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1. Introduction

The development of multifunctional nanoparticles (NPs) with
both magnetic and fluorescent properties has attracted im-
mense attention from researchers to address the shortcomings
of traditional disease diagnostic and therapeutic agents,[1]

owing to their prominence in magnetic resonance imaging
(MRI) as well as excellence in pathogen detection,[2] cell separa-
tion,[3] hyperthermia,[4] NIR photothermal ablation,[5] and target-
ed gene and drug delivery.[6] Moreover, the required size of the
NPs is less than 10 nm, so that they can reach the intracellular
markers of diseases or viral infections at a preliminary stage
before proliferation,[7] enhance relaxation time in MRI because
of the very large magnetic moments in the presence of a static
magnetic field, and invoke dipolar interactions between the su-
perparamagnetic cores and surrounding solvent protons.[8] So
far, magneto-fluorescent NPs have been fabricated either by
coating with fluorescent dyes, forming nanocomposites with
quantum dots (QDs), or doping with lanthanide elements. To
make inorganic NPs biocompatible, surface modification with
silica or biomolecules like proteins, DNA, RNA, small organic li-
gands, and polymers is often carried out, but unfortunately
none of them can incorporate intrinsic fluorescence within the
system. Again, chemical instability, photobleaching of fluores-
cent dyes, and inherent toxicity of QDs (owing to the presence
of heavy metals like Cd2 + , Pb2+) restrict their direct biological
applications.[9] So, the incorporation of intrinsic fluorescence
within pure-phase transition-metal-ion-based magnetic nano-

materials is highly desirable for advanced biomedical
applications.

Recently, magnetic NPs have been extensively employed in
catalysis and electrocatalysis in view of their high surface area,
outstanding stability, low cost, and convenient catalyst recycla-
bility resulting from easy magnetic-field-assisted separation.[10]

Among the different ferrites, CoFe2O4 has attracted enor-
mous attention owing to its high coercivity, saturation magnet-
ization, as well as physical and chemical stability, leading to
various applications, ranging from high-density magnetic data
storage, lithium–oxygen batteries, catalysis, and biomedical di-
agnosis, to therapy.[11] But, the development of intrinsic fluores-
cence upon tailoring the surface chemistry of CoFe2O4 NPs is
sparse in the existing literature.

Herein, we synthesized CoFe2O4 NPs by using a wet chemical
route following a previous report by Sun et al. , with some
modification.[12] Interestingly, we developed intrinsic multicolor
fluorescence in CoFe2O4 NPs, covering the whole visible
region, ranging from blue, cyan, and green, to red by facile
functionalization and subsequent surface modification of the
NPs with Na-tartrate. Systematic investigation through UV/Vis
absorption, followed by steady-state and time-resolved fluores-
cence studies revealed that the ligand-to-metal charge transfer
(LMCT) transition from the highest occupied energy level of
the tartrate ligand to the lowest unoccupied energy level of
Co2+ /3 + or Fe3+ and d–d transitions centered over Co2+ /3 + ions
on the NPs’ surface play crucial roles in the development of
multicolor fluorescence from the ligand-functionalized CoFe2O4

NPs (called as T-CoFe2O4 NPs). Fourier-transform infrared (FTIR)
spectroscopy speculates the attachment of the ligands to the
CoFe2O4 NP surfaces. Magnetic studies reveal that the super-
paramagnetic nature remains unchanged after surface modifi-
cation of the NPs with the ligands. Moreover, T-CoFe2O4 NPs
show excellent catalytic efficiency (in absence of any photo-
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activation) towards the degradation of bilirubin (BR, the pig-
ment whose elevated level indicates jaundice) and the photo-
degradation of methylene blue (MB, a model water contami-
nant), which widens its plausible applications towards thera-
peutic as well as wastewater treatment. So, by simultaneously
incorporating superparamagnetism, intrinsic fluorescence and
catalytic properties within T-CoFe2O4 NPs, we have developed
multifunctional T-CoFe2O4 NPs that may find diverse applica-
tions, ranging from diagnostics and therapeutics to environ-
mental remediation.

Experimental Section

Materials Used

Sodium hydroxide (NaOH), FeIII acetylacetonate [Fe(acac)3] , oleyl-
amine, methylene blue (MB), 2-amino-purine (2AP), 4’,6-diamidino-
2-phenylindole (DAPI), Hoechst 33258, and Rhodamine B (RhB)
were obtained from Sigma–Aldrich. CoII acetate [Co(ac)2] , cetyl al-
cohol, diphenyl ether, oleic acid, and bilirubin (BR) were received
from Loba Chemie. Tartaric acid, ethanol (EtOH), and potassium
bromide (KBr) were purchased from Merck. All reagents were of
analytical grade and used without further purification.

Synthesis Procedure and Functionalization of CoFe2O4 NPs

CoFe2O4 NPs were prepared by using a template-free wet chemical
process following a previous report with some modification,[12]

which involves the high-temperature (270 8C) reflux of Co(ac)2 and
Fe(acac)3 in diphenyl ether in the presence of cetyl alcohol, oleyla-
mine, and oleic acid. As-synthesized CoFe2O4 NPs were cyclomixed
with 0.5 m Na-tartrate solution (prepared in Milli-Q water and the
pH of the solution was �7) for 6 h at room temperature. The non-
solubilized CoFe2O4 NPs were removed by passing the solution
through a syringe filter of 0.22 mm diameter. In this way, we ob-
tained pale-yellow-colored filtrate with tartrate-functionalized
CoFe2O4 NPs, called T-CoFe2O4 NPs. To amplify their optical re-
sponse, T-CoFe2O4 NPs were heated at about 70 8C for 6 h under
extensive stirring conditions, maintaining the pH of the solution at
approximately 12 after drop-wise addition of NaOH solution. After
this high pH and temperature treatment, the color of the solution
got darker and showed intense fluorescence under UV-light irradia-
tion. The solid powdered samples required for FTIR spectroscopic
measurements and magnetic study (vibrating sample magnetome-
try; VSM) were prepared by dialysis and lyophilization of the T-
CoFe2O4 NPs solution (to remove excess ligands) followed by
drying over a water bath.

Characterization Techniques

XRD patterns were obtained by applying a scanning rate of
0.028 s¢1 in the 2q range of 20–808 by using a Rigaku miniflex II dif-
fractometer equipped with CuKa radiation (at 40 mA and 40 kV).

For TEM study, samples were prepared by drop-casting as-prepared
CoFe2O4 NPs dispersed in EtOH and T-CoFe2O4 NPs on a 300-mesh
carbon-coated copper grid, which was dried overnight in air. The
particle size was calculated from TEM images and elemental analy-
sis was carried out using EDX (energy-dispersive X-ray) spectra re-
corded on a FEI Tecnai TF-20 field-emission high-resolution trans-
mission electron microscope operating at 200 kV.

UV/Vis absorbance spectra of the T-CoFe2O4 NPs were obtained on
a Shimadzu UV-2600 spectrophotometer, using a quartz cuvette of
1 cm path length. Steady-state fluorescence emission and excita-
tion spectra of T-CoFe2O4 NPs were recorded on a Horiba–Jobin–
Yvon Fluorolog fluorimeter. Fluorescence images of as-prepared T-
CoFe2O4 NPs were captured by using an Olympus BX61 fluores-
cence microscope, employing 365, 436, and 546 nm excitation
wavelengths (lex).

Time-resolved fluorescence transients of T-CoFe2O4 NPs were ob-
tained by using a picosecond pulsed-diode laser [nano-LED from
Horiba–Jobin–Yvon] time-correlated single-photon counting
(TCSPC) fluorescence spectrometer against excitation at lex = 471,
377, and 294 nm, employing an MCP-PMT detector. The emitted
light from the T-CoFe2O4 NPs solution was collected at a right
angle to the direction of the excitation beam, maintaining magic
angle polarization (54.78) with a band pass of 2 nm. For a 377 nm
laser source, the full width at half-maximum (FWHM) of the instru-
ment response function was 270 ps and the resolution was 28 ps
per channel. In case of lex = 294, 377, and 471 nm excitations, the
pulse durations were <1 ns, <100 ps, and <150 ps, respectively.
The data were fitted to multi-exponential functions after deconvo-
lution of the instrument response function by an iterative reconvo-
lution technique, using IBH DAS 6.2 data analysis software in
which the reduced c2 and weighted residuals serve as parameters
for goodness of fit. All of the optical studies were performed at
room temperature (298 K).

A JASCO FTIR-6300 spectrometer was used to carry out FTIR stud-
ies for the confirmation of the interaction and attachment of the
tartrate molecules with CoFe2O4 NPs. For FTIR measurements, pel-
lets were prepared after homogeneous mixing of lyophilized
powder samples with KBr. The background was corrected by a ref-
erence of KBr pellet.

Magnetic studies were performed in a Lake Shore VSM equipped
with an electromagnet, which is capable of generating field of up
to 1.5 T at 300 K.

To study the catalysis, aqueous T-CoFe2O4 NPs (50 mL, containing
0.60 mg NPs) were added to a 13.4 mm aqueous solution of biliru-
bin (BR) that was kept in a quartz cuvette in the dark, maintaining
the pH of the solution at approximately 7 under stirring condi-
tions; the absorbance of BR in the reaction mixture was measured
periodically by the UV/Vis spectrophotometer.

To study the photocatalysis, we used an 8 W UV lamp and a 100 W
incandescent light bulb from Philips as the UV- and visible-light
source, respectively. A 5 mm aqueous solution of MB and aqueous
T-CoFe2O4 NPs (50 mL, containing 0.60 mg NPs) were homogene-
ously mixed for 1 h in a quartz cuvette in the dark, maintaining the
pH of the solution as approximately 3. Then, the cuvette was kept
approximately 2 cm from the light source and the absorbance of
MB in the reaction mixture was recorded periodically by the UV/Vis
spectrophotometer.

2. Results and Discussion

To understand the morphology and particle size of the as-syn-
thesized CoFe2O4 NPs, we carried out TEM analysis. As shown
in Figure 1 a, the NPs have a homogeneous and narrow size
distribution with a spherical shape and an average diameter of
4.89�0.08 nm (Figure 1 b). The high-resolution TEM (HRTEM)
image, as shown in Figure 1 c, implies a highly crystalline
nature of the CoFe2O4 NPs. The calculated interplanar distance
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between the lattice fringes is about 0.253 nm, which corre-
sponds to the distance between the (311) planes of the
CoFe2O4 crystal lattice. The EDX spectrum of CoFe2O4 NPs in
Figure 1 d confirms the elemental composition of cobalt, iron,
and oxygen. The XRD pattern shown in Figure 1 e demon-
strates that all the peaks perfectly match with the cubic in-
verse spinel structure of CoFe2O4 NPs, as reported in the litera-
ture (JCPDS file no. 22–1086).[9a]

To solubilize the CoFe2O4 NPs in aqueous medium, we func-
tionalized them with the tartrate ligands. Figure 2 a shows the
TEM image of the T-CoFe2O4 NPs with a spherical shape and
an average diameter of 4.59�0.09 nm (Figure 2 b). The HRTEM
image (shown in Figure 2 c) and selected-area electron diffrac-
tion (SAED) pattern (shown in Figure 2 d) confirm the highly
crystalline nature of T-CoFe2O4 NPs. The calculated interplanar
distance between the fringes has been found to be 0.253 nm,
corresponding to the (311) plane of the crystal lattice. Fig-
ure 2 e shows the UV/Vis absorption pattern of T-CoFe2O4 NPs

(pH�7), which consists of bands near 285, 320, and 370 nm.
Interestingly, upon exciting the NPs at lex = 285 and 316 nm,
we observed fluorescence with a maximum at 413 nm, where-
as excitation at lex = 355 nm gives fluorescence with a maxi-
mum at 460 nm, although with low intensity. To increase the
fluorescence intensity, we further modified the T-CoFe2O4 NPs
through heat and higher pH treatment (the pH of the as-pre-
pared T-CoFe2O4 NPs was adjusted to �12, by drop-wise addi-
tion of NaOH solution, followed by heat treatment at 70 8C for
8 h), which resulted in the generation of two additional fluo-
rescence peaks (at lem = 514 and 560 nm) upon excitation with
proper wavelengths with an overall increase in intensity.

Figure 3 a exhibits the normalized multicolor fluorescence
emission spectra obtained from fluorescence-modified T-
CoFe2O4 NPs. Corresponding excitation spectra are shown in
Figure 3 b. The observed absorption peaks at 285 and 320 nm,

Figure 1. a) TEM image of the as-prepared bare CoFe2O4 NPs. b) Size distri-
bution of as-prepared CoFe2O4 NPs. c) HRTEM image of lattice fringes, indi-
cating high crystallinity. d) EDX spectrum of the NPs, indicating the presence
of only Co, Fe, and O. e) XRD pattern of as-prepared CoFe2O4 NPs. All diffrac-
tion peaks resemble the cubic inverse spinel structure of CoFe2O4 NPs.

Figure 2. a) TEM image of water-dispersible T-CoFe2O4 NPs. b) Size distribu-
tion of T-CoFe2O4 NPs. c) Lattice fringes in the HRTEM image, indicating re-
tention of the highly crystalline nature of the NPs even after functionaliza-
tion. d) SAED pattern of T-CoFe2O4 NPs, indicating high crystallinity. e) UV/Vis
absorption spectra for as-prepared and fluorescence-modified T-CoFe2O4

NPs together with Na-tartrate.
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for fluorescence-modified T-CoFe2O4 NPs, which give rise to
fluorescence at lem = 413 nm, may be attributed to the
LMCTtransition involving the highest occupied energy level of
tartrate ligands and the lowest unoccupied energy levels of
Co2+ /3 + or Fe3+ metal ion centers on the NPs’ surface.[13] Co2 +

and Fe3+ are inherently present in CoFe2O4 NPs. Moreover,
Co3+ is more stable than Co2+ in the case of aqueous com-
plexes;[14] so, the involvement of Co3+ in generation of fluores-
cence is very likely. Three additional fluorescence peaks having
maxima at lem = 460, 514, and 560 nm, against excitations at

lex = 355, 435, and 525 nm, re-
spectively, might originate from
the possible d–d transitions in-
volving Co2+ /3 + ions in the fluo-
rescence-modified T-CoFe2O4

NPs surface.[15] Fe3+ is a d5

system; therefore, the involve-
ment of the d–d transition is
both Laporte and spin forbid-
den, so its contribution in the
observed optical properties will
be much lower compared to the
allowed transitions associated
with Co2 + and Co3+ , which are
d7 and d6 systems, respectively.
Moreover, this issue is further
evident from our recent findings
with tartrate-capped Fe2O3 NPs,
in which only the LMCT transi-
tion involving the highest occu-
pied energy level of tartrate li-
gands and the lowest unoccu-
pied energy levels of Fe3+ metal-
ion centers on the NP surfaces
can generate considerable fluo-
rescence, but d–d transitions in-
volving only Fe3 + is not efficient
for the development of intense
fluorescence.[16]

We can explain the generation
of the three excitation bands
with maxima at lex = 370, 430,
and 525 nm in terms of spectro-
scopic term symbols, owing 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
Co2+ .[17] Additional contributions
for the emission peaks with
maxima at 460 and 514 nm can
be interpreted by the d–d transi-
tions (1A1g!1T2g and 1A1g!1T1g,
respectively), involving the
energy levels of Co3+ as ob-
tained from the Tanabe Sugano

diagram.[17] Among the d–d transitions, only the peak at
370 nm is visible in the UV/Vis absorption spectra; other peaks
are probably masked because of their low intensity compared
to the LMCT bands. To have further decisive mechanistic in-
sight for the appearance of multicolor photoluminescence, we
performed picosecond-resolved fluorescence decay transient
measurements of fluorescence-modified T-CoFe2O4 NPs em-
ploying the TCSPC technique. Figure 3 c represents the time-re-
solved fluorescence decay transients of fluorescence-modified
T-CoFe2O4 NPs at three different fluorescence maxima of 400,

Figure 3. a) Normalized steady-state fluorescence emission spectra obtained from fluorescence-modified T-
CoFe2O4 NPs after excitation at four different wavelengths, lex = 316, 355, 435, and 525 nm. Photograph I and II in
the inset show the fluorescence-modified T-CoFe2O4 NP solutions under visible and UV light, respectively. b) Fluo-
rescence excitation spectra of fluorescence-modified T-CoFe2O4 NPs at different emission maxima, that is, 415,
460, 515, and 650 nm. c) Picosecond-resolved fluorescence transients of fluorescence-modified T-CoFe2O4 NPs
studied at emission wavelengths of 400, 460, and 520 nm upon excitation with laser sources of 294, 377, and
471 nm, respectively. Fluorescence images of fluorescence-modified T-CoFe2O4 NPs powder under d) bright-field,
e) UV (365 nm), f) blue (436 nm), and g) green (546 nm) light irradiation. The scale bars in all images are 500 mm.
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460, and 520 nm, using three different pulsed diode laser exci-
tation sources of lex = 294, 377, and 471 nm wavelengths, re-
spectively. As evident from the figure, the significantly larger
average excited-state lifetime (tav) of the fluorescence-modified
T-CoFe2O4 NPs observed for the 400 nm fluorescence band
(5.27 ns) compared to that for 460 nm (1.03 ns) and 520 nm
(0.97 ns) fluorescence bands strongly suggests a mechanistic
difference in the origin of the fluorescence peak at lem =

413 nm from the rest of the peaks. Whereas, the strong resem-
blance between the lifetime values of fluorescence bands at
460 and 520 nm reveals their mechanistic similarity. Corre-
sponding weight percentages are mentioned in Table 1. With

this fluorescence lifetime study, propositions with regard to
the origin of this multicolor fluorescence made from steady-
state experiments are rechecked and it can be rationally con-
cluded that the LMCT excited state is responsible for lem =

413 nm fluorescence, whereas the lem = 460 and 514 nm fluo-
rescence is attributed to d–d transitions. Moreover, we can
conclude that the other lower energy fluorescence at lem =

560 nm would also correspond to another d–d transition.
The fluorescence images of fluorescence-modified T-CoFe2O4

NPs demonstrate that the black powder of fluorescence-modi-
fied T-CoFe2O4 NPs under a bright field (Figure 3 d) give rise to
fluorescent colors like cyan, green, and red upon excitation at
lex = 365 (Figure 3 e), 436 (Figure 3 f), and 546 (Figure 3 g) nm,
respectively, by using proper filters. The fluorescence images
of as prepared T-CoFe2O4 NPs demonstrate no fluorescence
under identical conditions, as shown in Figure S1 in the Sup-
porting Information. Fluorescence quantum yields (QYs) of the
fluorescence-modified T-CoFe2O4 NPs have been calculated fol-
lowing the method of Williams et al. ,[18] which involves the use
of well-characterized standard fluorescent compounds with
known QY values. Fluorescence QYs of 7 % (for 413 nm band),
2.11 % (for 460 nm band), 1.68 % (for 514 nm band), and 0.68 %
(for 560 nm band) were obtained relative to standard fluores-
cent compounds such as 2AP, DAPI, Hoechst 33258, and RhB,
respectively. Thus, the emergence of multicolor fluorescence in
CoFe2O4 NPs was induced by tartrate functionalization and
then strengthened by further surface modification. Moreover,
as is evident from Figure S2, the size and morphology of the T-
CoFe2O4 NPs remained unchanged, even after fluorescence
modification upon high pH and heat treatment.

FTIR studies (shown in Figure 4 a) were carried out for
CoFe2O4 NPs before and after functionalization with tartrate li-
gands, along with the ligand alone, to confirm the attachment

of the tartrate ligands to the NP surfaces. As shown in Fig-
ure 4 a, the peak at 587 cm¢1, arising from the stretching vibra-
tion of metal–oxygen bonds of CoFe2O4 NPs, is absent in the
case of T-CoFe2O4 NPs. In the case of tartrate, two sharp peaks
at 1066 and 1112 cm¢1 arise, owing to the C¢OH stretching
modes,[19] whereas peaks at 1411 and 1621 cm¢1 are attributed
to symmetric and asymmetric stretching modes of the carbox-
ylate groups (COO¢) of tartrate, respectively.[20] For the T-
CoFe2O4 NPs, owing to the interactions between functional
group moieties of the ligands and the NPs surface, all of the
different bands are significantly perturbed along with the band
at 3399 cm¢1, generated from the stretching vibrational modes
of the hydroxyl group (O¢H),[19] which clearly indicates that
both¢COO¢ and¢OH groups are involved in the functionaliza-
tion process. In addition, upon base treatment and heating of
the T-CoFe2O4 NPs, this broadening of the carboxylate and hy-
droxyl peaks become further enhanced, as evident from Fig-
ure S3 a and b, indicating a combined strengthening of the
metal–ligand interaction.

To understand the magnetic behavior of CoFe2O4 NPs before
and after functionalization, we carried out an applied-field-de-
pendent magnetization study (M–H) using VSM. As shown in
Figure 4 b, the superparamagnetic nature of the as-prepared
bare CoFe2O4 NPs (shown in the inset) remains unchanged
after functionalization, but with a significant decrease in satu-

Table 1. Lifetime values of picosecond time-resolved photoluminescence
transients of fluorescence-modified T-CoFe2O4 NPs, detected at photolu-
minescence maxima of lem = 400, 460, and 520 nm upon excitation at
lex = 294, 377, and 471 nm, respectively. The relative weight percentages
of the corresponding time components are mentioned in parentheses.

lex [nm] lem [nm] t1 [ns] t2 [ns] t3 [ns] tav [ns]

294 400 1.1 (42.9) 8.4 (57.1) – 5.27
377 460 1.58 (27.8) 5.64 (8.6) 0.17 (63.6) 1.03
471 520 1.4 (13.63) 4.8 (13.64) 0.17 (72.73) 0.97

Figure 4. a) FTIR spectra of as-prepared CoFe2O4 and T-CoFe2O4 NPs together
with Na-tartrate alone. b) Plot of magnetization versus applied magnetic
field (M–H) for T-CoFe2O4 NPs at 300 K. Inset shows M–H plot for as-prepared
CoFe2O4 NPs obtained under identical conditions.
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ration magnetization. Moreover, the decrease in saturation
magnetization for the fluorescence-modified T-CoFe2O4 NPs is
more prominent, as shown in Figure S4. This phenomenon can
be explained by ligand-field theory. As evident from the FTIR
study, after fluorescence modification, the interactions among
carboxylate (COO¢) and hydroxyl (O¢H) groups of tartrate and
metal centers in the NPs became enhanced. The tartrate
ligand, containing both s-donor (¢OH) and p-donor (¢COO¢)
functional groups,[16, 21] favors the quenching of magnetic mo-
ments of Co2 + /3 + or Fe3 + ions on the surface of T-CoFe2O4 NPs,
leading to a decrease in the saturation magnetization.[22]

The interface of catalysis and nanoscience has paved the
way for green chemistry. In this regard, we were curious to
know the catalytic efficiency of the T-CoFe2O4 NPs in the deg-
radation of BR, the pigment whose elevated level indicates
jaundice. Interestingly, the T-CoFe2O4 NPs exhibit excellent cat-
alytic efficiency in the degradation of BR at room temperature
and without any photoexcitation at pH�7, as shown in Fig-
ure 5 a. It was found that the T-CoFe2O4 NP-catalyzed BR degra-
dation follows the first-order rate equation, with the kinetic
rate constant k = 3.3 Õ 10¢2 min¢1. To clarify whether the reac-
tion follows a radical pathway, we carried out the reaction in
the presence of a radical initiator (H2O2), radical scavenger
(EtOH), and Na-tartrate (as blank), as shown in Figure 5 b. In
the presence of Na-tartrate, there is negligible degradation of
BR. We observed a significant increase in the rate (k = 5 Õ
10¢2 min¢1) of catalysis in the presence of a small amount of
H2O2 (5 mL). Again, in the presence of EtOH, the rate (k = 1.3 Õ
10¢2 min¢1) of the reaction decreased significantly. Notably, an
isosbestic point was observed at 365 nm, owing to an increase
in absorbance at 319 nm with decrease in absorbance at
440 nm as a function of time. To separate the BR degradation
products, we performed a phase transformation of the prod-
ucts from aqueous to chloroform medium in order to avoid
possible interference of the water soluble T-CoFe2O4 NP cata-
lysts in the characterization process, also considering the solu-
bility of previously reported BR degradation products in less
polar solvents. Figure S5 demonstrates the UV/Vis absorbance
peaks of BR degradation product in chloroform and the emis-
sion spectra has a maximum at �450 nm when exciting the
degradation product at 350 nm. The absorbance and emission
patterns of the degradation product of BR exactly match the
previously reported photooxidation product of BR, that is,
methylvinylmaleimide (MVM).[23] Those experiments, along with
the generation of the photooxidation product, indicate that T-
CoFe2O4 NP-assisted BR degradation takes place through a radi-
cal pathway. We also investigated the recyclability of the cata-
lyst in degradation of BR by adding the same dose (which was
initially added to the reaction mixture, that is, 13.4 mm) of BR
to the reaction mixture every 60 min for up to five doses,
keeping the catalyst concentration fixed (without addition of
extra catalyst after the 1st cycle) ; we then measured the BR de-
composition rates by monitoring the decrease in BR absorb-
ance at 440 nm with UV/Vis spectroscopy. The plot of relative
BR concentration as a function of time for up to five consecu-
tive cycles, as demonstrated in Figure 5 c, confirms the reusa-
bility of the T-CoFe2O4 NP catalyst.

Knowledge of the efficiency of T-CoFe2O4 NPs in the degra-
dation of biologically harmful pigments got us interested in
their role in the degradation of model water pollutants. We in-
tended to utilize the strong broad optical excitation of the T-
CoFe2O4 NPs, which extended throughout the UV/Vis region, in
the photodegradation of MB, an organic dye commonly found
in wastewater from textile industries. As shown in Figure 6 a,
the T-CoFe2O4 NPs show unprecedented photocatalytic activity
in the degradation of MB upon UV-light irradiation. The inset

Figure 5. a) The UV/Vis spectral changes of an aqueous solution of BR in the
presence of T-CoFe2O4 NPs with time, whilst stirring. b) Comparative study
of the degradation of BR (monitored at 440 nm) in presence of tartrate, T-
CoFe2O4 NPs, T-CoFe2O4 NPs@H2O2, and T-CoFe2O4 NPs@EtOH. c) Plots of the
relative concentration of BR monitored at 440 nm versus time for five con-
secutive cycles, showing reusability of T-CoFe2O4 NPs in the degradation of
BR.
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shows the full absorption spectra of MB in the presence of T-
CoFe2O4 NPs at pH�3 with increasing time under UV-light irra-
diation. We found that the photodegradation of MB in the
presence of T-CoFe2O4 NPs follows the first-order rate equation,

with k = 14.96 Õ 10¢2 min¢1. But, in the presence of tartrate
only, there is negligible degradation. We also checked the recy-
clability of the catalyst by adding the same dose of MB to the
reaction mixture every 25 min for up to five doses, keeping the
catalyst concentration fixed (without addition of extra catalyst
after the 1st cycle) ; we measured the MB decomposition rates
by monitoring the decrease in MB absorbance at 660 nm with
UV/Vis spectroscopy (as shown in Figure 6 b), which confirms
the reusability of the T-CoFe2O4 NP catalyst. Having evidence
from various photochemical reactions of MB, we propose that
the photodegradation process is associated with a radical
pathway involving reactive oxygen species (ROS).[24]

Furthermore, we investigated the efficiency of T-CoFe2O4

NPs in the degradation of MB in the presence of visible light.
Figure 6 c shows that T-CoFe2O4 NPs can also degrade MB in
the presence of visible light, although with a slower degrada-
tion rate compared to the UV-light irradiation, having a first-
order kinetic rate constant, k = 48 Õ 10¢4 min¢1. The decrease in
the rate of photocatalysis in presence of visible light can be at-
tributed to the lower energy of the visible light compared to
UV light, as well as the lower absorbance of T-CoFe2O4 NPs in
the visible region compared with the UV region.

3. Conclusions

Through the facile surface modification of CoFe2O4 NPs with
Na-tartrate ligands, we developed multifunctional nanoprobes
with superparamagnetism, biocompatibility, and simultaneous
intrinsic fluorescence covering the whole visible region, rang-
ing from blue, cyan, and green, to red. Moreover, the T-
CoFe2O4 NPs exhibit unprecedented catalytic and photocatalyt-
ic activity in the degradation of biologically (BR) and environ-
mentally (MB) harmful pigments, respectively. Systematic inves-
tigation through UV/Vis absorption as well as steady-state and
time-resolved photoluminescence studies reveals that the
LMCT transition from the highest occupied energy level of the
tartrate ligand to lowest unoccupied energy levels of Co2+ /3 +

or Fe3+ metal ion centers and d–d transitions centered over
Co2+ /3 + ions on the NPs’ surface play crucial roles in the gener-
ation of multicolor fluorescence from the T-CoFe2O4 NPs. We
hope that the multifunctional T-CoFe2O4 NPs will pioneer new
opportunities in the field of diagnostics, such as bioimaging,
therapeutics, such as drug delivery, as well as in wastewater
treatment.
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Figure 6. a) Plots of relative concentration of MB (monitored at 660 nm)
under UV irradiation in the presence of Na-tartrate and T-CoFe2O4 NPs, sepa-
rately. The inset shows the UV/Vis spectral changes of an aqueous solution
of MB in the presence of T-CoFe2O4 NPs with time, under UV irradiation.
b) Plots of relative concentration of MB monitored at 660 nm versus time for
five consecutive cycles, showing reusability of T-CoFe2O4 NPs in MB degrada-
tion under UV light. c) The plots of relative concentration of MB (monitored
at 660 nm) in the absence and presence of T-CoFe2O4 NPs under visible-light
irradiation. The inset shows the full absorption spectra of MB in the pres-
ence of T-CoFe2O4 NPs with time, under visible-light irradiation.
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