216 Å), instead of ternary fluorides, binary fluorides REF3 in the trigonal modification is obtained.

The growth mechanism behind this morphology change is explained from atomistic origin using

electron microscope studies. The lattice strain changes with the rare-earth fluoride phase. For cubic

NaREF4 a tensile strain is observed, whilst for the hexagonal and trigonal binary fluoride a compressive

strain is observed. The optical properties of the obtained materials promises use for various

optoelectronic applications.
1. Introduction

Over the last decade rare-earth (RE) ion doped materials have
drawn tremendous attention in the eld of photonic and bio-
photonic applications.1–10 With respect to their narrow emission
bands, large Stokes shis, weak autouorescence and decay
times typically in the range of milliseconds, RE-doped materials
in certain respects are superior to organic dyes and semi-
conductors.11,12 A judicious choice of the host and dopant ion/
ion pairs is a precondition to obtain the desired optical mate-
rials.1 The main criteria in the choice of a suitable host matrix
are a low phonon energy, a high refractive index and easy
incorporation of dopants together with chemical and thermal
stability.13 Based on these criteria, binary and ternary uorides
appear to be effective host materials for RE3+ ion doping.14–22 For
rare-earth triuorides, REF3, two polymorphs are known. Their
relative stability depends on the rare earth ionic radius and
temperature. For the lighter REF3 (RE ¼ La–Nd) with larger
ionic radius the trigonal tysonite type of structure (LaF3, P�3c1) is
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the stable form, whilst for the heavier REF3 with smaller RE3+

(Dy–Lu, Y, YF3 type) and the orthorhombic b-YF3 (Pnma) is the
preferred structure. REF3 with RE3+ ions that have a size in
between are dimorphic with the orthorhombic form being the
room temperature stable phase and the tysonite structure being
the high temperature phase.23–25 Similarly, sodium ternary rare
earth uorides are known to form two polymorphs: a cubic
phase and a hexagonal phase.26 Whilst classical high tempera-
ture synthesis methods typically lead to the thermodynamically
stable form, on the nanoscale by a judicious choice of the
reaction conditions, it is possible to selectively obtain the less
stable form. For nanomaterials, it is possible to tune the crystal
phase by variation of the reaction conditions, such as temper-
ature, pH of the reaction, Ln3+/F� ratio, addition of a surfactant
or capping agent, calcination temperature etc.27–30 Recently
a strategy for phase tuning that relies on ion doping has been
developed for NaREF4 NCs (nanocrystals).31–33 For optical
materials, either the trigonal REF3 form or, even more, the
hexagonal modication of NaREF4 is the researcher's choice
due to the higher luminescence efficiency. A wide number of
NaREF4 materials doped with various RE3+ ions as up and down
converting materials have been reported.34–42 By tuning the
crystal phase of the host materials, the luminescence dynamics
of the RE ion can be tuned.14,18,26,29 Similarly morphology is an
important parameter to tune the luminescence dynamics as
illustrated by Mai et al. which had prepared sodium europium
uoride nanospheres, nanopolyhedra and nanorods and
compared their uorescence emission spectra on the basis of
different morphologies.37 Similar morphology dependent
RSC Adv., 2017, 7, 33467–33476 | 33467
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Scheme 1 Tuning of crystal phase and nature of product (binary/
ternary) depending on the size of the RE3+ ions for RE-doped NaREF4.
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studies have been reported for other rare-earth doped
materials.43–46

In this article we report the phase and morphology selective
synthesis of rare earth doped binary and ternary rare-earth
uorides employing an ionic liquid (IL) assisted solvothermal
method. 1-ethyl-3-methyl imidazolium bromide (C2mimBr) is
used as the structure controlling agent. The RE3+/F� ratio is
taken as 1 : 8 in all the cases. Depending on the ionic radius of
the chosen host RE3+ ion, a different NaREF4 polymorph for
a given RE or even only formation of the binary REF3 is
observed. For example, in the ionic radius range of 1.075 Å to
1.042 Å, cubic NaREF4 particles with sphere-like morphology
are obtained (Scheme 1).47 However, for RE003+ ions with larger
ionic radius in the range of 1.13 to 1.095 Å (for Sm3+ to Tb3+),
hexagonal sodium ternary uoride with nanorod-like
morphology is obtained. A drastic change occurs when
a RE003+ ion with quite a large radius is chosen like La3+ (1.216
Å). Instead of a ternary uoride, the binary uoride with
hexagon like morphology is obtained (Scheme 1). Normally
phase transition and morphology control of nanomaterials
need at least one of the following changes: heating at high
temperature, change of the reaction parameters like reactant
ratio, pH etc. and other external inuences.48–52 This type of
tuning of the crystal phase, lattice strain, morphology and most
importantly nature of the product depending on the ionic
radius or size of the RE3+ ion is novel and not reported earlier to
the best of our knowledge.
2. Experimental
2.1 Synthesis

2.1.1 1-Ethyl-3 methyl imidazolium bromide [C2mim]Br.
Modifying a literature procedure, 58 ml of ethyl bromide
(0.79 mol, Sigma Aldrich 98%) and 48 ml of N-methyl imidazole
(0.607 mol, Sigma Aldrich 99%) were heated under reux under
inert gas (Ar) atmosphere at 40 �C for 3 hours in a round bottom
ask (250 ml).49 Aer cooling to room temperature, ethyl acetate
was added and the product crushed out of the solution. Aer
33468 | RSC Adv., 2017, 7, 33467–33476
ltration, the crude product was washed with ethyl acetate and
dried under vacuum at 25 �C for 10 hours to give a white solid.

2.1.2 NaYF4:Eu nanoparticles. In a typical synthesis, 10 ml
aqueous solutions of 0.265 M NaCl (J. T. Baker) and (0.265 M)
Y(NO3)3$6H2O (Alfa Aesar) and the required amount of an
aqueous solution of Eu(NO3)3$6H2O (99.9%, Alfa Aesar) to give
NaYF4: 1 mol% Eu were added to 60 ml ethanol containing
a 20 ml aqueous 5 wt% [C2mim]Br solution. To the well-stirred
solution, the appropriate amount of an aqueous NH4F (Sigma
Aldrich) solution was added producing a Y3+/F� ratio of 1 : 8.
The mixture was poured into a Teon™ lined autoclave (Parr
Instruments, Moline, Illinois, USA) and subsequently heated at
200 �C for 4 hours. The obtained nanocrystals was washed
several times with ethanol, methanol and nally acetone and
dried in an oven at 80 �C.

2.1.3 Other rare earth uoride nanoparticles. Keeping the
procedure similar, different RE00 precursors were used, which
led to the formation of different phase ternary and binary
uorides. La(NO3)3$6H2O; Ce(NO3)3$6H2O; Nd(NO3)3$5H2O;
Sm(NO3)3$5H2O; Gd(NO3)3$6H2O; Tb(NO3)3$5H2O; Dy(NO3)3-
$5H2O and Yb(NO3)3$5H2O are purchased from the Alfa Aesar in
a purity of 99.9%. Details on the synthesis condition can be
found in Table 1.
2.2 Characterization

PXRD (powder X-ray diffraction) measurements were carried out
on a Huber G70 diffractometer (Rimsting, Germany) using Mo-
Ka radiation (l ¼ 0.07107 nm). The crystallite size was calcu-
lated using the Scherer equation D ¼ Kl/b cos q, where K ¼ 0.9,
D represents crystallite size (Å), l is the wavelength of the Mo-Ka
radiation, and b is the corrected half-width of the diffraction
peak. TEM (transmission electron microscopy; a FEI Tecnai
STWIN-T30 using 300 kV electron beam source) was used to
investigate the shape, size and lattice structure of the nano-
crystals dispersed on a carbon coated copper grid from acetone
solution. Morphological characterization was also carried out
by SEM (scanning electron microscopy) using a NOVA NANO
SEM-450, FEI. Excitation, emission spectra and decay time of all
samples were recorded on a Fluorolog 3 (HORIBA JOBIN YVON,
Germany) luminescence spectrometer equipped with steady
and pulsed Xe lamps for sample excitation and a photo-
multiplier for signal detection.
3. Result and discussion
3.1 Structural characterization by powder X-ray diffraction
and phase evolution

Solvothermal conversion of sodium chloride and an appro-
priate amount of yttrium and europium nitrate in ethanol/water
solution in the presence of [C2mim]Br yielded nanosized
NaYF4:Eu

3+ (P1). For a reaction time of 4 hours at 200 �C, only
cubic NaYF4:Eu

3+ (P1) is obtained (Fig. 1a). A detailed study of
the effect of the IL, reaction temperature and reactant ratio
(Ln3+/F�) has already been reported by us earlier.14 Now this
synthesis protocol is explored for other elements of the rare
earth series. It turned out that, depending on the rare earth ion
This journal is © The Royal Society of Chemistry 2017
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Table 1 Summary of the reaction conditions maintained to prepare different binary and ternary fluorides

Name of the sample Crystal phase
Crystallite
size (nm)

Reaction time
& temperature

Concentration
of NaCl solution/M

Concentration of
the rare-earth
nitrate solution/M

Concentration
of NH4F solution/M

NaYF4:Eu
3+ (P1) Cubic 17.32 4 h & 200 �C 0.265 0.265 2.126

LaF3:Dy
3+ (P2) Trigonal 10.30 4 h & 200 �C 0.21 0.21 1.680

CeF3 (P3) Trigonal 11.8 4 h & 200 �C 0.21 0.21 1.680
CeF3:Tb

3+ (P4) Trigonal 12.03 4 h & 200 �C 0.208 0.209 1.671
NdF3 (P5) Trigonal 14.8 4 h & 200 �C 0.205 0.205 1.644
NaSmF4 (P6) Hexagonal 10.41 4 h & 200 �C 0.200 0.200 1.644
NaGdF4:Eu

3+ (P7) Hexagonal 9.13 4 h & 200 �C 0.196 0.196 1.568
NaTbF4:Ce

3+ (P8) Hexagonal 7.59 4 h & 200 �C 0.193 0.193 1.55
NaDyF4 (P9) Hexagonal (major) +

cubic (minor)
25.8 4 h & 200 �C 0.188 0.190 1.526

NaErF4:Yb
3+ (P10) Cubic 16.56 4 h & 200 �C 0.187 0.187 1.502

NaYbF4:Er
3+ (P11) Cubic 9.5 4 h & 200 �C 0.184 0.184 1.47

Fig. 1 PXRD pattern of (a) NaYF4:Eu
3+ nanocrystals prepared by the IL

assisted solvothermal synthesis at 200 �C with 4 hours reaction time;
(b–e) and (f) PXRD patterns of trigonal LaF3:Dy

3+, hexagonal NaSmF4,
NaGdF4:Eu

3+, Hex (major) + cubic (minor) NaDyF4 and pure cubic
NaErF4:Yb

3+ prepared with different dopant ions (La3+, Sm3+, Gd3+,
Dy3+ and Er3+) under otherwise similar conditions. In all cases, Ln3+/F�

ratio is taken as 1 : 8.
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size, different products, either a ternary NaREF4 polymorph or
binary REF3 in the tysonite type of structure are obtained (Fig. 1
and Scheme 1). In the case of Y3+, with an ionic radius of 1.075 Å
(using the Shannon radius47 for a 9-fold co-ordination) cubic
NaYF4 (P1) (Fig. 1) nanocrystals are obtained. For RE

3+ ions with
an ionic radius in the range of 1.13 to 1.095 Å (for Sm3+ to Tb3+),
hexagonal sodium ternary uoride (NaLnF4: Ln ¼ Sm3+, Gd3+,
Tb3+ (P6–P8) in Table 1) is obtained (see Fig. 1, S1† and Table 1).

Interestingly, for Dy3+ where the ionic radius is in between
that of Tb3+ and Er3+, the cubic modication starts to appear
with the majority phase being hexagonal (P9) (as shown in
Fig. 1). When the ionic radius is lesser due to lanthanide
This journal is © The Royal Society of Chemistry 2017
contraction as in case of Er3+ (1.062 Å) and Yb3+ (1.042 Å) only
the cubic polymorph (NaErF4 and NaYbF4, P10 and P11) is ob-
tained (Fig. 1, S1† and Table 1). At the start of the lanthanide
series (for example, for La3+ with an ionic radius of 1.216 Å), the
formation of the binary rare earth uoride (P2) instead of the
ternary uoride is observed and this trend is maintained until
Nd3+ (ionic radius 1.163 Å). It can be anticipated that for smaller
size, as for Y3+ and for Er3+, Yb3+, the reaction rate is quite faster
which leads to the formation of the kinetic product, the cubic
phase. When the size of the RE3+ ion is larger, as for La3+, the
reaction rate is slower causing the formation of the binary
uoride instead of the ternary uoride. For RE3+ ions within the
range of 1.132 to 1.093 Å, reaction rate is optimum for the
generation of thermodynamically stable hexagonal ternary
uoride. This kind of phase tuning depending on the size of the
RE3+ ion is novel and not previously reported to the best of our
knowledge.

3.2 Lattice strain

Generally, the broadening of the diffraction peaks in a PXRD
pattern depends upon strain and crystallite size. It is previously
noticed that change in the interatomic distance induces the
perturbation in the lattice parameter of crystalline nano-
materials leading to stress generation at nanoscale particles.
And it is well known that higher the size-volume ratio more will
be the strain at the nanoscale level.53 Herein, the lattice strain in
the as-prepared nanoparticles can be attributed to the change in
ionic radius of the RE3+ of the host materials. Lattice strain is
changing with changing the ionic radius of RE3+ ion in
lanthanide series. It means, lattice parameter of host lattice is
perturbing in period. It is possible to calculate the lattice strain
according to the function derived by Williamson and Hall:51

b cos q/l ¼ 1/D + h sin q/l (1)

where b is the full width at half-maximum (fwhm), q is the
diffraction angle, l is the X-ray wavelength, D is the effective
crystallite size, and h is the effective strain. When plotting
b cos q/l against sin q/l, the strain is the slope and the
RSC Adv., 2017, 7, 33467–33476 | 33469
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Fig. 2 Plot of b cos q/l against sin q/l for CeF3:Tb
3+ (a) NaGdF4:Eu

3+

(b) and NaErF4:Yb
3+ (c) prepared solvothermally using [C2mim]Br at

200 �C.
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crystallite size (D) can be derived from the intercept (Fig. 2 and
Table 2).52 The lattice strain clearly depends on the size of the
rare earth precursor ion. For example, for the binary uorides
where the ionic radius of the precursor RE ion is in the range of
1.216 Å to 1.163 Å (La3+ to Nd3+), compressive strain is obtained
(Table 2). The lattice strain for CeF3:Tb

3+ (P4) is compressive
(�3.11%) and the crystallite size obtained from the intercept
with the x-axis is 17.31 nm which matches with the size ob-
tained from Scherrer equation (Fig. 2a). Likewise, for the RE3+

ions with medium ionic radius (1.132 Å to 1.083 Å for Sm3+ to
Dy3+ ions) where the crystal phase is again hexagonal, the ob-
tained lattice strain is compressive (Table 2). For example for
NaGdF4 (P7), a compressive strain of �2.17% is obtained and
crystallite size is�21 nm (Fig. 2b). However when the size of the
rare earth ion is less, for example, for Y3+ and for Er3+ and Yb3+

due to lanthanide contraction, the cubic phase is observed and
a drastic change is noticed in lattice strain i.e., tensile strain is
obtained. Fig. 3c shows the plot for NaErF4:Yb

3+ (P10) showing
a tensile strain of +0.19%. Earlier we have reported that cubic
Table 2 Lattice strain of binary and ternary rare-earth fluoride nanomate

S. no. Sample Ionic radius (Å) Crystal phase

1. LaF3:Dy
3+ (P2) 1.216 Trigonal

2. CeF3:Tb
3+ (P4) 1.196 Trigonal

3. NdF3 (P5) 1.163 Trigonal
4. NaSmF4 (P6) 1.132 Hexagonal
5. NaGdF4:Eu

3+ (P7) 1.107 Hexagonal
6. NaTbF4 (P8) 1.095 Hexagonal
7. NaDyF4 (P9) (hexagonal) 1.083 Hexagonal
8. NaYF4:Eu

3+ (P1) 1.075 Cubic
9. NaErF4:Yb

3+ (P10) 1.062 Cubic
10. NaYbF4:Er

3+ (P11) 1.042 Cubic

a Estimated deviation.

33470 | RSC Adv., 2017, 7, 33467–33476
sodium yttrium uoride shows tensile strain however its
hexagonal analogue shows compressive strain. Compressive
strain is typically observed for smaller crystallite sizes.50
3.3 Structural characterizations by scanning electron
microscope

To investigate the morphology of the nanoparticles, SEM
images are analyzed in detail. Fig. 3a shows the SEM images of
CeF3:Tb

3+ doped nanocrystals showing nanoparticles with
hexagon-like disc shape, whilst for LaF3:Dy

3+ (P2) shows cube
like morphology (Fig. S2a† inset). A clear change in morphology
is observed for NaGdF4:Eu

3+ (P7) doped nanocrystals (Fig. 3b).
Though the majority of the nanocrystals look spherical, some
bunches of cylindrical shape nanostructures are noticed
(Fig. 3b). A similar observation is made for NaDyF4 (P9) nano-
crystals (Fig. 3c). PXRD analyses show that for both NaGdF4:-
Eu3+ and NaDyF4 the hexagonal modication is the majority
phase and the cubic the minority. For NaYF4 nanocrystals
doped with Eu3+ ions, spherical nanoparticles are obtained
(Fig. 3d). Though the crystal phase is same as that of NaYF4 and
ionic radius of Eu3+ is comparable with Y3+, NaErF4:Yb

3+ (P10)
shows almost monodisperse, oval shaped particles with
a higher crystallinity and higher particle size (16.56 nm) which
nicely matches with the crystallite size obtained from the
Scherrer equation (Fig. 3e). Interestingly, some cubes can be
noticed among the oval shaped nanoparticles (Fig. 3e). A similar
observation can be made for the NaYbF4:Er

3+ (P11) nano-
particles (Fig. 3f) though particle size is little bigger.
3.4 Structural characterizations by transmission electron
microscope

To understand the morphology evolution from its atomistic
origin, TEM images are analyzed in detail. 10 representative
examples, LaF3:Dy

3+ (P2); CeF3:Tb
3+ (P4); NdF3 (P5); NaSmF4

(P6); NaGdF4:Eu
3+ (P7); NaTbF4:Ce

3+ (P8); NaDyF4 (P9);
NaYF4:Eu

3+ (P1); NaErF4:Yb
3+ (P10) and NaYbF4:Er

3+ (P11) are
taken from the three classes of uoride materials made based
on the ionic radius/size of the RE3+ ion.

From Fig. 4a and b, it is noticed that hexagonal benzene like
particles were found which have narrow range of aspect ratio
rials prepared by a solvothermal method using [C2mim]Br IL at 200 �C

Average strain (�5.0%) Crystallite size (nm)a Lattice strain

�8.1 11.83(�0.2) Compressive
�3.11 17.31(�0.2) Compressive
�2.01 12.3(�0.3) Compressive
�1.245 19.68(�0.2) Compressive
�2.17 20.99(�0.2) Compressive
�1.87 23.09(�0.2) Compressive
�0.73 21.8(�0.2) Compressive
+0.89 21.2(�0.2) Tensile
+0.19 15.99(�0.3) Tensile
+0.7 22.5(�0.2) Tensile

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Scanning electron microscope (SEM) images of (a) CeF3:Tb
3+ (b) NaGdF4:Eu

3+ (c) NaDyF4 (d) NaYF4:Eu
3+ (e) NaErF4:Yb

3+ and (f)
NaYbF4:Er

3+ nanoparticles prepared solvothermally in the presence of [C2mim]Br at 200 �C.
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(ca. 1.15 to 2.4). Most of the particles are isotropic (length of
diagonal is same) in size. Small size particles are usually
spherical whereas well matured particles have attended the
highly regular hexagonal like shape. From HRTEM images, it
can be seen that the growth of these particles are predominantly
occurring along the (111) plane (as shown in Fig. 5a and b). And
the spacing between the planes is 0.325 nm for the CeF3. So it
can be inferred that the [C2mim]+ ion can serve as a capping
agent based on the strong interaction with the (111) facets
which favour the directional growth of the hexagonal phase. As
the most exposed facets of the CeF3:Tb

3+ nanorods are (111)
planes, the energy difference between them is minimal, facili-
tating the oriented attachment via twin boundaries which is
noticed in the encircled area of Fig. 5b.54,55

The shape of the particles was also conrmed through the
SAED images of LaF3 and CeF3, where single crystalline hexag-
onal diffraction patterns were observed (Fig. S5a and b†). Bright
diffracting planes are belonging to (111), (112), (113), (300),
(311) and (111), (112), (113), (222) planes of the LaF3 and CeF3
respectively. Thus, it is evidently conrmed that (111) plane is
the dominating plane for both LaF3 and CeF3 nanoparticles
(shown in Fig. S5a and b†). Furthermore, a0 b0 and b0 c0 planes
are equally spaced (3.16 nm�1) and edge length of the drawn
benzene like shape is 5.51 nm�1 in CeF3:Tb

3+ single crystal (see
Fig. S5b†). However, in the case of NdF3 signicant changes in
the shape were noticed (Fig. 4c). Here mixed (hexagonal,
spherical and few tubular) morphology is found with wide range
of particle size. Aspect ratio (1.020–8.55) of these particles is
abruptly increased than the LaF3 and CeF3 nanoparticles.
This journal is © The Royal Society of Chemistry 2017
Analysis reveals that regularity of hexagonal structure is grad-
ually decreased from La to Nd. This is attributed to the
contraction of crystal lattice volume of binary rare earth uo-
rides with decreasing the ionic radius of RE3+ ions. Conse-
quently, anisotropic growth of the nanoparticle would be
occurred in distorted hexagonal/trigonal unit cell. Therefore
regularity of hexagonal disc is gradually being transformed to
distorted hexagonal form.

However, in ternary hexagonal NaREF4 (Sm to Tb), shape of
the particles is drastically changed into irregular, branched-
tubular shape with higher aspect ratio (ca. 1.14–9.8) that is
much higher than the previous binary uorides i.e. NdF3 (as
shown in Fig. 4c and d). As can be seen from the TEM images,
dispersibility of these particles is gradually decreasing from
NaSmF4 to NaTbF4:Ce

3+. In the case of NaSmF4 obtained
nanoparticles are highly dispersed whereas in the case of
NaTbF4 particles are agglomerated. Here, (101) plane is highly
exposed plane with spacing of 0.298 nm for the hexagonal
NaGdF4:Eu

3+ nanoparticles (see Fig. 5c). From low magnica-
tion TEM images, it can be prominently seen that the however,
in HRTEM image of the NaDyF4, both (111) [cubic] and (101)
[hexagonal] planes are appearing (Fig. 5d). The calculated
spacing (0.315 nm) between the lattice fringes is belonging to
the (111) plane of the cubic NaDyF4 nanoparticles. SAED image
of the same sample indicates that it is polycrystalline in nature
and diffracting planes correspond to the (112), (300) and (311)
planes (see in Fig. S5c and d†). In present cases, distribution of
sodium and RE3+ is completely different than that of binary rare
earth uorides. Hexagonal unit cell of ternary rare-earth
RSC Adv., 2017, 7, 33467–33476 | 33471
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Fig. 4 Low magnification TEM images of LaF3:Dy
3+, CeF3:Tb

3+, NdF3 (a–c) NaSmF4, NaGdF4:Eu
3+, NaTbF4:Ce

3+ (d–f) and NaYF4:Eu
3+,

NaErF4:Yb
3+, NaYbF4:Er

3+ (g–i) nanocrystals prepared solvothermally at 200 �C.
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uorides are contracting gradually due to contraction of inter-
atomic bond length and causes anisotropic growth leading to
the formation of tubular structure. Furthermore, on moving
from Sm to Tb, dispersibility of tubular nanoparticles is also
decreasing (as shown in Fig. 4d–f), which is attributed to the
increased surface energy. In period, charge density (e/r) gradu-
ally increases with decreasing the ionic radius of RE3+. Conse-
quently, surface energy increases and agglomeration of
particles is taken place. On the other hand, mixed phase is
obtained in NaDyF4. Since cubic phase is appearing along with
hexagonal phase so irregular spherical as well as tubular both
types morphology are obtained (Fig. S3†). In other words, it can
be said that Dy3+ is the conduit ion between hexagonal and
cubic phase of ternary rare earth uorides.

In the case of small size RE3+ ions (1.075–1.042 Å), nicely
dispersed, relatively more spherical-shaped nanoparticles are
obtained (Fig. 4g–i). This group of RE3+ ions forms cubic ternary
rare-earth uoride nanoparticles under the similar experi-
mental conditions. Signicant changes are noticed in the shape
of the cubic phase NaYF4 to NaYbF4 nanoparticles. Aspect ratio
of these particles is gradually decreasing to the unity and the
shape is getting increasingly spherical. It was further conrmed
from the HRTEM images, that in NaErF4:Yb

3+ major planes are
(111) and (200), while (111) is the only dominating plane in case
33472 | RSC Adv., 2017, 7, 33467–33476
of NaYbF4:Er
3+ (see Fig. 5e and f). Besides this, dispersity of the

nanoparticles is also increasing along with shape from NaYF4 to
NaYbF4. From the diffraction patterns, it is evident that as-
prepared nanoparticles are polycrystalline and planes can be
assigned to (222), (422), (400) and (311), (222), (331) for
NaErF4:Yb

3+ and NaYbF4:Er
3+ nanoparticles respectively

(Fig. S5e and f†).
In cubic phase all lattice parameters (a ¼ b ¼ c) of the unit

cell are same. So the growth of the as-prepared nanoparticles
would be isotropic. Promptness of spherical shape is dependent
on the isotropic nature of cubic phase. For example, relatively
large ion is forming irregular spherical nanoparticles (for
example NaYF4) while more spherical nanoparticles are found
in NaErF4:Yb and NaYbF4:Er. And the average size of nano-
particles are ca. 55.3 nm, 104.95 nm and 151.63 nm for
NaYF4:Eu, NaErF4:Yb and NaYbF4:Er respectively. From
Fig. S4,† in histogram it can be nicely seen that size distribution
of the particles are very much comparable to the calculated
average size of the nanoparticles. Moreover, narrow range of
size distribution is observed for the NaYF4:Eu nanoparticles
whereas wide range of size distribution is occurred in case of
NaYbF4:Er (Fig. S4†). Thus from TEM images it can be said that
isotropic nature of cubic phase is increasing with decreasing the
ionic radius of RE3+ ions in period. Thus from all observations it
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 HRTEM images of LaF3:Dy
3+, CeF3:Tb

3+ (a and b) NaGdF4:Eu
3+, NaDyF4 (c and d) and NaErF4:Yb

3+, NaYbF4:Er
3+ (e and f) nanocrystals

prepared solvothermally at 200 �C.
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can be inferred that RE3+ ions in period not only governs the
phase and type of products but also controlled morphology of
the as-obtained products under similar reaction conditions
(Fig. 6).
3.5 Optical characterizations

Fig. 7 and S7† depicts the photoluminescence (PL) spectra of
eight representative compounds, cubic NaYF4:Eu

3+ (P1),
Fig. 6 Schematic presentation of trend of morphology evolution of bin

This journal is © The Royal Society of Chemistry 2017
hexagonal NaGdF4:Eu
3+ (P7), hexagonal CeF3 (P3), CeF3:Tb

3+

(P4), LaF3:Dy
3+ (P2), NaSmF4 (P6), NaTbF4:Ce (P8) and NaDyF4

(P9) respectively. Fig. 7a shows the excitation spectra of 1 mol%
Eu3+ doped NaGdF4 nanocrystals measured at room tempera-
ture, monitoring the 5D0–

7F2 electric dipole transition of the
Eu3+ ion at 615 nm. Narrow transition lines of Gd3+ at 272 nm
(8S7/2–

6IJ) and 310 nm (8S7/2–
6PJ) along the characteristic ones of

Eu3+ especially at 393 nm appear. Fig. 7b shows the PL spectrum
of hexagonal NaGdF4:Eu

3+ nanocrystals obtained upon 393 nm
ary/ternary rare-earth fluorides along the period of lanthanide series.

RSC Adv., 2017, 7, 33467–33476 | 33473
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Fig. 7 (a) Excitation spectrum of NaGdF4:Eu
3+ nanocrystals (lem¼ 615

nm); (b) emission spectra of NaGdF4:Eu
3+; and (c) NaYF4:Eu

3+ nano-
crystals measured upon excitation at 393 nm (d) CeF3; as well as
CeF3:Tb

3+ nanocrystals measured upon excitation at 270 nm.
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excitation. It shows the electric dipole transition arises due to
5D0–

7F2 at 615 nm which is stronger than the magnetic dipole
transitions arise at 591 nm. The asymmetry parameter (U2)
using Judd–Ofelt theory was calculated for better understanding
[for details see ESI†].56,57 Calculated U2 value for the above
mentioned sample is 11.6 � 10�20 cm2. When Eu3+ ions doped
in cubic NaYF4 under excitation at 393 nm, the magnetic dipole
transition shows stronger emission than the electric dipole
transition. This indicates that Eu3+ ion is staying in more
symmetric environment compared to the hexagonal NaGdF4:-
Eu3+ sample. This is further conrmed by the lower asymmetry
parameter U2 value of 3.75 � 10�20 cm2 for cubic Eu3+ ion
doped NaYF4 nanoparticles. Thus the Eu3+ ion can be used as
a spectroscopic probe to monitor phase transition. Another
important point which is observed is the presence of the tran-
sitions from higher energy levels like 5D1,

5D2,
5D3 etc. in both

the cubic NaYF4 and hexagonal NaGdF4 doped with Eu3+. This
hints that these materials can be useful for quantum cutting
down conversion purposes which has potential use in energy
saving lighting devoid of mercury.14,50 Fig. S7a† shows the
emission spectrum of LaF3:Dy

3+ (1%) under 348 nm excitation.
The emission peaks appear at 475 nm and 571 nm and are
assigned to 4F9/2–

6H15/2 and
4F9/2–

6H13/2 transitions respectively.
When NaDyF4 nanoparticles are excited under 348 nm excita-
tion, emission peak at 469 nm appears which is due to 4F9/
2–

6H15/2 transition (Fig. S7d†). In the case of NaSmF4, very weak
emission at 600 nm is found on exciting the nanoparticles
under 365 nm. This transition corresponds to 4G5/2–

6H7/2 of
NaSmF4 (as shown in Fig. S7b†).

Fig. 7d shows the emission spectra of CeF3 and CeF3:Tb
3+

nanocrystals dispersed in dimethyl sulphoxide (DMSO) solution
and excited into the 4f–5d absorption band of Ce3+. A broad
emission band ranging from 300 nm to 400 nm with
a maximum of 330 nm is observed for CeF3. Parity allowed
transition of the lowest component of the 2D state to the spin–
orbit components of the ground state 2F5/2,7/2 of Ce

3+ ion is the
33474 | RSC Adv., 2017, 7, 33467–33476
cause of the origin of this particular emission band. A strong
excitation peak near 270 nm monitored with the emission
wavelength of 330 nm corresponds to the transitions from the
ground state 2F5/2 of Ce3+ to the different components of the
excited Ce3+ 5d states (Fig. S6†).58 During the excitation of
CeF3:Tb

3+ sample (Fig. 7d) a signicant decrease in PL inten-
sities of Ce3+ ion occurs and the appearance of new peaks at 490,
545 and 586 happens. Appearance of these new peaks is due to
the transitions of 5D4–

7F6,5,4 for Tb3+ ion. Here, Ce3+ ions are
excited rst and then energy transfer took place from Ce3+ to
Tb3+ ions which non-radiatively decay to the 5D4 excited level of
Tb3+ ions. Finally radiative decay happens from this level to the
various underlying levels of 5FJ¼0–6 of Tb

3+ ions. Incidentally the
energy levels of Tb3+ ions are suitable for an energy transfer
taking place from the Ce3+ ion upon excitation with an UV
source. When CeF3:Tb

3+ powder samples are irradiated with UV
light, an intense green colour emission which is due to the
magnetic dipole transition (5D4–

7F5) with DJ ¼ �1 of at 545 nm
which can be observed with the bare eye (inset of Fig. 7d). The
energy transfer efficiency (hET) from donor (Ce3+) to acceptor
(Tb3+) is calculated using the equation hET¼ 1� Id/Id0, where Id0
and Id are the luminescence emission intensities of donor in the
absence and presence of acceptor (Tb3+) respectively. 40.80%
energy transfer efficiency (hET) is obtained in DMSO solution.
However similar kind of energy transfer from Ce3+ to Tb3+

occurs in case of NaTbF4:Ce
3+ (P8) nanocrystal and presented in

Fig. S7c.†

4. Conclusions

In summary, we have succeeded in preparing phase and
morphology controlled RE3+ doped binary (LnF3) and ternary
rare-earth uoride (NaREF4) using an IL-based solvothermal
method. Crystal phase, lattice strain, morphology and most
importantly nature of uorides (binary/ternary) are tuned by
judiciously selecting the size of the RE3+ ion, keeping the other
reaction parameters same. To the best of our knowledge, the
phase and morphology tuning on the basis of ionic radius/size
of the chosen RE3+ ion are not reported yet. When size of the
RE3+ ions are small like for Y3+ ions or for Er3+ and Yb3+, the
reaction rate is quite faster and kinetically controlled cubic
polymorph of NaREF4 (RE ¼ Y3+, Er3+ and Yb3+) with spherical
morphology is obtained. A drastic change in morphology as well
as crystal phase is noticed for NaREF4 with RE ¼ Sm3+, Eu3+,
Tb3+, Gd3+. Here the sizes of the RE3+ ions are in intermediate
size and the formation of the thermodynamically stable
hexagonal phase occurs. When the same reaction technique is
attempted for La3+, Ce3+ and Nd3+, instead of the ternary uo-
ride, hexagon-shaped particles of the binary uoride are ob-
tained. This is due to the quite larger size of the RE3+ ion which
plays a pivotal role in kinetics. HRTEM analysis shows that the
[C2mim]+ cation attaches to the (111) plane and favor the
directional growth of the hexagonal phase LnF3. Analysis reveals
that lattice strain can be crystal phase dependent. Both the
trigonal binary and hexagonal ternary uoride shows
compressive strain whereas cubic ternary uoride shows tensile
strain. Strong emission peaks, higher energy transition of Eu3+
This journal is © The Royal Society of Chemistry 2017
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ion for NaYF4:Eu
3+ and NaGdF4:Eu

3+ ion and efficient energy
transfer from Ce3+ to Tb3+ shows promises in different opto-
electronic applications of prepared lanthanide dopedmaterials.
Last but not the least, this methodology based on the ionic
radius or size of the ions can be applied for any other series of
uorides in the periodic table.
Acknowledgements

RKS, YNC and PG would like to acknowledge support from the
Science and Engineering Research Board (Start-Up Research
Grant for Young Scientist) and UGC Start Up Grant for nancial
support. RKS acknowledge Dr H. S. Gour University for nancial
support through a graduate fellowship. AVM acknowledges
support from DOE as this work was in part be supported by the
Critical Materials Institute. Authors acknowledge the support
from Sophisticated Instrumentation Centre (SIC) of Dr H. S.
Gour University for SEM and TEM measurements.
Notes and references

1 F. Wang and X. Liu, Chem. Soc. Rev., 2009, 38, 976.
2 J.-C. Bünzli, Chem. Rev., 2010, 110, 2729.
3 C. Bouzigues, T. Gacoin and A. Alexandrou, ACS Nano, 2011,
11, 8488.

4 G. Chen, T. Y. Ohulchanskyy, S. Liu, W.-C. Law, F. Wu,
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