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Building block magneto-luminescent nanomaterials
of iron-oxide/ZnS@LaF3:Ce3+,Gd3+,Tb3+ with green
emission†

Navadeep Shrivastava,ab L. U. Khan,b Z. U. Khan,c J. M. Vargas,d

O. Moscoso-Londoño,e Carlos Ospina,f H. F. Brito,b Yasir Javed,g

M. C. F. C. Felinto,h A. S. Menezes,a Marcelo Knobelef and S. K. Sharma*a

The preparation of novel triply-doped bifunctional Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5, 10

and 15 mol%) nanocomposites with efficient optical and magnetic features has been reported. The ZnS

semiconductor functionalized Fe3O4 particles were coated with LaF3:RE3+ materials via a chitosan-

assisted co-precipitation method. The size of iron oxide B7.2 nm and trigonal structures of bifunctional

nanostructures were confirmed through X-ray diffraction and high-resolution transmission electron

microscopy. The static magnetic measurements supported and manifested the superparamagnetic behavior of

the materials at 300 K. A broad emission band was observed in the blue region (400–550 nm) due to the

sulphur vacancy on the surface of the Fe3O4/ZnS nanocomposite. For a triply doped bifunctional nano-

structure, the excitation spectra revealed broad absorption bands centered at around 270 nm, which

were attributed to the 4f(7F7/2) - 5d interconfigurational transition of the Ce3+ ion accompanied by narrow

absorption lines arising from the 4f–4f intraconfigurational transitions of the Tb3+ ion. The emission spectra

of the nanocomposites showed characteristic narrow emission lines assigned to the 5D4 - 7FJ transitions

(J = 6–0) of the Tb3+ ion. The energy transfer process from the Ce3+ - Gd3+ - Tb3+ ions has also been

presented and discussed. Furthermore, the structural, photoluminescence and magnetic properties of

Fe3O4/ZnS@LaF3:RE3+ suggested that it may be an efficient candidate for magnetic light-converting mole-

cular devices (MLMCDs) and high energy radiation detection.

1 Introduction

During the last decade, the design and engineering of bifunc-
tional nanosized materials by co-assembling magnetic and
photonic features into a single entity nanostructure have gained

remarkable attention due to their promising applications in
optoelectronics and scintillation of ionizing radiations.1–5 These
nanomaterials are also widely used as multifunctional biomarkers
in various biomedical applications such as in vitro and in vivo
labeling,6,7 quantitative DNA analyses,8 bioimaging,9 and
magnetic hyperthermia for cancer therapy.10,11 Therefore,
various approaches have been reported to design efficient
multifunctional nanomaterials. Usually, the preparation methods
of these bifunctional nanostructures include coating or layer-by-
layer deposition of rare earth (RE) phosphors or quantum dots
on magnetic core nanoparticles12–14 and polymer-assisted encap-
sulation of magnetic nanoparticles with luminophores in single
nanostructures.15 Functionalization of Fe3O4 with fluorescent
dyes or luminescent d-transition metal complexes is another
method for the synthesis of bifunctional nanomaterials.2,16,17

Among the iron oxide nanostructures, magnetite exhibits
long-range ordering of magnetic moment, high surface-to-volume
ratio and low toxicity as compared to its parent bulk counterpart.
However, the bare Fe3O4 nanoparticles are highly vulnerable to
self-aggregation and an air atmosphere causes their partial oxida-
tion to maghemite (g-Fe2O3).18,19 Usually, iron oxide is a strong
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luminescence quencher. This phenomenon occurs via an energy
transfer process; when a luminescent center (e.g., RE3+ ion) comes
into contact directly or in proximity with the magnetic metal oxide
surface (Fe3O4).15,20 In order to overcome this drawback, the
intermediate layers, spacers or energy barriers are usually intro-
duced in between the iron oxide nanoparticles and luminophores.
Therefore, iron oxide nanoparticles can be coated with organic
macrocycles, polymers, silica or semiconductors before introducing
the luminophores to prepare such bifunctional nanomaterials. It
helps to retain their magnetic and luminescence features in the
same nanoentity. The magnetic properties of these bifunctional
nanomaterials originate directly from the iron oxide NPs in combi-
nation with the magnetic moments of the RE3+ ions.

Zinc sulfide (ZnS) is an important semiconductor and a
classical scintillating material with remarkable physical and
chemical properties. The great advantages of the ZnS material
are: large energy band gap (3.72 eV), considerable excitonic
binding energy (40 meV), fluorescence property, environmentally-
friendly nature, relatively low price and simple synthesis
procedure.21 Therefore, ZnS is a suitable luminophore to
synthesize highly-photostable fluorescent and magnetic
Fe3O4/ZnS nanomaterials.21–23 Besides, this nanocomposite
structure may act as an energy barrier or a separator between
the Fe3O4 magnetic nanoparticles and RE3+ luminophores to
lower luminescence quenching phenomena although being a
composite material. In this system, Fe3O4 acts as a semi-metal
with a small band gap and can be expected to quench the
luminescence of the ZnS due to the leakage path provided by
magnetite to excited electrons.24 This may protect the direct
contact of magnetite with rare earth luminophores and lower
the quenching due to the interaction between iron oxide and
LaF3:RE3+ luminophores. The Fe3O4/ZnS nanocomposite does
not affect the magnetic characteristics so much. Thus the
magneto-luminescence characteristics of the Fe3O4/ZnS nano-
composite can be manipulated under an external magnetic field.

The luminescent RE3+ nanomaterials present remarkable
optical characteristics by exhibiting narrow emission bands
from the visible to near infrared range with relatively long
lifetimes and high quantum yields.25–27 The photolumines-
cence properties of the RE3+ ions originate mainly due to the
4f energy-level structures, which are negligibly affected by the
chemical environment due to the effective shielding of the 4f
electrons by the externally filled 5s and 5p sub-shells.25,28,29

Therefore, the absorption and emission spectra of the 4f
intraconfigurational transitions of the RE3+ ions retain more
or less their atomic character and show narrow absorption and
emission bands.2,30 The optical energy transfer mechanism
depends strongly on the selection of a host lattice. For example,
LaF3 is considered as an ideal diamagnetic host matrix for the
exploitation of electronic transitions and the magnetic con-
tribution of dopant RE3+ ions,31 the reason being the size
compatibility with the other trivalent rare earth ions following
the Vegard law. This rule establishes a limit of around 15% of
the size of RE3+ to obtain complete solid solubility between the
dopant and the host ion.28,32,33 The LaF3 matrix allows a high
ionic character of the RE3+ and the F� bond leading to a wide

band gap, low vibration energies (o350 cm�1), minimal quench-
ing of the electron–hole (e–h) and better chemical stability.
These properties make it a versatile host matrix.4,28,34 The very
low vibration energy of the host matrix is an important factor as
it protects the dopant ions from deactivation sources through
nonradiative decays. This leads towards high emission quantum
efficiency. The dopant RE3+ ions are selectively chosen to achieve
efficient intramolecular energy transfer from sensitizers to the
activator ions. These are primary criteria to obtain a highly
luminescent nanomaterial.

One of the most intense emitting RE3+ ions is Tb3+ with many
distinct advantages.35,36 It is paramagnetic at room temperature,37

ultrasensitive (in vivo and in vitro), highly luminescent and
monochromatic. The narrow emission bands of Tb3+ ion arising
from 4f–4f transitions are independent of the chemical environ-
ment. On the other hand, the Ce3+ ion presents f–d inter-
configurational transition (4f–5d) and can be used as a sensitizer
in combination with the Tb3+ activator, since it provides an easy
indirect energy transfer pathway from Ce3+ to Tb3+ ions.36,38

There are few reports that show the use of the Ce3+ ion as a
sensitizer in X-ray luminescence and also its potential applica-
tion in high-energy radiation detection even in an aqueous
medium, where it is soluble.38,39 The coexistence of the para-
magnetic Gd3+ (4f7) with Tb3+ and Ce3+ ions, having a large
energy gap (32 000 cm�1) between the 8S7/2 and first-excited 6P7/2

energy level, supports the efficient energy transfer mechanism
from Ce3+ to Tb3+ ions in the LaF3 host matrix in a cascaded way.
The Gd3+ ion has another unique characteristic. It is sensitive to
neutron flux in the radiation detection mechanism with the
highest stable neutron cross section.38,40

In this work, the preparation, structural and morphological
characterization as well as photoluminescence and magnetic
properties of the (i) Fe3O4/ZnS and (ii) bifunctional inorganic
Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5, 10 and 15 mol%)
nanomaterials have been reported. The DC magnetic properties
(M–H and ZFC/FC curves) were studied in order to analyze the
magnetic information over the final structure of the bifunctional
nanocomposite. Moreover, the photoluminescence properties
based on the excitation/emission spectral data and luminescence
decay curves are also investigated and discussed in detail. The
Fe3O4/ZnS together with the RE3+ ion doped LaF3 luminescent
materials makes the multistep synthesized nanocomposite applic-
able in downshift processes e.g., in high energy radiation detec-
tion as well as in magnetic light-converting molecular devices.

2 Experimental section
2.1. Synthesis

The commercially available chemical reagents were used
without further purification. FeCl2�4H2O, NH3�H2O and oleic
acid were purchased from Synth and Zn(O2CCH3)2(H2O)2 from
Alfa Aesar. NaOH, NH4F, hydrochloric acid and nitric acid
were obtained from VETEC. Thioacetamide was purchased from
Merck and cetyltrimethylammonium bromide (CTAB) from
Sigma-Aldrich. LaCl3�6H2O, GdCl3�6H2O, TbCl3�6H2O and
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Ce(NO3)3�6H2O were synthesized from their respective oxide
sources i.e. La2O3, Gd2O3, Tb4O7 and CeO2 (99.99%) obtained
from Rodhia.

Fe3O4 nanoparticles. The hydrothermal method was used
to prepare oleic acid coated magnetic core nanoparticles,
according to previous reports published elsewhere.12,41 3.0 g
(75 mmol) of NaOH and 30.0 g (95.4 mmol) of oleic acid
(90 wt%) were mixed in 40.0 mL of ethanol and stirred at room
temperature till the formation of a white viscous solution. Further-
more, a dark brown color suspension appeared immediately
after pouring 60 mL of an aqueous solution of FeCl2�4H2O
(0.1 mol L�1) into the above solution. This solution was
vigorously stirred for 30 minutes and a brown precipitate was
formed. Then, the reaction mixture was transferred into a
150 mL autoclave. It was sealed and heated at 180 1C for
10 h. After that the system was allowed to cool to room
temperature. The product was collected at the bottom of the
vessel and washed first with n-butanol and then with water and
ethanol. The washed material was dried under reduced pressure
in a vacuum desiccator.

Fe3O4/ZnS nanoparticles. In a typical procedure,42 0.3 g
(1.29 mmol) of as-prepared Fe3O4 particles were dispersed in
100 mL n-propanol by adding a solution of 0.44 g (2.0 mmol) of
Zn(O2CCH3)2(H2O)2 in 60 mL n-propanol. This reaction mixture
was stirred at room temperature for 24 h. Thereafter, 60 mL of
0.2 g (2.66 mmol) thioacetamide in Milli-Q water was added
dropwise to the above solution. Simultaneously, the resulting
solution was heated at 65 1C under vigorous stirring for 5 h.
Then, the reaction mixture was cooled to room temperature
and gently stirred overnight. The solid product was collected by
a magnetic separation method and washed five times with
water and ethanol to remove the excess ZnS nanoparticles.
Finally, it was dried under reduced pressure for 12 h and stored
in a vacuum desiccator.

Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ nanocomposites. The
optical and magnetic Fe3O4/ZnS@LaF3:xCe3+,xGd3+, yTb3+

(x = 5; y = 5, 10 and 15 mol%) nanomaterials were prepared
by the chitosan-assisted coprecipitation method through a
general procedure using a specific amount of Fe3O4/ZnS nano-
particles and stoichiometric amounts of LaCl3�6H2O, Ce(NO3)3�
6H2O, GdCl3�6H2O and TbCl3�6H2O precursors.43 In this
procedure, 0.1 g of Fe3O4/ZnS nanoparticles was dispersed in
20 mL of Milli-Q water through ultrasonication. Furthermore, a
4 mL (0.1 mol L�1) aqueous solution of cetyltrimethylammonium
bromide (CTAB) was added to the above mixture and stirred for
1 h to obtain an Fe3O4/ZnS@CTAB dispersion (solution A). There-
after, 0.4876 g (1.3792 mmol) LaCl3�6H2O, 0.0302 g (0.0812 mmol)
GdCl3�6H2O, 0.0352 g (0.0812 mmol) Ce(NO3)3�6H2O and 0.0303 g
(0.0812 mmol) TbCl3�6H2O were dissolved together in a 25 mL
solution of 0.2 g chitosan in acetic acid/Milli-Q water (5 v/v%)
in a three-necked round-bottomed flask under magnetic stirring.
The pH of the solution was adjusted to 7 by dropwise addition of
NH3�H2O (28% v/v) (solution B). 20 mL of aqueous dispersion
of Fe3O4/ZnS@CTAB (solution A) was directly added to solution B
and stirred under a continuous N2 atmosphere. 15 mL of aqueous
NH4F solution [0.1802 g; 4.86 mmol] was injected slowly to the

reaction mixture. Finally, it was heated under refluxing conditions
for 3 h under continuous N2 flow. The brown color suspension
was cooled to room temperature, and the solid sample was
separated from the aqueous suspension using magnetic separa-
tion. The collected solid material was washed with Milli-Q water
and methanol. The brown Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+

(x = y = 5 mol%) was dried in a vacuum desiccator and heated
in an oven at 80 1C. The other two bifunctional nanomaterials
with RE3+ concentrations of x = 5; y = 10 and 15 mol% were also
prepared by the same procedure by changing the stoichiometric
values. The products were found to be water dispersible.

The general synthesis route for the green-emitting magnetic
Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ nanocomposite is presented
in Fig. 1.

2.2. Characterization

The phase structures of the nanocomposites were evaluated
on Bruker’s D8 Advance diffractometer operating with Cu Ka1

radiation at a wavelength of 0.15405 nm in the range of 101 r
2y r 901 (angle). The samples were analyzed by Transmission
Electron Microscopy (TEM) and Energy-Dispersive X-ray Spectro-
scopy (EDS) using the JEM-2100F and the Titan Cubed Themis 300
microscopes, respectively, of the Electron Microscopy Laboratory
(LME) at the Brazilian Nanotechnology National Laboratory
(LNNano). The samples were prepared by dispersing the dry
powders of the Fe3O4 nanoparticles in toluene, Fe3O4/ZnS in
isopropyl alcohol and the Fe3O4/ZnS@LaF3:RE3+ nanocomposite
in distilled water through 15 min of ultrasonication. The dispersion
of each sample was deposited dropwise on the 400 mesh copper
grids with an ultrathin carbon film of lacey carbon and dried in an
open atmosphere. High-resolution TEM images, scan mode images
and EDS techniques were applied in this analysis.

The excitation and emission spectra of the Fe3O4/ZnS
and Fe3O4/ZnS@LaF3:xCe3+,xGd3+, yTb3+ nanomaterials were
recorded using a SPEX FL212 Fluorolog-2 spectrofluorometer
using a 450 W Xenon lamp as an excitation source and two
0.22 m double-grating SPEX 1680 monochromators for disper-
sing the radiation. Luminescence decay curves of the Tb3+

doped nanomaterials were measured using the SPEX 1934D
phosphorimeter accessories attached to the 150 W pulsed xenon
lamps. All spectra were recorded for the dried powder samples and
automatically corrected for the instrumental and photomultiplier
(PMT) response. The entire luminescence setup was fully controlled
using a DM3000F spectroscopic computer program.

DC magnetic studies were carried out using a MPMS XL
Quantum Design SQUID magnetometer with a field range
of �2 T and at a temperature from 5 K to 300 K. The magnetic
properties of all the samples were evaluated by the hysteresis

Fig. 1 Synthesis scheme for the Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+

(x = 5; y = 5, 10 and 15 mol%) bifunctional green-emitting magnetic
nanocomposite.
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loop (magnetization as a function of the applied field) at 5 and
300 K as well as Zero Field Cooling/Field Cooling (ZFC/FC)
measurements. For ZFC/FC measurements, the sample was
first cooled down from 300 K to 5 K in a zero magnetic field,
then a static magnetic field of 50 Oe was applied and the
magnetization was measured increasing the temperature up to
room temperature (300 K). Subsequently, the sample was
cooled down to 5 K under the same applied magnetic field
(50 Oe), and the magnetization was measured while warming
up the samples from 5 K to 300 K.

3 Results and discussion
3.1. Morphological and structural analyses

Powder x-ray diffraction (PXRD) patterns of Fe3O4, Fe3O4/ZnS
and Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5, 10 and
15 mol%) nanocomposites have been presented in Fig. 2. The
average crystallite size was found to be 7.2 nm for Fe3O4 NPs
showing the cubic structure of magnetite (iron(II/III) oxide, Fe3O4),
corresponding to the reported reference pattern (ICDD PDF No.
19-0629).39 The PXRD pattern (Fig. 2b) of the Fe3O4/ZnS nano-
composite was matched with the reference pattern ICDD PDF
No. 12-0688 of the wurtzite ZnS hexagonal structure along with
the minor peaks of Fe3O4 revealing the composite structure. All
the diffraction patterns of Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+

nanocomposites with concentration x = 5; y = 5, 10 and 15 mol%
have been shown in Fig. 2c–e respectively. These diffraction
peaks were indexed and matched with the reference pattern
ICDD PDF No. 32-0483.

It suggested a trigonal structure (space group P%3c1, group
number 165) for LaF3 with small shifting, vis-à-vis the existence
of peaks of Fe3O4 and Fe3O4/ZnS nanosystems. The relative
intensities of the PXRD peaks of LaF3:xCe3+,xGd3+,yTb3+ were
found to be much stronger and dominant in comparison to
those of the Fe3O4 and Fe3O4/ZnS nanostructures. Furthermore,
it was observed that an increase in the molar concentration of

Tb3+ ion in the LaF3 matrix resulted in a minor change in the
profile of the diffraction peaks.

The high-resolution TEM (HR-TEM) image of the iron oxide
NPs showed a majority of small particles (Fig. 3a, left) with their
size between 6 nm and 8 nm of a spherical faceted shape. The
inverse spinel structure of Fe3O4 has been confirmed from
the fast Fourier transform (FFT) analysis, indexed along the
[211] zone axis (ZA) (Fig. 3a, right).

Furthermore, the existence of aggregated particles with an
average size of 30 nm was observed for the Fe3O4/ZnS material
(Fig. 3b, left). These particles showed spherical faceted poly-
hedral shapes and mass–thickness contrast. The Fe3O4/ZnS
samples presented a mixture of the Fe3O4 cubic and the ZnS
hexagonal structures showing d-spacings of (100) and (002) planes
of the ZnS (highlighted in red) and the (113) plane of the inverse
spinel Fe3O4 structure, in yellow (Fig. 3b right), corroborating
through the PXRD pattern. The microstructure of Fe3O4/
ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x and y = 5 mol%) nanoparticles
was studied by HR-TEM (Fig. 3c, left), showing the presence of
Fe3O4 (cubic), ZnS (hexagonal) and LaF3 (trigonal structure).

Fig. 2 PXRD patterns of Fe3O4 (a), Fe3O4/ZnS (b), Fe3O4/ZnS@LaF3:xCe3+,
xGd3+,yTb3+ (x = 5; y = 5, 10, 15 mol%) (c–e).

Fig. 3 HR-TEM images of inverse spinel Fe3O4 (a), hexagonal Fe3O4/ZnS
(b), trigonal Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x and y = 5 mol%) (c)
samples, obtained using the JEM-2100F microscope. The regions of the
images analyzed using fast Fourier transform (FFT) are highlighted.
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The Fast Fourier Transform (FFT) analysis showed the LaF3

structure near the [102] = [2�1�16] zone axis, as well as the
presence of the (002) and (100) planes, which corresponds to
Fe3O4 and ZnS structures, respectively (Fig. 3c, right). The
crystalline properties of all bifunctional nanocomposites
indicated dimer-like particles and are closer to the polycrystalline-
like structure.

High-angle annular dark-field (HAADF) and energy disper-
sive X-ray spectroscopy (EDS) analyses for elemental mapping
(Fig. 4 and Fig. S1 of ESI†) illustrate the homogeneous distribu-
tions of Fe, O, Zn, S, La, and F along with rare earth dopants.
The average % elemental composition analysis of lanthanides
obtained by EDS spectra (Fig. S1C, ESI†) of Fe3O4/ZnS@LaF3:
xCe3+,xGd3+,yTb3+ (x and y = 5 mol%) shows La (79.1 � 2.1%),
Ce (7.6 � 1.1%), Gd (6.2 � 1.3%) and Tb (7.2 � 2.2%).

Additional HR-TEM images, EDS mapping and EDS spectra
of Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x and y = 5 mol%)
nanocomposites have been provided in the ESI.†

3.2. Photoluminescence properties

Fe3O4/ZnS luminescence. The excitation spectrum (Fig. 5a)
of the Fe3O4/ZnS nanoparticles was recorded in the range from
200 nm to 400 nm at 300 K, monitoring the emission at 440 nm.
It displayed a weak intensity broad absorption band centered at
around 316 nm, which could be assigned to the band edge
transition of ZnS. The band gap of the ZnS semiconductor
usually occurs in the range of 3.93–4.01 eV, which corresponds
to the wavelength spectral range from 315 nm to 309 nm.44 On
the other hand, the emission spectrum of the Fe3O4/ZnS nano-
material was recorded at 300 K, in the range 350–700 nm upon
excitation at around 316 nm assigned to the band edge transi-
tion of the ZnS (Fig. 5b). This emission spectrum revealed a low
intensity broad emission band centered at around 440 nm. This
blue emission broadband usually originates due to the surface
defect states such as sulfur vacancies located at the surface of
ZnS nanoparticles.45

The optical data suggested the functionalization of Fe3O4

with ZnS and corroborated with the observed X-ray diffraction
and HR-TEM analyses.

Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ green phosphors. The
excitation spectra of the Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+

(x = 5; y = 5, 10 and 15 mol%) nanophosphors were recorded
from 240 nm to 470 nm at 300 K (Fig. 6a), monitoring the
emission at 543 nm, assigned to the higher intensity 5D4 -

7F5

transition of the Tb3+ ion. The excitation spectra of all nano-
materials presented a high intensity broad absorption band
centered at around 258 nm, corresponding to the 4f(2F5/2) - 5d
interconfigurational transition of the Ce3+ ion. Besides, the
nanocomposite materials showed narrow absorption lines,
assigned to the 4f8–4f8 transitions of the Tb3+ ion such as:
7F6 - 5L8,7,6 and 5G2 (339 nm), 7F6 - 5L9 and 5G4 (351 nm),
7F6 - 5L10 (369 nm) and 7F6 - 5G6 (377 nm). However, the
relative intensities of these narrow absorption bands were very
low in comparison to the strong broadband of the Ce3+ ion.
This result indicated that the indirect excitation process of the
Tb3+ ion via the 4f(2F5/2) - 5d interconfigurational transition
of the Ce3+ ion was more operative than under direct 4f8–4f8

transitions of the Tb3+ ion in the nanophosphors.
The emission spectra of the Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+

(x = 5; y = 5, 10 and 15 mol%) bifunctional nanomaterials were

Fig. 4 High-angle annular dark-field (HAADF) image and EDS elemental mappings of the Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = y = 5 mol%)
nanocomposite obtained using the Titan Cubed Themis 300 microscope, showing the homogeneous and uniform distribution of Fe, O, Zn, S, La, and F
elements.

Fig. 5 Luminescence spectra of the Fe3O4/ZnS nanoparticles recorded at
room temperature (300 K): (a) excitation spectrum, monitoring emission at
440 nm and (b) emission spectrum upon excitation at 316 nm which
corresponds to the band edge transition of ZnS (3.9 eV).
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recorded from 375 nm to 750 nm at 300 K (Fig. 6b) upon
excitation at 258 nm, assigned to the 4f(2F5/2) - 5d transition
of the Ce3+ ion. The spectral range from 475 nm to 700 nm
displayed narrow emission bands which have been assigned to
the 5D4 - 7FJ transitions ( J = 6, 5, 4, 3, 2, 1 and 0) of the Tb3+

ion. Furthermore, the 5D4 - 7F5 transition at 543 nm was the
most intense and dominant for all the Fe3O4/ZnS@LaF3:RE3+

nanophosphors. In addition, a very low intensity emission
broadband was observed in the spectral range of 270 nm to
400 nm (inset, Fig. 6b). It was assigned to the 4f(2F5/2) - 5d
interconfigurational transition of the Ce3+ ion. However, a very
narrow emission band at 310 nm in the same emission range
was also assigned to the 6P7/2 - 8S7/2 transition of the Gd3+

ion.46 This result indicated that the Ce3+ ion has been an
efficient luminescent sensitizer to the Tb3+ ion (luminescent
activator) for these nanophosphors (Fig. 7) through the energy
transfer (ET) process. The luminescence spectra of the refer-
ence samples LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5 and 10 mol%)

in the ESI† (Fig. S2) showed unaltered luminescence properties
when compared to the bifunctional nanocomposites.

From the excitation/emission data, the nonradiative energy
transfer (ET) pathways among the Ce3+, Gd3+ and Tb3+ ions are
described through the schematic energy level diagram for the
Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ nanophosphors (Fig. 7).
A simplified energy transfer process for these bifunctional
NPs can be described as follows: (i) a strong absorption from
the 2F5/2 ground state to the 5d excited state of the Ce3+ ion
leading to a weak emission from 5d to 2F5/2 states; (ii) a
nonradiative energy transfer pathway from the 5d state of the
cerium ion to the 6I7/2 excited state of the Gd3+ ion that decays
non-radiatively to the 6P7/2 emitting level resulting in weak UV
emission assigned to the 6P7/2 - 8S7/2 transition and (iii) a
direct energy transfer from the 5d (Ce3+) and 6P7/2 (Gd3+) states
to the 4f8 intraconfigurational excited states of the Tb3+ ion. In
this energy transfer process, the Gd3+ ion provides another energy
transfer pathway between the sensitizer (Ce3+) and activator (Tb3+)
ions.47 However, the high intensity green emission line (5D4 -

7F5)
is dominant in the emission spectra of all Fe3O4/ZnS@LaF3:RE3+

nanophosphors. It is suggested that the Fe3O4/ZnS@LaF3:RE3+

nanophosphors are promising materials for magnetic and green
light-converting molecular devices (MLMCDs).

The lifetime values (t) of the emitting 5D4 level of the Tb3+

ion were determined from the luminescence decay curves of the
bifunctional nanomaterials, which were measured at 300 K by
monitoring emission at 543 nm of the 5D4 - 7F5 transition of
the Tb3+ ion and excitation at 258 nm. By fitting the curves with
an exponential function of IðtÞ ¼ I0 exp �t=tð Þ, mono-exponential
decay behavior was observed. The normalized luminescence decay
curves of the Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ nanomaterials
have been shown in Fig. 8. The lifetime t values were found to be
increased from 7.40 to 7.83 ms as the concentration of the dopant

Fig. 6 Luminescence spectra of the Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+

nanophosphors, recorded at room temperature (300 K): (a) excitation
spectra, monitoring emission at 543 nm assigned to the 5D4 - 7F5

transition and (b) emission spectra upon excitation at 258 nm which
corresponds to the 4f(2F5/2) - 5d interconfigurational transition of the
Ce3+ ion (inset figure shows the amplified spectral range of the Ce3+ and
Gd3+ transitions).

Fig. 7 Partial energy-level diagram of the Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+

nanophosphors presenting energy transfer (ET) processes from the
sensitizer (Ce3+) to the Gd3+ and Tb3+ activator ions. The dashed arrows
represent nonradiative decays; and the gray, sky blue and green color
downward arrows correspond to the radiative decay of the Ce3+, Gd3+ and
Tb3+ ions, respectively.
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Tb3+ ion was increased from 5 to 10 mol%. However, this value
decreased to 6.40 ms, as the concentration of the dopant Tb3+ ion
was increased to 15 mol%, showing concentration quenching,48

which might be due to the cross-relaxation process among the
Tb3+ ions. This process depends on the interaction between two
luminescent centers (Tb3+ ions) and quenches higher-level emis-
sions by cross-relaxation. The cross-relaxation in Tb3+ ions may
occur as follows:

Tb3+ (5D3) + Tb3+ (7F6) - Tb3+ (5D4) + Tb3+ (7F0)

The emission color of green-emitting nanomaterials was evaluated
by Commission Internationale de l’éclairage – CIE chromaticity dia-
gram (Fig. 9). The overall emission color was calculated and
expressed according to the (x, y) CIE color coordinates, which has
been marked as A (0.367, 0.513), B (0.361, 0.535) and C (0.384, 0.513)
for the x = 5; y = 5, 10 and 15 mol% samples, respectively. The
green emission color was mainly due to the highest emission

intensity contribution of the 5D4 - 7F5 transition of the Tb3+

ion (inset, Fig. 9).

3.3. Magnetic investigation

The magnetic properties using hysteresis loops (M–H curves)
were measured using a SQUID magnetometer at 300 K and 5 K.
At 300 K, the hysteresis loops (Fig. 10) of the Fe3O4, Fe3O4/ZnS
and Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5, 10 and
15 mol%) nanomaterials showed superparamagnetic (SPM) beha-
vior with null or very low value of coercive field Hc (o25 Oe) and
remanence (Fig. 10b).

The saturation magnetization (Ms) values were found to be
40.44 emu g�1 and 36.47 emu g�1 for Fe3O4 and Fe3O4/ZnS,
respectively. The bifunctional Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+

nanomaterials showed Ms to be nearly 32.96 emu g�1 (x = 5; y =
5 mol%), 32.40 emu g�1 (x = 5; y = 10 mol%) and 34.41 emu g�1

(x = 5; y = 15 mol%) (Fig. 10a). This was attributed to the variance
in particle size distribution, hence prolonged existence relaxa-
tion of nanostructures and noncollinear spin arrangement

Fig. 8 Normalized luminescence decay curves of the Fe3O4/ZnS@LaF3:
xCe3+,xGd3+,yTb3+ (x = 5; y = 5, 10 and 15 mol%) nanophosphors,
monitoring excitation at 358 nm corresponding to the 4f(2F5/2) - 5d
interconfigurational transition of the Ce3+ ion and emission at 543 nm,
assigned to the 5D4 - 7F5 transition of the Tb3+ ion.

Fig. 9 The CIE chromaticity diagram of green-emitting magnetic Fe3O4/
ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5, 10 and 15 mol%) nanopho-
sphors. Photographs of nanomaterials (inset), taken using a digital camera,
display green emission under UV irradiation at 254 nm.

Fig. 10 Magnetization per gram of iron oxide as a function of magnetic
field (M–H) of Fe3O4, Fe3O4/ZnS and Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+

(x = 5; y = 5, 10 and 15 mol%) nanomaterials, (a) at 300 K and (b) zoom-in
view at 300 K showing coercive field magnitude.
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in the nanoentities.49,50 The reduced value of Ms revealed the
functionalization of Fe3O4 with ZnS and further grafting by
LaF3:xCe3+,xGd3+,yTb3+. Moreover, the decreased value of Ms of
iron oxide from the bulk value (92 emu g�1) was mainly due
to coating of oleic acid over the Fe3O4 NPs during synthesis.
The major contribution in magnetization was from the
iron oxide nanoparticles. The mass fraction of the magnetic
material attached is one of the factors that may affect the Ms

to some extent.51 The Ms of Fe3O4/ZnS was decreased due to
the contribution of a low mass fraction of the ZnS with Fe3O4.
The overall magnetic contribution for magnetic green-emitting
nanomaterials was less than Fe3O4/ZnS by considering the
mass contribution of magneto-luminescent materials for all
x = 5; y = 5, 10 and 15 mol%. The Ms of the bifunctional
nanocomposite varies from 32.40 emu g�1 to 34.41 emu g�1,
and it showed a very small increase in the Ms value when the
Tb3+ ion concentration was increased (Fig. 10a). Although the
Ms values of the luminescent and magnetic nanomaterials were
lower when compared to that of the Fe3O4 core nanoparticles,
they showed strong response to the external applied magnetic
field.

Furthermore, the hysteresis curves (M–H) at 5 K and zero
field cooling/field cooling (ZFC/FC) curves are displayed in Fig.
S3 of ESI,† showing increased Ms values at 5 K and a very small
magnetic contribution of RE3+ ions.

The combination of luminescence and magnetic character-
istics showed appreciable luminescence intensity from the
nanomaterial under an external magnetic field. It depicts
the potential application of bifunctional nanomaterials for magnetic
targeting and separation. This nanocomposite can show better
performance by tuning simultaneously the magnetic and lumi-
nescence bifunctionality. The combination of magnetic and
photoluminescence properties of the green-emitting magnetic
nanocomposite is shown in Fig. 11, which displays a successful
alliance of magneto-luminescence characteristics of the Fe3O4/
ZnS@LaF3:RE3+ nanomaterial.

In a cuvette, the material was dispersed in ethanol, display-
ing bright green emission under UV radiation. After placing the
external bar magnet close to the cuvette, all particles of the
sample moved quickly and stacked at a single place along one
side of the cuvette in a clear solution of ethanol. This showed
that the materials possessed strong magnetic characteristics.

Besides, upon exposure to ultraviolet radiation of 254 nm,
bright green light was observed from the same corresponding
place on the side wall of the cuvette near the magnet (Fig. 11,
right). This complete procedure indicates that these bifunc-
tional NPs possessed clear strong magnetic and luminescence
properties in conjugation.

4 Conclusion

The luminescence and magnetic nanocomposites containing
triply-doped Fe3O4/ZnS@LaF3:xCe3+,xGd3+,yTb3+ (x = 5; y = 5,
10, 15 mol%) were successfully prepared by a multistep synth-
esis procedure. ZnS which was used as a spacer between the
direct linkage of Fe3O4 and green LaF3:RE3+ phosphors played
its role well. This bifunctional nanomaterial displayed good
emission intensity from the 5D4 -

7F6–0 transitions of the Tb3+

ion when excited at the 4f - 5d interconfigurational transition
of Ce3+ and supported by the Gd3+ ion. The luminescence decay
curves suggested probable concentration quenching for the
5D4 -

7F5 transition of the Tb3+ ion by cross-relaxation. Structural
and morphological studies using X-ray diffraction and HR-TEM
with EDS mappings in the scanning TEM mode, supported by DC
magnetic properties, revealed the high magnetic saturation and
the nanocrystalline superparamagnetic nature of the bifunctional
nanocomposite at 300 K. As a result, this magneto-luminescent
bifunctional nanocomposite may act as a good candidate for the
preparation of emitting layers in magnetic and light-converting
molecular devices (MLCMDs) and radiation detection or in down-
shift applications through magnetic manipulation.
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