
Research paper
Surface modification of Cobalt ferrite nano-hollowspheres for inherent
multiple photoluminescence and enhanced photocatalytic activities
⇑ Corresponding author.
E-mail address: souvanik.talukdar@bose.res.in (S. Talukdar).
Souvanik Talukdar ⇑, Dipika Mandal, Kalyan Mandal
Dept. of Condensed Matter Physics & Material Science, S.N. Bose National Centre for Basic Sciences, JD Block, Sector-III, Salt Lake, Kolkata 700106, India
Keywords:
Nano-hollowspheres
Cobalt ferrite
Surface functionalization
Inherent photoluminescence
Enhanced magnetic saturation
Photocatalytic capability
a b s t r a c t

Nano-hollow spheres (NHSs) are the new drift in magnetic nanostructures as they provide more surface
area at nano length scale with enhanced magnetic properties compared to their nanoparticle counterpart.
Here we reported the synthesis of biocompatible CoFe2O4 NHSs of diameter around 250 nm and
emergence of intrinsic multiple photoluminescence from blue, green to red on modifying their surface
with small organic ligands like tartrate. The surface modified NHSs also showed notable photocatalytic
activity towards the degradation of environmentally malefic dyes like Methylene Blue and Rhodamine
B. The surface modified NHSs are found to exhibit superior magnetic properties.
1. Introduction

Among the various morphologies of magnetic nanomaterials,
nano-hollow spheres (NHSs) are found to be very promising
because of their high magnetic saturation, large surface area, low
density, ability to withstand volume changes due to temperature
and pressure and large pore volume, which enable them to be used
in wide varieties of applications in the fields of biomedical research
[1], energy storage [2], high frequency magnetic devices [3] and
chemical sensors [4]. The cavity inside and large surface enhances
their capability of capturing and delivering drugs and other mate-
rials and their usability in Hydrogen evolution reaction [5], oxida-
tion of organic pollutants [6], super capacitors [7], Li ion battery
[8–10], gas sensing [11,12], anti-bacterial activities [13] and
in vivo cancer treatment [14,15]. Though by definition, the nano-
materials should have dimensions 6100 nm, in the field of drug
delivery comparatively bigger (>100 nm) nanomaterials are
desired for loading sufficient amount of drugs. NHSs serve this pur-
pose as they, with size >100 nm, may also behave like nanomateri-
als because of their shell thickness <100 nm.

Multifunctional nanomaterials with good magnetic and fluores-
cent properties are in high demand in biomedical applications.
There are two methods frequently used for synthesizing
magneto-fluorescent nanomaterials, (i) by making nanocomposites
with quantum dots (QDs) and (ii) by coating the nanomaterials
with fluorescent dyes. Disadvantages like photobleaching proper-
ties of fluorescent dyes, chemical instability and toxic effects of
the QDs (owing to the presence of heavy metals like Cd+2, Pb+2)
[16], their applications are lessened towards the biomedical appli-
cation. In order to make the nanomaterials biocompatible, surface
modifications were done by biomolecules like proteins, DNA, RNA,
and polymers, but they failed to induce inherent fluorescence.
However we successfully developed biocompatible magnetic
nanoparticles with intrinsic fluorescence [17] but their magnetic
properties were not up to the mark due to their surface modifica-
tion and small size. Therefore, in our present work, we prepared of
CoFe2O4 NHS (>100 nm) as a magneto-fluorescent material with
better fluorescence and magnetic properties compared to their
solid particle counterpart.

Among the all other ferrites, CoFe2O4 got popularity because
of its high saturation magnetization, high coercivity, chemical
and physical stability, which give rise to the wide applications
in the fields such as biomedical research, energy storage. We
efficaciously generated inherent photoluminescence by modify-
ing the surface of CoFe2O4 NHSs with Sodium tartrate ligand.
Additionally, we tested the photocatalytic capability of the sur-
face modified CoFe2O4 NHSs in the degradation of water contam-
inants like methylene blue (MB) and rhodamine b (Rh B).
Through the orderly investigations, we found that ligand to
metal charge transfer and d-d transitions are responsible for
the generation of multicolor photoluminescence which was
explained by the ligand field theory (LFT).
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Fig. 1. XRD of the as-prepared CoFe2O4 NHSs. In the inset EDX spectra of as-
prepared CoFe2O4 NHSs indicating presence of Co, Fe and O.
2. Experiment

We synthesized CoFe2O4 NHSs by solvothermal method. A solu-
tion mixture of Iron (III) chloride hexahydrate, Cobalt (II) chloride
hexahydrate, Ethylene Glycol, Urea, Ethanol and Oleylamine was
heated in a Teflon lined stainless steel autoclave at 200 �C for
20 h in an oven. Then the as-prepared CoFe2O4 NHSs were washed
by ethanol and collected after centrifugation. The removal of the
mother solution was done by heating on a hotplate at a tempera-
ture of 80–90 �C for 30 min. For the purpose of surface modifica-
tion of the as-prepared CoFe2O4 NHSs with tartrate ligands, we
cyclomixed the NHSs with a 0.5 M Na-tartrate solution (pH � 7)
at room temperature for 12 h. We obtained a light brown solution
of tartrate-functionalized CoFe2O4 NHSs, and named as T-CoFe2O4

NHSs.
The X-ray powder diffraction (XRD) of as-prepared CoFe2O4

NHSs was done using Rikagu miniflex II diffractometer equipped
with Cu Ka radiation (at 40 mA and 40 kV) at the scanning rate
of 3� per minute in the 2h range of 20–70�. A FEI QUANTA FEG
250 field-emission high-resolution scanning electron microscope
(FESEM), operated at 5–10 kV was used to study the size, shape,
morphology, and size distribution and to record the Energy-
dispersive X-ray analysis (EDX) spectrum of the as-prepared and
functionalized CoFe2O4 NHSs. The Ultraviolet–visible (UV/Vis)
absorbance spectra of T-CoFe2O4 NHSs were obtained on a Shi-
madzu UV-2600 spectrophotometer, using a quartz cuvette of
1 cm path length. To carry out the steady state photoluminescence
Fig. 2. (a) SEM image of the as-prepared CoFe2O4 NHSs. (b) Size distribution graph of as-
graph of T-CoFe2O4 NHSs.
excitation and emission study of T-CoFe2O4 NHSs a Horiba Jovin
Yvon Model Fluorolog fluorometer was used. Fluorescence micro-
graphs of CoFe2O4 NHSs were captured using a Leica DM1000
LED fluorescence microscope.

FTIR (Fourier transform infrared spectroscopy) measurements
were performed using a JASCO FTIR-6300 spectrometer to ensure
of the attachment of tartrate molecules to the NHSs’ surface. For
FTIR study, pellets were made by placing the homogeneous
mixture of lyophilized T-CoFe2O4 NHSs powder samples and KBr
(using the ratio 1:4 respectively) in the pelletizer and then the
pelletizer was pressed by a RIKEN SEIKI hydraulic pump. The back-
ground was corrected using a reference KBr pellet. For magnetic
measurements of as-prepared CoFe2O4 NHSs and T-CoFe2O4 NHSs,
a Lake Shore VSM equipped with an electromagnet was used.

An 8W UV lamp with a wavelength of 253.7 nm (UV-C) was
used in the photocatalytic study. The aqueous solution of
T-CoFe2O4 NHSs (50 lL) and 10 lM aqueous solution of Methylene
Blue (MB) (pH � 3) and Rhodamine B (Rh B) (pH � 3) were
homogenously mixed in a quartz cuvette for 1 h in the dark. Then,
the cuvette was kept 2 cm away from the UV light source and the
absorbance spectra of MB and Rh B in presence of T-CoFe2O4 NHSs
solution were measured from time to time by using UV/Vis
spectrophotometer.

3. Results and discussion

The XRD pattern shown in Fig. 1confirms that all the peaks per-
fectly match with the cubic inverse spinel structure of CoFe2O4

NHSs, as reported in the literature (JCPDS file no. 22–1086). The
EDX (energy dispersive X-ray) spectra in the inset of Fig. 1 confirms
the presence of Co, Fe and O in CoFe2O4 NHSs. Crystallite size of the
particles (�40 nm) has been calculated taking three peaks from
XRD using Scherer formula, d = (k.k)/(b�cosh), where d is particle
size, k is structural constant (0.94), k is working wave length, b is
the FWHM of the selected peak in radians, h is the peak angle in
degrees.

For understanding morphology and size of the both as-prepared
CoFe2O4 NHSs and T-CoFe2O4 NHSs, A SEM (Scanning Electron
Microscope) study was performed. From Fig. 2(a) and (b), it is
clearly evident that the as-prepared CoFe2O4 NHSs have narrow
dispersity with an average diameter of 247 nm. Fig. 2(c) and (d)
show the uniform size distribution of the CoFe2O4 NHSs and
T-CoFe2O4 NHSs with an average diameter of 247 nm and
243 nm respectively.

In order to solubilize the as-prepared CoFe2O4 NHSs into aque-
ous medium, we have functionalized the NHSs with Na-tartrate
solution. By doing so, we also have made the as-prepared CoFe2O4

NHSs biocompatible. After surface modification, the size of the
prepared CoFe2O4 NHSs. (c) SEM image of the T-CoFe2O4 NHSs. (d) Size distribution



Fig. 3. (a) Absorption spectra of Na-tartrate,T-CoFe2O4 NHSs and fluorescence
modified CoFe2O4 NHSs. T-CoFe2O4 NHSs are under (b) visible and (c) UV light.
T-CoFe2O4 NHSs remains almost unchanged, as shown in Fig. 2(c).
From Fig. 3(a) it is shown that the functionalized CoFe2O4 NHSs
(pH � 7) have different absorption property than the only tartrate,
indicating a distinct change in the surface electronic structure of
the NHSs. In the absorption spectra of the functionalized CoFe2O4

(Fig. 3(a)) the band near 320 nm is clearly visible. In order to see
whether fluorescence was present or not, we carried out a prelim-
inary experiment by putting the cuvette filled with T-CoFe2O4

NHSs under UV light of wavelength 253.7 nm (UV-C), shown in
Fig. 3(b) and (c).

After acquiring the information from the absorption spectra, we
carried out photoluminescence study of the functionalized CoFe2-
O4, and observed fluorescence at kem = 406 nm while exciting the
functionalized solution at kex = 324 nm. In order to intensify the
photoluminescence, further surface modification was done by
heating the functionalized CoFe2O4 NHSs solution at 70–80 �C for
10 h and at pH � 12, which is termed as fluorescence modified
(Fl. Mod.) CoFe2O4 NHSs. Three more photoluminescence peaks
were generated with greater intensity (as shown in Fig. 4(a)) as a
result of further surface modification, the photoluminescence
peaks at kem = 445 nm, 488 nm and 560 nm were found upon
Fig. 4. (a) Normalized steady-state fluorescence emission spectra obtained from fluor
kex = 324, 365, 420, and 530 nm.(b) Fluorescence excitation spectra of fluorescence-mod
560 nm. Fluorescence micrographs of fluorescence-modified T- CoFe2O4 NHs powder und
scale bars in all images are 200 lm. (For interpretation of the references to colour in th
exciting the fl. mod. solution of CoFe2O4 NHSs at kex = 365 nm,
420 nm, 530 nm respectively.

With the assistance of Ligand Field theory (LFT), the occurrence
of multicolor photoluminescence can be clarified. The photolumi-
nescence peak at kem = 406 nm for fluorescence modified CoFe2O4

NHSs, resulting from exciting the solution at kex = 324 nm (absorp-
tion peak seen in Fig. 3), arises from ligand to metal charge transfer
(LMCT) involving the highest occupied energy level of tartrate
ligands and the lowest unoccupied energy levels of Co+2/Co+3 or
Fe+3 metal ion centers on the NPs’ surface. In CoFe2O4 NHSs Co+2

and Fe+3 are essentially present but Co+3 is more stable in aqueous
medium than Co+2 [18]. It is most probable that the Co+3 may take
part in the generation of fluorescence. The other three peaks at
445 nm, 488 nm, 530 nm may be ascribed to the possible d-d tran-
sitions of the Co+2/Co+3 metal ions. As Fe+3 is d5 system, the d-d
transitions are both spin and laporte forbidden, which concludes
that Fe+3 is not responsible for the generation of the other three
peaks. The three emission bands with maxima at kem = 445 nm,
488 nm and 560 nm can be described in terms of spectroscopic
term symbols, due to transitions of 4T1g (F)? 4A2g (F),4T1g
(F)? 4T1g (P), and 4T1g (F)? 4T2g (F), respectively, where these
energy levels are obtained from the Tanabe Sugano diagram of
Co+2 [18]. Additional contributions for the emission peaks with
maxima at 445 and 488 nm can be interpreted by the d–d transi-
tions (1A1g ?

1T2g and 1A1g ?
1T1g, respectively), involving the

energy levels of Co+3 as obtained from the Tanabe Sugano diagram
[19]. From the transitions the crystal field parameter (Dq) and the
Racah parameter (B) are found to be 1290 cm�1 and 1217 cm�1,
which corresponds the octahedral structure of Co+2 [20].

In Fig. 5 the FTIR spectrum is shown for CoFe2O4 NHSs before and
after functionalization with tartrate ligand and only tartrate ligand.
The FTIR study was carried out in order to check the attachment of
the ligand molecules to the surface of bare CoFe2O4 NHSs. As
depicted in Fig. 5, the peak arising at 590 cm�1 is due to stretching
vibration of metal-oxygen bonds in CoFe2O4 [21]. The peak at
590 cm�1 is not distinctly visible in the case of T-CoFe2O4 NHSs
implicating effective attachment of the ligands. Two sharp peaks
escence-modified T-CoFe2O4 NHSs after excitation at four different wavelengths,
ified T-CoFe2O4 NHSs at different emission maxima, that is, kem = 406, 445, 488 and
er (c) UV (375 nm), (d) blue (450 nm), and (e) green (515 nm) light irradiation. The
is figure legend, the reader is referred to the web version of this article.)



Fig. 5. FTIR spectra of as-prepared CoFe2O4 and T-CoFe2O4 NHs together with Na-
tartrate alone.
arising at 1066 and 1112 cm�1 in the case of tartrate ligand are due
to C–OH stretching modes [22] and two other peaks at 1411 and
1621 cm�1 are due to the symmetric and asymmetric stretching of
the COO� [23]. Because of the interactions between the surface of
the CoFe2O4 NHSs and the functional group moieties of the ligand,
all the bands are distinctly perturbed along with the band at
3399 cm�1 which corresponds the stretching vibrational modes of
Fig. 6. (a) Plot of magnetization versus applied magnetic field (M-H) of as-pre

Fig. 7. (a) The UV/Vis spectral changes of an aqueous solution of MB under UV irradiation
rate), (b) the UV/Vis spectral changes of an aqueous solution of MB under visible light in
rate), (c) plots of the relative concentration of MB under UV irradiation monitored at 663
the degradation of MB.
theO–Hgroup [22]. Fromthis FTIR spectrumit is evident that –COO�

and –OH groups are actively involved in the functionalization.
Fig. 6(a) and (b) shows the room temperature magnetic behav-

ior of the as-prepared CoFe2O4 NHSs and T-CoFe2O4 NHSs. To attain
significant magnetization we chose NHSs over NPs. From Fig. 6(a) it
is found that the saturation magnetization and the coercivity of the
bare CoFe2O4 NHSs are 63.3 emu/g and 0.816kOe, respectively.
From Fig. 6(b) the saturation magnetization of functionalized
CoFe2O4 NHSs is found to be 51.5 emu/g, much greater than the
saturation magnetization of functionalized CoFe2O4 NPs which
was 0.75 emu/g [24]. The coercivity of functionalized CoFe2O4

NHSs found to be 0.695 kOe, as depicted in. We have successfully
attained significant saturation magnetization in functionalized
CoFe2O4 NHSs, which may be beneficial. Here the coercivity for
CFO NHSs and T-CFO NHSs are almost same. The tartrate ligand
consists of both r donor (–OH) and p donor (–COO�) groups which
lead to immense LMCT (ligand to metal charge transfer) and spin
pairing (i.e. quenching of magnetic moments) of Co+2/+3 or Fe+3 ions
on the surface of T-CoFe2O4 NHSs, which reduces the net saturation
magnetization [25]. In the case of 5 nm CoFe2O4 NPs, the surface to
volume ratio is extremely high and in the significant part long
range magnetic order is absent due to the surface disorder. There-
fore magnetic moment is less. However in CoFe2O4 NHSs of 250 nm
with the thickness of 40 nm, the bigger size and the long range
magnetic order is present which results in higher magnetic satura-
tion. Due to both outer and inner spin layer disorder in functional-
ized CoFe2O4 NHSs around 250 nm, surface anisotropy increases,
that suppresses saturation magnetization compared to same
size of functionalized CoFe2O4 NPs. But for 5 nm NPs,
pared CoFe2O4 NHSs at 300 K, (b) M-H plot for T-CoFe2O4 NHSs at 300 K.

in presence of T-CoFe2O4 NHSs NPs with time, (inset of (a) fitted first order reaction
presence of T-CoFe2O4 NHSs NPs with time, (inset of (b) fitted first order reaction

nm versus time for six consecutive cycles, showing reusability of T-CoFe2O4 NHSs in



Fig. 8. (a) The UV/Vis spectral changes of an aqueous solution of Rh B under UV irradiation in presence of T-CoFe2O4 NHSs NPs with time, (inset of (a) fitted first order reaction
rate), (b) the UV/Vis spectral changes of an aqueous solution of Rh B under visible light in presence of T-CoFe2O4 NHSs NPs with time, (inset of (b) fitted first order reaction
rate), (c) plots of the relative concentration of Rh B under UV irradiation monitored at 554 nm versus time for five consecutive cycles, showing reusability of T-CoFe2O4 NHSs
in the degradation of Rh B.

Fig. 9. (a) Plots of the relative concentration of MB under UV irradiation monitored at 663 nm versus time at different pH scales. (b) Plots of the relative concentration of Rh B
under UV irradiation monitored at 554 nm versus time at different pH scales.
superparamagnetism works and MS is much lower than that of
functionalized CoFe2O4 NHSs [26].

Bearing in mind the current advances in the field of nanocatal-
ysis, we examined the broad optical property of the T-CoFe2O4

NHSs in photocatalytic waste water treatment. The T-CoFe2O4

NHSs are found to own a good photocatalytic activity towards
the water contaminants. Fig. 7(a) shows the gradual degradation
of model water contaminant Methylene Blue (MB) in presence of
T-CoFe2O4 NHSs under UV light irradiation. In the inset of Fig. 7
(a) the fitted (by fitting with equation A = A0e-kt) first order
reaction rate is shown where the rate constant is found to be,
k = 14.3 � 10�3 min�1. Furthermore, we investigated the pho-
todegradation of MB by T-CoFe2O4 under visible light, from Fig. 7
(b) it is shown that the degradation pathway also follows first
order kinetics with the rate constant (k) = 14.25 � 10�4 min�1.
Fig. 7(c) depicts the reusability of the catalyst using UV light
(253.7 nm), we added same dose of MB (10 ll) into the reaction
mixture for up to 6 doses, keeping the catalyst concentration
unchanged (i.e., without adding further catalyst after 1st cycle).
The MB degradation rates of the cycles were monitored by measur-
ing the fall of absorbance at 663 nm with UV–Visible spectroscopy.
We also studied the rate of photocatalysis as a function of the
wavelength using UV lamp of 360 nm and found that with increas-
ing wavelength, the irradiation time increased for the degradation
of MB.

We also tried the photocatalytic property towards another
water contaminant Rhodamine B (Rh B). Fig. 8(a) shows the period-
ical decrease in RB concentration at 554 nm determined by UV–vis
spectroscopy versus irradiation time of UV light in presence of
T-CoFe2O4 NHSs. We found that the photodegradation of Rh B in
presence of T-CoFe2O4 NHSs at pH � 3 takes place exponentially
with time following a first-order rate equation (by fitting with
equation A = A0e-kt) with a kinetic rate constant k = 4.6 � 10�2

min�1. Under visible light the photodegradation rate of Rh B by
T-CoFe2O4 NHSs falls, with the rate constant (k) = 7.2 � 10�4

min�1. The photodegradation of Rh B under white light is shown
in Fig. 8(b). The reusability test was done same way as done for
MB using UV (253.7 nm) light, and found that T-CoFe2O4 NHSs
are worthy up to 5 cycles. Fig. 8(c) demonstrates the plots of rela-
tive concentration of Rh B versus time, for up to 5 consecutive
cycles, indicating the reusability of T-CoFe2O4 NHSs. The photocat-
alytic degradation of Rh B also depends on the wavelength of
irradiated light, as the wavelength increases the rate of degrada-
tion falls.

We further investigated the pH dependency of the degradation
of MB and Rh B at different pH scales under UV (253.7 nm) irradi-
ation. Fig. 9(a) shows the pH dependency of the MB degradation
process and Fig. 9(b) shows for the Rh B degradation. From both
of the figures it is clearly seen that lower pH needs lower irradia-
tion time which concludes that the degradation of the dyes occurs
faster in lower pH than the higher.
4. Conclusion

In conclusion, magneto-fluorescent CoFe2O4 nano-hollow
spheres have been prepared by simple functionalization of their
outer surfaces using small organic ligand like tartrate. The
developed multifunctional CoFe2O4 NHSs possess inherent multi-
color fluorescence covering a broad visible region ranging from



blue, green to red, intrinsic ferromagnetic property. We have found
that LMCT and d-d transitions are instrumental behind the photo-
luminescence of functionalized CoFe2O4 nano-hollow spheres. As
our developed magneto-fluorescent CoFe2O4 NHSs own biocom-
patibility and ligand induced intrinsic photoluminescent property,
we believe that our material may unfold new prospects in the
fields like bioimaging, drug delivery, and other biomedical applica-
tions. Moreover, we have shown the admirable photocatalytic
property of functionalized CoFe2O4 NHSs towards degradation of
model water contaminants like MB and Rh B, so we hope that
our material will be beneficial for the waste water treatment.
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