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1. Introduction

Environmentally benign fabrication of
superparamagnetic and photoluminescent
Ce, Tb-codoped Fe;O,-gluconate nanocrystals
from low-quality iron ore intended for

wastewater treatmenty
Utsav Sengupta, 22 Muthaimanoj Periyasamy,® Sudipta Mukhopadhyay® and
Arik Kar (=) *2

At present, wastewater treatment is a fundamental ecological problem since contaminated organics,
such as dyes, stand as a foremost and rising cause of water pollution. Accordingly, legislation directed
toward ensuring the elimination of toxic dyes from wastewater is becoming ever more rigorous, making
the progress of more effective nanomaterials for degrading toxic dyes a critical challenge for chemists.
A capable technique to address this problem utilizes metal ion-doped semiconductors to catalytically
photodegrade the stable bonds in these dye molecules. Despite extensive research in this area, the
invention of an efficient doped semiconductor system remains a key challenge. Herein, we have
advanced the previous study by designing a fluorescent-superparamagnetic-photocatalytic Ce,Tb-
codoped FezO4 nanocrystals with an amorphous carbon coating via an unsophisticated single-pot p-
glucose mediated hydrothermal reduction method using a single iron precursor (FeCls-6H,0) obtained
from gathered iron ore tailings- a mining waste that characteristically symbolizes a major environmental
hazard. Such trifunctional nanocrystal formations were verified using X-ray diffraction (XRD), FTIR
spectroscopy, X-ray photoelectron spectroscopy (XPS), Brunauer—Emmett-Teller (BET) surface area
analysis, and transmission electron microscopy (TEM) imaging. XPS and XRD analyses confirmed the effi-
cient doping of lanthanide ions into the FezO4 host lattice. Photoluminescence (PL) spectra showed that
the doped nanocrystals with a precise dopant ratio displayed a strong cyan light emission. Furthermore,
time-correlated single-photon counting (TCSPC) measurements indicated how the dopant percent variation
in FesO,4 influenced their corresponding average lifetime values. The magnetization measurements demon-
strated the superparamagnetic behavior with variated magnetic saturation values, which were established to
be dependent on the doping effect. Samples with an appropriate doping ratio were established to be more
efficient for the photodecomposition of Rhodamine B under visible light irradiation with remarkable recycl-
ability and structural stability. Such trifunctional nanocrystals may find many biomedical applications, such as
cancer detection and drug delivery, and the technique we used can be extended to the synthesis of other
nanomaterials based on lanthanide ion-doped materials and metal oxides.

counterparts.’™ In particular, magnetic, optical, and photoca-
talytic nanomaterials were intensively pursued owing to their

Nanomaterials have recently attracted enormous attention due
to their properties being different from those of their bulk
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extensive applications. Magnetic nanoparticles (NPs) have
opened up huge prospects in drug targeting,>® while fluores-
cent NPs have attracted more consideration in the field of
biological labeling,””® and photocatalytic NPs have been applied
to health and environmental problems associated with water
pollution.® Recently, scientists have been involved in combin-
ing the magnetic, fluorescent, and photocatalytic NPs into
innovative ‘“three-in-one” trifunctional NPs,'®** which have
been difficult to obtain.
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Magnetite (Fe30,) has become one of the most accepted and
widely studied semiconductors that can exhibit both n- and p-
type semiconductor behaviors with a narrow band gap (0.1 eV)
for the bulk phase.'** The narrow band gap energy allows for
the quick recombination of the photo-generated electrons and
holes, which considerably limits the creation of reactive oxygen
species.'* So, the tuning of the Fe;0, particle size to an ultra-
nanoscale size is highly desirable for increasing their band
gap, as well as restricting their rapid electron-hole
recombination.’ So far, the strategies developed to adapt the
magnetic, optical, and photocatalytic properties of Fe;O, are
metal ion doping™>'® or heterostructure design'’'® or defect
engineering.">** Among them, metal ion doping has attracted
much attention for adapting the magnetic, optical, and photo-
catalytic properties.”*> Accordingly, various synthetic methods
have been reported in the literature to manufacture metal ion-
doped Fe;O, nanoparticles with the desired physical and
chemical properties.>®>>* However, most of the formerly
reported synthetic methods involve a complicated and expen-
sive equipment setup. Notably, the organic templates-assisted
hydrothermal method has gained considerable attention com-
pared to other synthetic methods.*>?®

Among various metal ions, lanthanide (Ln) ions are one of
the attractive classes of dopants that hold distinctive optical
and magnetic properties associated with their f-electronic
configurations.””””® Ln-doped Fe;0, NPs were selected as opti-
cal materials because of their striking features, such as the
large Stokes shifts, high resistance to photobleaching, blinking,
and photochemical degradation.”**° Previously, the co-
precipitation and/or reverse micelle method was exploited for
preparing Ln-doped Fe;0, NPs.*'*?> However, several concerns
have been identified with the previously mentioned methods,
such as the difficulty in controlling the particle size and
achieving a monodisperse size distribution.®® Therefore, a few
alternative preparative approaches are highly desirable to over-
come this issue.

Many studies have spotlighted the production of Ln-doped
Fe;O, NPs using harmless and environmentally friendly pre-
cursor materials. Particularly, the exploitation of metallurgical
waste obtained from mining industries for the synthesis of
Fe;0, NPs has achieved considerable attention. In the case of
iron ore processing industries, tons of mining wastes have been
excreted each year, resulting in the pollution of the air atmo-
sphere and different water bodies such as lakes, dams, ponds,
rivers, and others. The key waste component here is the iron
ore tailings (IOTs). IOT is a solid waste formed during the
beneficiation process of iron ore concentrate. Although IOTs
are extremely toxic materials, they can be treated for the design
of various porous materials, battery and fuel cells, and others.**
So, it is vital to convert IOTs to some eco-friendly products that
can be valuable for numerous productive applications. There
are already a few techniques that have been reported in the
literature for iron extraction from IOTs, such as leaching,?
suspension magnetization roasting (SMR),*® and others.

This contribution presents a cost-effective and bio-friendly
original synthetic approach for designing super-efficient and
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highly recyclable cerium (Ce) and terbium (Tb)-doped Fe;O,
NPs via a low temperature hydrothermal technique by using
Fe* as the sole metal precursor obtained from the magnetically
less effective and more toxic starting material IOTs via
the leaching process. The structure, morphology, and optical
properties of the as-synthesized samples were investigated by
XRD, FTIR, XPS, TEM, UV-vis spectroscopy, N, adsorption/
desorption, and TGA analysis. Photoluminescence (PL) spectra
confirmed that the doped sample displayed a strong cyan light
emission. The magnetic measurements demonstrate the super-
paramagnetic behavior, which is found to be dependent on the
doping effect. In addition, the catalyst recovery and recyclability
tests have been performed to establish the photocatalyst’s
stability. A feasible photocatalytic mechanism has been
proposed that seeks to relate the doping effect with the photo-
catalytic properties. In summary, the main focus of this article
can be represented by a cycle diagram (Fig. 1a), which points
out how harmful mining wastes can be recycled for environ-
mental remediation. Another diagram (Fig. 1b) represents the
production of an eco-friendly material from an eco-hazard
material, and its utilization for removing some eco-pollutants
for purifying the contaminated water resources.

2. Experimental section

2.1. General synthetic procedures

The collection of iron ore tailings (IOTs) was performed in the
tailing dams of the Donimalai iron ore mines of the National
Mineral Development Corporation (NMDC), India (Location:
Bellary-Hospet sector, Karnataka, India). The further treatment
process of IOTs and its selective leaching method are described
comprehensively in the ESIt file (Sections 1.1 and 1.2, ESIf).
Here, Table 1 illustrates the chemical composition and the
mineral phases of the IOTs executed by micro X-ray fluores-
cence spectroscopy analysis (u-XRF).

(a) Flowchart for recycling mining wastes

Mining wastes: 10T

Industrial dyes /I
removal: Waste water
treatment

(%) °©@

Toxic & harmful
industrial dye removal

Value added
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| Leaching + Hydrothermal process

Novel & cost-effective approach

spipzoH 033

bGujdop y1i03 210y,

More effe material:
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Sunlight irradiation

(b)

Ior Eco-friendly Materials

Fig. 1 (a) Cyclic pathway for utilizing the mining wastes for environmen-
tally friendly applications. (b) One-arrow diagram for the conversion of an
eco-hazard to an eco-friendly material and its uses.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Compositions (in weight %) of the chemical ingredients present in IOTs analyzed by p-XRF

Oxides of the primary and trace elements  Fe (oray AlLO;  SiO, MgO CaO0O MnO TiO, Cr,03 V,05 K,O P05 SO3
Weight (%) 71.38 10.77 16.64 0.31 0.32 0.07 0.32 0.02 0.02 0.16 0.22 0.03

All other chemical ingredients like solvents [HPLC water
(Millipore) and absolute ethanol], acid (concentrated HCI), and
dextrose were purchased from Merck India. Cerium(ur) nitrate
hexahydrate and terbium(m) nitrate pentahydrate were pur-
chased from Sigma Aldrich. Liquid ammonia (25%) was pur-
chased from Fisher Scientific Ltd. All of the above chemicals
were used without further purification.

2.2. Preparation of pure Fe;0,/C nanocomposites

Previously, we have reported the iron ore tailings (IOTs) pur-
ification process to obtain the hydrolysate solution (FeCls-
6H,0), and the subsequent hydrothermal reduction process
to obtain carbon-coated magnetite nanocomposites.”*> In
brief, a certain amount of IOTs (collected from iron ore mining
wastes) are boiled with concentrated HCI (120 °C for 6 h) and
filtered to get the purified hydrolysate solution, i.e., FeCl;-6H,O
(more precisely, it is called leachate solution). After that, 2 g of
dextrose (10 mmol) was added as a mild reducing agent
to 25 mL of 5 mM hydrolysate solution. The obtained acidic
mixture was further made to be moderately highly basic
(pH 10-11) by using ~50 mL (in excess) 25% liquid ammonia
solution. After vigorously stirring for 30 min, the deep brown
mixture was transferred to a 120 mL hydrothermal reactor
(Teflon-made inner container and outer surface built of stain-
less steel) and tightly sealed. The reactor was then heated in an
autoclave chamber at 200 °C for 24 h. After the reaction was

completed, the hot hydrothermal reactor was cooled automati-
cally to room temperature. Then, the final product was
obtained by washing it a couple of times with distilled water
(3 x 25 mL) and absolute ethanol (3 x 25 mL), respectively. The
obtained product was finally dried in a hot air oven at 70 °C for
6 h to obtain the dark brown amorphous powder. The synthetic
scheme is given in Fig. 2.

2.3. Preparation of Ce-Tb doped Fe;0,/C nanocomposites at
various dopant ratios

The synthesis pathway of the hydrolysate mixture is the same as
above. Herein, to synthesize the Ln-doped samples, Ce(NO3);-
6H,0, and Tb(NO3);-5H,0 salts are added to the acidic mixture
before adding p-glucose. As both the lanthanide salts are
soluble in water, they easily dissolve in the acidic solution.
The remaining process was the same as that described above.
Here, the prepared samples are slightly blackish brown com-
pared to the pure Fe;0,4, and also more crystalline as observed
by the naked eye (Fig. 2). By altering the weight percentages of
the dopants (Ce and Tb), various doping ratios were obtained.
Here, we have prepared 3 doped samples and they are - 1%
Cce*™ + 0.5% Tb*" (abbreviated as - ‘1Ce-0.5Tb@G24"), 1%
Ce*" + 1% Tb*' (abbreviated as - ‘1Ce-1Tb@G24’), and 0.5%
Ce*™ + 1% Tb*" doped Fe;O,/C (abbreviated as - ‘0.5Ce-
1Tb@G24’), and one pure Fe;O,, which is abbreviated as
‘G24’. All have different amounts of amorphous carbon coating.
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with - L. ki
conc. HCI " e—_ liq.
120° C, 6 hrs ! ‘ 5 mins stirring 7 NHJ(ZS%)
@‘
Digital Heating chamber F|Itrat|on FeCls.6H,0 ’7@;,0
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wwad Lo
-
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. |T v IT
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Ln@G24 and G24 Autoclave chamber Hydrothermal reactor (120 ml)

Fig. 2 Synthesis route in a continuous flow chart diagram.
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The synthesis process is summarized in a flow chart diagram of
the sample preparation (Fig. 2).

3. Characterization

3.1. X-ray diffraction (XRD) analysis

XRD profiles of both pure and doped samples were recorded
using Ni-filtered Cu Ko (4 = 0.154 nm) from a highly stabilized
and automated PAN-analytical X-ray generator at 35 kv and
25 mA. The X-ray generator was coupled with a PW3071/60
bracket goniometer for sample mounting. Step-scan data
(step size 0.02° 20, counting time 2 s per step) were recorded
for 20°-80° 20.

3.2. Transmission electron microscopy (TEM) analysis

Fe;0, nanoparticles were prepared for TEM analysis by sonica-
tion in EtOH before being drop-cast onto a holey carbon copper
TEM grid (Agar Scientific). Preliminary sample analysis used a
FEI Philips Tecnai 20 (200 KeV) with a 70 pm objective aperture,
CCD camera, and 200 KeV source. For more detailed interroga-
tion, high-resolution transmission electron microscopy (HR-
TEM, JEOL-JSM2010) is used for the microscopic characteriza-
tion of the Fe;O, nanoparticles.

3.3. X-ray photoelectron spectroscopy (XPS)

XPS measurements were carried out using a ThermoScientific
K-Alpha system. The spectra were recorded using a focused
monochromatized Mg Ko X-ray source (1253.6 eV) and Al Ka
X-ray source (1486.8 eV). The binding energy was calibrated
internally based on the C 1s line position.

3.4. UvV-diffuse reflectance spectroscopy (UV-DRS)

Data were collected on a Varian Cary-50 UV-Vis spectrophotometer
with a Harrick Video-Barrelino diffuse reflectance probe.

3.5. FTIR spectroscopy

The Fourier transform infrared (FT-IR) spectra were recorded at
room temperature using the JASCO FTIR-4000 model. FT-IR
measurements of the samples were conducted in the transmis-
sion mode in the mid infrared range of 4000-400 cm .

3.6. Thermogravimetric analysis

This analysis was performed by the high temperature ‘PYRIS
Diamond TG-DTA (115 V)’ instrument in an air atmosphere
(Tmax = 1000 °C) at a heating rate of 10 °C per minute.

3.7. Mott-Schottky analysis

The glassy carbon electrode (GC) was first cleaned by acetone
through an ultra-sonicating bath, followed by both isopropanol
solvent and de-ionized water separately for 8-10 h. Then, the
surface of the electrode was rubbed and polished with a
micropolish powder before the sample drop coating. To pre-
pare the reactant solution up to 0.5 mL, only 5 mg sample was
mixed with 0.5% Nafion and de-ionized water (1:9). After-
wards, 5-10 puL of that mixture was drop cast on the GC and
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kept for overnight drying at room temperature. The surface area
of GC was fixed at 0.125 cm?. Here, 0.1 (M) sodium phosphate
buffer solution (PBS) having a neutral pH was taken as the
electrolyte. We have used CHI 7014E electrochemical work-
station for conducting the Mott-Schottky experiments, consid-
ering the saturated calomel electrode (SCE) as the reference
electrode and Pt wire as the counter electrode.

3.8. Photoluminescence spectroscopy with lifetime
measurement

The photoluminescence spectra were measured in an ethanolic
solution (i.e., ethanolic solution obtained by sample dispersal
in ethanol to form 1.0 x 10™> M suspensions) on a Horiba
Fluorolog fluorescence spectrometer.

Lifetime measurements were performed by using the Horiba
Scientific 279 nm (laser wavelength) nano-LED delta diode.

3.9. Brunauer-Emmett-Teller (BET) surface area analysis

The Brunauer-Emmett-Teller surface area of the Fe;O, nano-
particles was analyzed by nitrogen adsorption in a Quanta-
chrome Autosorb-1 instrument.

3.10. Vibrating sample magnetometer analysis

To study the magnetic behavior of all samples, a vibrating
sample magnetometer (VSM) (Lakeshore-7144) was used. The
magnetization values of the samples were recorded up to
1.5 Tesla of the external magnetic fields at 300 K.

3.11. Photocatalytic testing

The degradation of aqueous rhodamine B (RhB) under simu-
lated solar irradiation was studied without sacrificial reagents.
All experiments were done in triplicate. Typically, 25.0 mg of
catalyst was added to 50 mL of a 1.0 x 10> M aqueous dye
solution (pH 7), and the mixture was stirred in the dark for
30 min to allow for dye adsorption to the catalyst surface.
A 3.0 mL aliquot was centrifuged, and the absorption of the
supernatant was determined to give the dye concentration
before photocatalysis (Co). The remaining solution was then
irradiated with a 100 W xenon lamp (Low-cost Solar Simulator-
Royal Enterprise). Degradation of 1, was monitored by UV-vis
spectroscopy (JASCO V-630 UV-Vis spectrophotometer) to
obtain the concentration (C) of the dye as a function of time
in subsequent aliquots. During irradiation, samples were incu-
bated in an ice bath to prevent evaporation and thermal
degradation. Loss of RhB was measured in triplicate and
calculated according to the equation:

Degradation (%) = (1 — C/Cy) x 100 (1)

A radical scavenging test was performed via fluorescence
measurement of terephthalic acid (TA). 25 mg of photocatalyst
was taken in a 100 mL beaker containing 50 mL 0.5 mM TA and
2 mM NaOH solution, followed by the addition of ~150 pL
H,O0, (initiator). Then, a photocatalysis reaction was performed
in a similar way, resembling RhB degradation for 3 hours
under the illumination of a solar simulator. During the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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reaction, ~5 mL of aliquot was taken out after a certain time
interval and filtered through ultracentrifugation to measure its
fluorescence. The corresponding excitation and emission wave-
lengths were observed at 315 and 425 nm (for 2-hydroxy
terephthalic acid), respectively. All fluorescence spectra were
recorded using a Horiba Fluorolog fluorescence spectrometer.

4. Results and discussion

4.1. XRD analysis

The XRD patterns of pure Fe;O; (G24) and Ce,Tb-Fe;04
(Ce:Tb = 0.5:1, 1:1; 1:0.5) are shown in Fig. 3a.

The X-ray diffractograms of the polycrystalline samples
indicate the creation of an explicit single-phase cubic inverse
spinel structure. The XRD pattern of the pure Fe;0, (G24)
shows diffraction peaks at about 30.39°, 35.66°, 43.15°
53.96°, 57.30° 62.94° and 74.13°, corresponding to the (220),
(311), (400), (422), (333), (440) and (533) planes, respectively.
This is in accordance with the literature database (JCPDS card,
File no. 74-0748) and identical to some previously reported
works.*”*® For the Ce and Tb-doped G24 samples, all moni-
tored peaks have been indexed to pure Fe;O,, and no diffrac-
tion peaks similar to oxidized cerium and terbium species were
found.?® This indicates that the doping of Ce and Tb does not
amend the phase purity of the Fe;O, host. The XRD peaks
afford the necessary information about the site of the dopant
in the crystal lattice. The ion distribution between the tetra-
hedral and octahedral sites is resolved by the relative size and
charge on/of the cations and the size of the interstices.*® In our
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560
280 4 220 333 440
| g i - 533
0 9 1 L 1 1 1 1 L L 1 L 1
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Fig. 3
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Ce,Tb-codoped Fe;0, systems, the Fe** ions demonstrate high
crystal field stabilization energy (CFSE), while the Fe**, Ce®",
and Tb*" ions have zero CFSE at both octahedral and tetrahe-
dral sites, which proves that the lattice nature of the Ln-doped
nano-heterosystem is a cubic inverse spinel as with the host
material Fe;0,, according to CFT.*” Consequently, taking into
account the CFSE and ionic radii, it is rational that both Ce**
and Tb*" ions enter the octahedral sites. The replacement can
alter the 20 values, as shown by the visible peak shift of the
most prominent 311 peak (zoomed image) for all doped sam-
ples compared to that of G24 in Fig. 3b. This is indicative of
cation substitution. Upon substitution, the crystallite size
changes, resulting in a change in scattering.”’ We have used
the Debye-Scherrer equation to evaluate the average grain sizes
of the samples (Table 2).

K
b= B - cos 2)

where D is the grain size in nm scale, K = Scherrer constant =
1.07 (for spherical lattices)

As, 4 = X ray wavelength = 0.15406 nm for Cu K, energy
source, § = FWHM (radian) and 6 = Bragg’s angle (radian) for
the most prominent or highest intensity peak in the XRD data
(here, it is 311). Moreover, we have calculated the lattice
parameter and the unit cell volume (here, only one parameter
‘a’ is considered because for the cubic lattice, the cell edge
length = a = b = ¢) for each of the samples using Bragg’s law
(Table 2). As a result, we have found that both the unit cell
length and its volume increased after the Ln ion incorporation

——1 Ce-0.5 Tb@G24

(b) 840-

560

35.58

280 + 31

0

——1 Ce-1 Th@G24

840 35.47

560

280 31

0

—— 0.5 Ce-1 Th@G24

840 -

560

Intensity (a.u.)

280 4

A L L AL 1 '} L

35.77 :

3600 +

2400 4

1200 4 311

04 1 1 1 1 1 1 1

350 352 354 356 358 360 362 364

20 (Degree)

(a) XRD data, and the (b) 311 peak position for Ln-doped and G24 nanoparticles.
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Table 2 Crystal size and associated lattice parameters of G24 and its Ln-doped analogs
Particle sizes

Highest Expected peak . from the D-S  Lattice

intensity position [JCPDS]  Exact peak dny (A) FWHM  equation parameter  Unit cell
SI No. Sample name plane (hkl)  (20°) position (20°)  [JCPDS]  (20°) [D] (nm) ‘@’ (A) volume (A)?
1 G24 (311) 35.483 35.77 2.5279 0.3118 31.82963 8.318 575.5
2 0.5Ce-1Th@G24 35.48 0.3379 29.34718 8.384 589.3
3 1Ce-0.5Tb@G24 35.58 0.3496 28.37296 8.361 584.5
4 1Ce-1Tb@G24 35.47 0.3315 29.91293 8.388 590.2

inside the Fe;O, lattice. This trend may occur due to the
replacement of the smaller-sized Fe**/Fe** ions with relatively
higher-sized Ce** or Tb*" ions after doping.**™*°

The probable crystal structures (drawn using VESTA soft-
ware) with the shortened synthetic step and sample weight
percentages for both G24 and 1Ce-1Tb@G24 lattices are given
in Fig. 4.

4.2. TEM analysis

The morphology and microstructures of G24 and 1Ce-
1Tb@G24 were determined by analyzing the TEM and HRTEM
data. The TEM investigation for G24 illustrates that a huge
number of Fe;O, nanoparticles (dark gray) is consistently
dispersed into the carbon sheet (light gray) (Fig. 5a).

However, the particles are not identical in shape and size
(polydisperse), and are enormously agglomerated in character
due to their extensive superparamagnetism nature. HRTEM
analysis (Fig. 5b and c) showed that the size of the smaller
particles of G24 is about 10 nm. It further corroborated the
presence of fringes with d-spacings (ds;; = 0.25 nm) attributable
to Fe;0, throughout. The fast Fourier transform (FFT) revealed
the long-range order, with SAED also displaying the crystallinity
of the sample (Inset of Fig. 5a). EDX analysis (Fig. 5d) supported
the view by confirming the presence of iron and oxygen in the
sample. Carbon and copper signals were detected. However,
these signals are likely to occur from the thin amorphous
carbon membrane and the copper grid bars of the sample grid,
respectively. The average nanoparticle size of G24 is 5.82 nm, as
calculated from the particle distribution curve (Fig. 5e). TEM
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materials (in the form of circular discs) of G24. (b) Ln ion-doped G24 samples, followed by the three-step synthetic processes.
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analysis for 1Ce-1Tb@G24 illustrates that a large number of
Fe;0, nanoparticles (dark gray) is homogeneously dispersed
into the carbon sheet (light gray) (Fig. 5f). Fig. 5¢ and h show
the high-magnification TEM images of that sample, where the
lattice planes are visible. Here, the interplanar distance of the
lattices was found to be 0.24 nm, which is equal to the value of
the most intense ds;; of the Fe;O, phase. The linearity of the
lattice planes signifies a lack of any planar defects and twin
faults. The SAED patterns are taken from the marked regions
(Inset of Fig. 5f). The spot SAED pattern implies the presence of
larger particles in the marked region. All of the major diffrac-
tion spots are indexed to appear from the cubic Fe;O,4. Never-
theless, the ring SAED pattern suggests the presence of smaller-
sized particles in the marked region. The EDX spectrum
(Fig. 5i) obtained from the doped sample confirms the presence
of cerium and terbium, along with iron and oxygen. Here, the
particle size distribution (calculated from the TEM images)
shows that the average particle size is 5.08 nm, which is slightly
smaller than that of G24 (Fig. 5j). An elemental mapping was
performed using STEM-HAADF to further investigate the for-
mation of the doped nanoparticle, shown in Fig. 5k-o. Fig. 5k
shows a STEM-HAADF image of agglomerates of 1Ce-
1Tb@G24. The elemental mappings are shown in Fig. 5l-o.
They clearly show the well-defined spatial distributions of all of
the elements present, viz., Fe, O, Tb, and Ce. The above analysis
confirms the formation of the doped Fe;0,.

© 2023 The Author(s). Published by the Royal Society of Chemistry

4.3. X-ray photoelectron spectroscopy (XPS) analysis

To estimate the elemental composition, chemical environment,
and oxidation states of the different elements present in the
synthesized samples, XPS spectra were acquired. The XPS
survey spectra for G24 and the Ln-doped Fe;O, are character-
ized in Fig. S1 (ESIt). Similar to XRD analysis, this showed
no considerable signals due to impurity. The Fe 2p core level for
G24 (Fig. 6a) includes the doublet, suggesting Fe 2p,, and
Fe 2p;/,, which is allocated to the feature binding energies of
magnetite (respective Fe** and Fe** ions). Furthermore, the
existence of the broad Fe 2p peaks for the sample ascertains
the existence of mixed iron oxide states (Fe*" (2ps,) and Fe**
(2p12))-"

Additionally, there is a slight but noticeable peak at about
718.1 eV, which is conceivably the satellite peak of Fe** and Fe**
ions.*® The typical peak at about 719.0 eV for Fe*" in the y-Fe,0;
phase was not detected, authenticating the construction of pure
Fe;0,.*” Fig. 6b illustrates the deconvoluted Fe 2p core level
XPS spectra for 1Ce-1Tb@G24. The Fe 2p core level XPS
spectrum exhibits the peaks of Fe 2p;,, and Fe 2p,,, at 710.1
eV and 724.1 eV, respectively, which are ascribed to the Fe**
state of Fe.*® Fig. 6¢c and d demonstrate the Fe 2p and O 1s
narrow-scan spectra comparison between G24 and 1Ce-
1Tb@G24, respectively. Both samples consisted of two broad
peaks of Fe 2p3,, and Fe 2p;,,, which were primarily assigned to

Mater. Adv., 2023, 4, 5683-5705 | 5689
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(a) Deconvoluted Fe 2p XPS spectrum for G24. (b) Deconvoluted Fe 2p XPS spectrum for 1Ce-1Tb@G24. (c) Fe 2p and (d) O 1s comparison

between pure & doped G24. (e) Ce 3d and (f) Tb 4d comparison for all doped samples. Deconvoluted C 1s of (g) G24 and (h) 1Ce-1Tb@G24.

Fe-O bonds, and the values are incredibly close to those of

magnetite (Fe;04)." A decrease in binding energy can be
noticed for the Fe 2p and O 1s peaks in the doped sample
compared with the equivalent peaks for pure Fe;O,. This
proposes an electronic interaction between the Fe;O, host

and doped ions. The shift could be attributable to the Fe

5690
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substitution by Ce™ and Tb"™, which altered the Fe™: Fe"" ratio
in samples and formed new Fe-O-Ce/Tb bonds.”® This result
confirms that the lanthanide metal ion doping can slightly
deform the cubic lattice structure of pure magnetite and create
numerous oxygen vacancies, which are responsible for the
elevation of the photocatalytic capability (see Section 4.11), as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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well as magnetic properties (see Section 4.10.).>' An analogous
type of peak shifting was also monitored earlier for other doped
samples.>*>?

For all three Ln-doped samples, we have seen several med-
ium and small peaks (Fig. 6e) between the 880 to 940 eV
binding energy range. These features indicate the spin-orbit
doublets, which appear because of the Ce 3d orbital spectrum
on the sample surface, and prove that Ce doping occurred here
with the presence of both +4 and +3 oxidation states.”
Although the peaks are not that sharp, this may be due to a
low percentage of doping in the case of each doped sample.>**

We have also confirmed the Tb doping by XPS analysis
(Fig. 6f). As we can see, a sharp peak arises at ~150 eV for
each doped sample. This is mainly for the Tb 4ds, orbital,
which supports that the doped Tb element is in the trivalent
state for all Ln-doped Fe;0,/C nanospheres. However, the peak
positions are slightly different for them due to different doping
percentage amounts.>®>’

Both the Ln-doped and undoped Fe;O, nanospheres are
highly coated with the amorphous carbon coating due to
extensive p-glucose mediation at the time of hydrothermal
synthesis. This fact can be proven by the C 1s peak deconvolu-
tion (Fig. 6g and h), and our group had previously reported on
this phenomenon in detail.” The HRTEM images also show the
presence of an amorphous carbon coating for the samples
(Fig. 5b and g). We have compared the deconvoluted C 1s peak
for our best photocatalyst, i.e., 1Ce-1Tb@G24 sample, with that
of G24. We see that in both cases, the carbon coating is there as
a form of ferrous carboxylate and ferric carboxylate complexes,
but in a different weight ratio. For both samples, the C1s raw
data are deconvoluted and split into three separate sub-
peaks positioned at 284.8 (sp® C), 285.1 (sp® C) and 287.8
(C-O bond) eV. The peak at 284.8 eV confirms the presence
of p-glucose in the sample, but the other two peaks indicate
that there is a partial conversion of glucose to graphitic carbon
on the sample surface.*®>° For G24, we see that the peak areas
of both sp® and sp® C (17.9% and 71.6%) are higher compared
to that of 1Ce-1Tb@G24 (7.9% and 68.1%). However, its oxygen
bonded C 1s peak area (10.5%) is much lower as compared to
its doped analog (24.0%). This means that for doped Fe;0,, the
quantity of the Fe" and Fe™-carboxylate complexes is higher than
that of its pure form. Hence, XPS proves that after lanthanide ion
doping, the Fe;O, nanoparticles contain more reactive oxygen
species (ROS) as a carboxylate moiety and a lower quantity of
carbon (as sp® and sp*> C), which ultimately leads to a higher
amount of toxic dye degradation.®® Furthermore, this result
exactly matched with our FTIR and TGA analysis data in terms
of how the amorphous C coating disrupts the photocatalysis rate.
A greater amount of highly reactive OH*® radicals can be generated
by the iron-carboxylate complexes in both photo- and dark Fenton
reactions (see Section 4.11.) in the case of the doped sample, and
it finally helps to degrade the dye in a more facile way (almost
36% higher) compared to the undoped Fe;O, nanoparticles. For
better insight into the atomic composition (%) on the corres-
ponding crystal surfaces, the XPS atomic concentration data for
all samples are listed in Table S1 (ESIt).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4.4. UV-DRS analysis

UV-vis diffuse reflectance spectroscopy (DRS) was carried out to
distinguish the optical properties of G24 and 1Ce-1Tb@G24.
Fig. 7a depicts their reflectance spectra. The band gap energies
(Eg) of the samples were calculated using the Kubelka-Munk
(K-M) model.*

The following relation expresses the K-M equation at any
wavelength:

(1-R)y?

F(R) == ()
where F(R) corresponds to the K-M function and R is the
reflectance measurement. Therefore, acquiring F(R) from
eqn (3) and the intercept of the plot [F(R)w]* against hv
Fig. 7b) provides the band gap energy (E,). The estimated band
gap energy (E,) is found to be 2.58 eV and 2.50 eV for G24
and 1Ce-1Tb@G24, respectively. It should be noted that for
both doped and undoped samples, the band gap is remarkably
higher (~25 times) than that of the bulk-sized Fe;0,4 (~0.1 eV),
which is attributable to the extreme size difference between the
bulk and nanophase materials, which is consistent with the
quantum confinement effect.®>®* Furthermore, the band
gap energy difference between the doped and undoped sample
(AEg = E;*°P! — E,9°P¢) is very low (0.08 eV). Therefore, we
can conclude that the band gap cannot be an important factor
in explaining the huge difference in the photocatalytic eftfi-
ciency between the doped and undoped samples.

4.5. FTIR analysis

FTIR data afford detailed information about the molecular
structure and its environment, as it is responsive to a variety
of chemical bonds and functional groups present in a mole-
cule. The corresponding spectra of all prepared samples are
presented in Fig. 7c. Here, G24 exhibits®! a distinct band at
585 cm '. This typical peak corresponds to the intrinsic
stretching vibrations of metal-oxygen at the tetrahedral site.®
Most interestingly for doped samples, the band turns out to be
less intense and sharper as a consequence of the interruption
of the local symmetry via the introduction of Ce*" and Tb** ions
into the Fe;O,4 host lattice. It also progressively shifted, which
was attributed to the revamped bonding force between the
cations and oxygen anions due to the presence of Ce*" and Tb**
ions.** The band disturbances below 1500 em ™' are attributa-
ble to the lowering of the local symmetry as a result of
distortion owing to the presence of different cations at diff-
erent sites.®® Additionally, the broad band between 3000 and
3600 cm ™' is recognized as the stretching vibrations of the
hydroxyl groups for all samples,®” indicating the existence of
water molecules adsorbed on the surface of Fe;0,, as well as
the carboxylic acid or carboxylate OH groups (RCOOH = glu-
conic acid, acetic and formic acid), which forms during the
reduction of hydrolysate (FeCl,) by p-glucose.®® Moreover, the
formation of iron(u/m) carboxylate complexes is again con-
firmed by the medium peak at ~1600 cm™ ', indicating the
presence of characteristic C—O vibrational stretching peaks,
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an air atmosphere with the maximum temperature at 1000 °C and heating rate at 10 °C min

which are not available in the case of free p-glucose. Overall, the
increasing carbon content on the Fe;O, surface decreases its
hydrophilic nature, and that is why G24 (having higher C wt%)
is less efficient in degrading the rhodamine B dye compared to
its doped analogs (having lower C wt%). In accordance with
that trend, 1Ce-1Tb@G24 can degrade the highest amount of
the dye because it has the lowest quantity of carbon coating.®’
In this aspect, we have correlated that result with the TGA data
to be discussed later (see Section 4.6).

4.6. Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed (Temperature
range = 20-950 °C) for all samples to determine the probable
amount of carbon coating on each sample (Fig. 7d). Here, the
thermograms can be divided into two steps of sample decom-
position processes for all samples. At first, in the approximate
0-150 °C temperature range, the 1st breakdown of the material
weight % occurs due to evaporation of the moisture and
adsorbed water molecules on their surfaces.”””! For G24, the
majority of H,O molecules are dissociated (~11% of the total
weight of the sample) compared to the doped G24 samples.
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This phenomenon can be well explained by BET analysis (see
Section 4.9.).

In terms of the 2nd step of the weight % dissociation in the
~250-950 °C T region, the reason may be mainly thermal
disintegration of different inorganic and organic functional
groups, as well as the hydroxyl group, which can undergo
complexation with the central host metal ions, i.e., Fe**/Fe**
of the magnetite nanoparticles.” In this case, G24 clearly gives
the maximum loss of weight (~48%) to others, which confirms
the highest amount of carbon coating in G24. With an increase
in doping amount, the coating becomes lower and reaches the
minimum value for our best catalyst, i.e., 1Ce-1Tb@G24. The
circular discs for the weight % values of the sub-components of
the G24 and Ln-doped G24 samples are given in Fig. 4, where
the amount of ‘C’ coating on the catalyst’s surface follows the
following descending order, ie., G24 > 0.5Ce-1Tb@G24 >
1Ce-0.5Tb@G24 > 1Ce-1Tb@G24.

It should also be noted that the trend for catalytic efficiency
towards dye degradation is exactly the opposite. From these two
reciprocal relations, we can conclude that the carbon coating
hinders the induction of direct light on the reactive surfaces of
the photocatalysts. Furthermore, it further delays or suppresses

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the electron-hole generation from its valence bands (VB). This
phenomenon has been already reported in our previous work.’
However, after ~500 °C, all of the samples show a stable
magnetite (Fe;O,) structure, as no further decay of thermo-
grams occurred after that crucial temperature, and then the
curve becomes saturated. Moreover, the lanthanide ion doping
may decrease the carbon coating percentage on the catalytic
surface according to their low weight loss values in the 2nd
thermal dissociation step.”*’* Overall, we can say that all of the
doped and undoped Fe;O, nanoparticles may be coated with
different amounts of carbon plausibly due to the formation of
Fe”*-(RCO0),> " and Fe**-(RCOO0),*> " complexes through glu-
cose mediation.*

4.7. Mott-Schottky analysis

To visualize the type of semiconducting property and the
probable band energy levels, an electrochemical Mott-Schottky
experiment was done. The fundamentals of this test involve the
dependence of the electrochemical impedance on the experi-
mental potential range, which can be converted to the
capacitance.”>’® The capacitance and the potential are related
by the following equation:

View Article Online
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where, ‘C’ is the space-charge capacitance, ‘A’ is the area of the
working electrode, ‘e’ corresponds to the electronic charge, ‘¢’
and ‘gy’ are the dielectric constants of the working electrode
and the free space, respectively, ‘N’ is the charge carrier
density, ‘E’ is the working potential [against the standard
calomel electrode (SCE)], ‘Ergp’ is the flat band potential (Fermi
level), ‘&’ is the Boltzmann’s constant and ‘T” is the tempera-
ture. Here, we have performed this experiment at 1000 Hz. The
Epgp can be calculated from the intercept of the X-axis
(potential) by extending the tangent line. The impedance-
potential plots (Fig. 8a and b) confirm the p-type semiconduct-
ing properties of the as-prepared semiconductor materials due
to their —ve slopes.

Therefore, by convention, the Exgp values for both materials
symbolize the valence band maxima (VBM), and the photo-
induced charge carriers residing at VBM are the holes (h"). It
should be noted that the Erpp value of the undoped material is
0.262 V, while the doped material shows a greater +ve Eggp value
(0.284 V). The potential against SCE is converted to the Egyg
through the following equation:

ERHE = ESCE + 0.059 pH + EOSCE (5)

where Escg is the applied potential, the value of the E°g¢g is

1/C* = (2/A%eceoNp) (E — Ergp — kT/e) (4) 0.244 V (here, t = 25 °C as our experimental temperature), and
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Table 3 Mott—Schottky experimental data with the charge carrier density
value
FB potential

Optical band  (for VBM) Charge carrier
SI No. Sample name gap (eV) (Vvs. RHE)  density
1 G24 2.58 0.919 5.79 x 10™
2 1-1Ln@G24 2.50 0.941 1.55 x 10'®

the pH of the medium is 7. So, to predict the charge transfer
dynamics within the electronic states of the photoactive mate-
rials, the probable band energy diagram has been envisaged
by considering the optical band gap (E;) of the materials by
which the conduction band minima are obtained (Fig. 8c). It is
motivating to note that after doping, the charge carrier density
obtained from the slope of the graph for 1Ce-1Tb@G24
increases by roughly 27 times compared to that of G24
(Table 3).

This result authenticates that on illumination, the doped
material can create higher h' density at the VBM, which can
considerably produce extremely reactive. OH® radicals in

20
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solution for the outstanding photocatalytic oxidation reaction.
Additionally, the overall picture of the possible band energy
diagram recommends that the introduction of the lanthanide
ions help in tunneling the photo-induced e~ from Fe;O, CBM
into the lanthanide interface to diminish the charge pair
recombination, and consequently catalyze the reaction through
greater h' density at the VBM of the hybrid semiconductor
materials.

4.8. Photoluminescence data

4.8.1. Fluorescence emission. Fig. 9a shows the photolu-
minescence (PL) study of G24 and its Ln-doped samples under
excitation at 300 nm wavelength (Zey).

The PL spectra of G24 are found to be broad and asym-
metric. The emission band at about 497 nm may be ascribed to
surface defects of the Fe;0, lattice.””””® However, some new
peaks in the range of 400-460 nm with a large hump
(~490 nm) appeared in the case of doped samples compared
to G24. Among the Ln-doped G24 samples, only 1Ce-1Tb@G24
shows a highly intense cyan color under a UV lamp (365 nm

(b)
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(a) Fluorescence decay spectra comparison; inset: colorimetric image of the UV ray irradiated sample dispersed in ethanol. (b) Plausible energy

level diagram of 1Ce-1Tb@G24, where the red, blue, and green arrows signify the radiative decays for the Ce®* and Tb*" ions, respectively, and a big
white dotted arrow represents the non-radiative decay process from the 5d orbital of Ce** to that of Tb** ion. (c) CIE chromaticity diagram of 1Ce—
1Tb@G24 showing its chromatic coordinate (x,y). (d) Time-resolved decay curves of G24 and Ln-doped G24 samples.
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light source). Previous reports show that for Ce®*' ion-
doped compounds, a fluorescence emission normally appears
in the 410-460 nm region, which produces a violet-blue
colorband.”®®® Here, the three medium peaks at 403, 429,
and 454 nm are prominent in the case of 1Ce-1Tb@G24
compared to other samples, which show a cyan color under
UV light irradiation. The Tb-containing metal oxide nano-
particles mainly give a green fluorescence (520-570 nm range),
as reported previously.®*> However, no prominent peaks for
Tb** are observed herein for co-doping. After doping, no major
sharp peaks for both Ln*" ions can be identified for all doped
samples, which may be attributed to the presence of a very low
percentage of doping, where the sharp Ln*"-associated peaks
are submerged inside the broad peak of pure Fe;O,. Never-
theless, the resultant strong cyan color for 1Ce-1Tb@G24 may
appear due to the unequal mixing of two basic colors, i.e., blue
and green. The supported plausible energy diagram (Fig. 9b)
shows how the excited electrons sensitize the excited electronic
states of Tb®" ions via a non-radiative pathway. Also, a CIE
diagram is given (Fig. 9c¢) to evaluate the expected color co-
ordinate, ie., (0.2,0.2), for the cyan emission of the sample,
which is the main cause for co-doping instead of single doping
inside the G24 lattice.*?

4.8.2. Time-correlated single photon counting (TCSPC)
measurement. Fig. 9d represents the time-resolved PL decay
curves for all of the aforementioned samples, excited at 280 nm
wavelength by a nanoLED-280 laser (at emission wavelength
peak at 468 nm). The average lifetimes for the samples are
calculated using the formula given below:

Z ai‘fiz
i
Z oiTi
1

T

(6)

[where, i = no. of iterations of a single parameter; here, it is 1 to
3; o; = relative amplitude in a fraction of the ith time of a
particular sample (in the table, o is represented as B); t; =
lifetime of the ith time of a particular sample; and t = average
lifetime of the sample.]

All of the decay curves are fitted with a tri-exponentia
The decay components (74, 75, 73), amplitude of the components
(b1, bs, b3), and the average decay time (r) for different samples
are summarized in Table 4.

The fast decay component is due to the radiative recombina-
tion process of electrons and holes at luminescent sites, and
the slow decay component typically appears from the defect-
related emission.®® Generally, doped nanomaterials are

1,84:85
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expected to have longer exciton decay times due to the spatial
separation of charges.®” Herein, the average decay time value
for 1Ce-1Tb@G24 is found to be higher than those of G24 due
to the trap emission of the Fe;O, nanoparticles.®*

An analysis reveals that the relaxation dynamics are influ-
enced by defect states, which are formed by the dopant ions.
Thus, Ce,Tb-codoped Fe;O, samples are expected to have a
longer exciton decay time due to the spatial separation of the
charges. Furthermore, the higher value of the average decay
time (6.86 ns) indicates the effective charge separation in the
doped sample, which leads to improved photocatalytic activity.
These results are also consistent with the FTIR and XRD
studies.

4.9. BET surface area analysis

For heterogeneous photocatalysis, the surface area plays a
fundamental role.®® Herein, the BET surface areas and pore
size distributions of each sample were determined by measur-
ing nitrogen adsorption-desorption isotherms (Fig. 10a).

Both the adsorption and desorption branches of each iso-
therm produced a particular H2 type hysteresis loop attributed
to type IV behavior.?® This indicates the presence of intercon-
nected mesoporous networks with disordered and inhomoge-
neous size distributions, resulting from the aggregation of the
primary nanocrystallites (Fig. 10b). The linear BET plot com-
parison (Fig. 10c) shows different slopes and intercepts, indi-
cating different surface areas for doped and G24. The specific
BET surface areas were found to be 59.639 and 15.849 m”g* for
G24 and 1Ce-1Tb@G24, respectively (Table 5).

It is important to note that although the particle sizes of
both samples are roughly comparable, it is expected that their
surface area will be very close. However, consistent with some
previous relevant research works, we have found that the as-
synthesized Ln-doped G24 samples are more agglomerated in
nature, which may cause a certain decrease of their surface area
compared to that of pure G24.°>°! Notably, the surface area of
G24 exceeds that of 1Ce-1Tb@G24, which argued against a
simple correlation between the surface area and photocatalytic
activity. It should also be noted that the porosity of the material
is considerably lower for 1Ce-1Tb@G24 compared to G24
(Table 5). This result indicates that for G24, the adsorption
phenomenon dominates compared to the light-utilizing effect
in terms of dye removal. However, adsorption is not a useful
technique in terms of complete dye fragmentation. It is also
very tough to reproduce the catalyst for further use due to the
almost permanent occupancy of the dye molecules on the
catalytic active sites.” However, despite having a lower surface

Table 4 Lifetime measurement data of all of the Ln-doped and G24 samples (Here, the y value represents the good fitting of the count vs. time plot)

Relative amplitudes [B] (%)

Lifetimes [1;%] (ns)

SI No. Sample’s name B, B, B; T, T, Ts %* value Average lifetime (ns) Decay constant [K] (ns™")
1 1Ce-1Tb@G24 46.44 10.14 43.42 2.60 0.595 8.38 1.09 6.86 + 0.34 0.14 + 0.01
2 1Ce-0.5Tb@G24 45.68 44.31 10.02 2.71  8.06 0.561  1.07 6.61 £ 0.33 0.15 £ 0.01
3 0.5Ce-1Th@G24 47.61 11.30 41.09 2.59 0478 7.93 1.02 6.39 £ 0.32 0.16 + 0.01
4 G24 45.99 10.72 43.29 2.48 0.447 7.59 1.01 6.21 + 0.31 0.16 + 0.01
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(a) N, adsorption—desorption isotherms. (b) BJH Pore size distribution. (c) Linear BET surface area plot comparison of G24 and 1Ce-1Tb@G24.

Table 5 BET isotherm-derived surface parameters for G24 and 1Ce-1Tb@G24

SI No. Sample name Multipoint BET surface area (m” g~ ") Total pore volume (cc g~ ") BET constant (c) BJH pore radius (A)
1 G24 59.639 0.0548 31.257 17.757
2 1Ce-1Tb@G24 15.849 0.1901 35.523 6.822

area, due to the higher utilization of light energy, the doped
sample shows superior dye degradation efficiency, as well as
better catalytic reproducibility.

4.10. Static magnetic properties

In Fig. 11a, we have an analogous S-shaped hysteresis loop for
the M vs. H plot for all of the samples.

Concerning the bulk Fe;0, material (~92 emu g~ "), for all
doped and undoped G24, we have observed lower magnetic
saturation values due to the presence of the ‘Carbon’ coating on
the particle surface. Also, the grain size of the nanoparticles has
hardly any effect on the variation of the M, values, as there is no
significant alteration of the particle sizes observed in all of the
samples (see Section 4.1). Besides that, as a result of the low
coercivity (H.) and very low squareness ratio (M,/M;), all of the
samples can be termed as superparamagnetic’® (Table 6).

For the Ln-doped Fe;O, nanocrystals, the rare earth metal
ions (here, Ce®™ and Tb*') substitute the Fe®* ions in the
octahedral B site of the Fe;0, crystal lattices and the M value
eventually increases due to A-B super exchange interaction.’?
Furthermore, for the anisotropic constant (K), the trend is also
identical, i.e., the K value increases with increasing doping
percentage due to the advanced spin-orbit coupling effect.”®
This phenomenon is due to the deformation of the pure Fe;0,
crystal symmetry via lattice strain through lanthanide ion
doping.**

Magnetization vs. temperature data were measured at 100
Oe magnetic field and a temperature range from 2 K to 300 K
(Fig. 11b). The field cooling (FC - 2 K to 300 K), zero field
cooling (ZFC - 300 K to 2 K) and field cooled heating (FCH - 2 K
to 300 K) can all be observed in that plot. The 1st derivative
(Fig. 11c) of the FC curve provides two transition temperatures
for 1Ce-1Tb@G24, which has the highest magnetic saturation
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Table 6 Magnetic parameters (with average crystal sizes) of the as-synthesized doped and G24 samples
ite si 1 s io Mr M,H,
Sample Average crystallite size (D) (nm) XRD M; (emu g ) M, (emu g™ ") quareness ratio H,(Oe) K= 0.96
S .
G-24 27.96 13.35 2.265 0.169 73.09 1016.40
0.5Ce-1Th@G24 25.78 12.84 1.367 0.106 83.47 1116.41
1Ce-0.5Tb@G24 24.92 21.94 2.075 0.094 99.81 2281.07
1Ce-1Tb@G24 26.28 29.69 3.308 0.111 68.78 2127.16

value among all of the samples. At ~87 °C, the 1st transition
temperature (7°) may appear owing to the ferro- to antiferro-
magnetic transition. Meanwhile, the 2nd 7° can be observed at
~275 °C, i.e., at a higher temperature region, and this may be
due to the para- to ferromagnetic transition of the material.?>°

4.11. Photocatalytic activity and mechanism

In order to investigate the photocatalytic activity of the as-
prepared G24 and Ce,Tb-codoped G24 samples, several experi-
ments were conducted under different reaction conditions. For
each experiment, 25 mg of each catalyst was used along with 50
mL of 1.0 x 10~°> M aqueous solution of RhB (pH 7), and the
absorption band of RhB was witnessed at about 555 nm (Ayax)-
Fig. 12a illustrates the relationship between the light absor-
bance and simulated solar irradiation time for all of the
samples mentioned above, and Fig. 12b shows the bar diagram
representation of the RhB removal percentage against the
doping weight percent ratio in G24.

It was observed that the absorption band steadily decreased
for all of the samples with increasing light irradiation time.
However, the degradation is characteristically higher (97.0 (+
0.7)%) for the 1Ce-1Tb@G24 sample. Fig. 13a-d illustrate the
relationships between the light absorbance and simulated solar
irradiation time (t) for G24 and the corresponding three differ-
ent ratios-variated Ln-doped G24 samples with H,0,.

It was witnessed that in all of the cases, the absorption band
gradually decreased with increasing irradiation time (%),
although the rate of decrease was highest in the case of 1Ce-
1Tb@G24 among all of the samples. It was observed that the
discoloration of RhB in the presence of a doped sample is

(a) Rhodamine B + Cat. + HyOy + hv
1.2
initial
0.5Ce-1Th@G24 RhB deg. %!
5 —— 1Ce-0.5Th@G24
& 0879 — 1ceqh@o2e
) —G24
2
£
2 Total rxn. time = 180 min
=3
Z 044
<
0.0
T T T
450 500 550 600

Wavelength (nm)

Fig. 12

considerably higher than that in the presence of the pure
sample. To quantitatively evaluate the photocatalytic activities
of these samples, the reaction rate constants (k) were calculated
by adopting the pseudo-first-order kinetics model, assuming
low initial pollutant concentration.®”

In(Cy/C) = kt (7)

Plots of In(Cy/C) vs. irradiation time (¢) are provided in
Fig. 13e-h. The linear relationships pointing to each photode-
gradation follow first-order kinetics. The apparent rate con-
stants were estimated to be 5.18 x 10~° and 16.25 x 10> min™"
for G24 and 1Ce-1Tb@G24, respectively, which signifies that
the photocatalytic activity of the best catalyst is about 3 times
higher than that of the pure sample.

It is essential to investigate the stability of the photocatalytic
performance and the reusability of the best photocatalyst
reported here (1Ce-1Tb@G24). Also, this is an important factor
from economic and environmental perspectives.”® To investi-
gate the stability and reusability of that photocatalyst, cycling
experiments for the photodegradation of RhB were conducted
with the catalyst. After each recyclability test, the catalyst was
recovered from the solution using an external magnetic field,
washed with water and absolute ethanol, dried at 80 °C for 2-3
h, and then used for the following cycles. As shown in Fig. 14a,
the degradation efficiencies of 1Ce-1Tb@G24 over RhB after
the first, second, and third cycles were found to be ~ 95, 94,
and 91%, respectively.

In addition, it is noted that about 2.7, 1.09, and 0.487% of
the initial quantity of the catalyst was lost in each cycle. Overall,

(b)100-

Cea»%,r_) (—Tba’%T

80
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40

RhB dye removal(%)

20

0 1:2 1:1 2:1
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(a) Sample variation in the RhB photocatalysis absorbance plots under visible light excitation by using 25 mg catalyst and H,O, within 180 min. (b)

Bar diagram representation of the dye removal % with the variation of the Ln doping ratio in G24.
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data of 1Ce-1Tb@G24.

these data suggest that a slight reduction in the photocatalytic
efficiency could be attributed to the inevitable loss of the
catalyst during the recovery steps.’® We also consider that the
reduced effectiveness of the catalyst after recycling is due to the
photobleaching of the catalyst surface.®*'%°

Furthermore, Fig. 14b displays the XRD patterns of 1Ce-
1Tb@G24 before and after three RhB decomposition cycles,
with the lack of noticeable changes signifying that both the
crystalline phase and structure remain intact. Also, we have
compared the FTIR data between the pre- and post-catalytic
sample (Fig. S2, ESI{), which again confirm the fact that the
photocatalyst remains almost structurally unchanged. So, from
both XRD and FTIR analysis, we can conclude that even after
3 photoreduction cycles, the catalyst can be reused multiple
times with a small amount of degradation % loss.

Photocatalytic properties of semiconductors depend on the
capability to produce electron-hole pairs and the construction
of free radicals for secondary reactions.®® Here, we have made a
plausible mechanism of RhB dye photocatalysis by G24 and Ln-
doped G24 samples under simulated solar irradiation specified
by the chain of the following SET (single electron transfer)
reactions [eqn (8)—(21)]:

In the valence band (VB) of G24 or Ln-doped G24 samples,

Fe;0,4 (hys') + H,O — Fez04 + *OH (8)

In the conduction band (CB) of G24 or Ln-doped G24
samples,

Fe;0, (*ecg™) + H,0, — *OH + OH™ + Fe;0,  (9)

© 2023 The Author(s). Published by the Royal Society of Chemistry

Fe;04 (‘ecp ™) + O — Fez04 +°0y~ (10)

*0,” +H,0, —» *OH+ OH + O, (11)

*0,” + H,0 — HO,*+ OH~ (12)
Fe'{(RCOO),” " + Fe;04('ecs ) — Fe’'{(RCO0),* " (13)
Fe>’(RCO0),” " — Fe’’(RCO0)," " + %~  (14)

%e” + H,0, - *OH + OH (15)

Fe*"-(RCO0),*> " + H,0, — Fe’*-(RCO0),> " + HO,* + H"
(16)

Fe*"-(RCO0),*> " + H,0 + hv (light source) — Fe**-(RCO0),> " +
OH +H' (17)

In the CB of only Ln-doped G24 samples, some extra SET
reactions occur:

Ln"" + Fe;0,4 (*ecg”) — Ln*™*[Ln = Ce, Tb]  (18)
Ln*" - Ln*" + %~ [Ln = Ce, Tb] (19)
%™ + Hy0, — *OH + OH~ (20)
Final photocatalytic pathway:
*OH/*0,” + RhB — CO, + H,0 (21)

{Note: the left superscripts of the free electrons in the
equations denote the electrons used in or generated from
different types of reactions}.
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We know that bulk Fe;O, normally can show either n- or p-
type behavior,” unlike the case of other simple n-type'®" or
p-type'®® semiconductor systems. Herein, from the Mott-
Schottky analysis, we have proved that both the doped and
undoped materials show only a p-type semiconducting nature,
which can be related to the effective charge carrier separation
for conducting the photocatalysis process. During the excita-
tion of light, an electron (e”) in the VB of the semiconductor is
excited to the CB with the concurrent generation of a hole (h")
in the VB of G24 or Ln-doped G24. In the VB state, the holes are
neutralized by some adsorbed water molecules to form extre-
mely reactive hydroxyl radicals (*OH) [eqn (8)]. Then, the
excited electrons in the CB can be trapped by the initiator
H,0, and free O, to form highly reactive *OH and deprotonated
superoxide radical anions (*O, ™), respectively [eqn (9) and (10)].
These radicals can enormously increase their numbers via
some chain reactions with initiator H,O, and water [eqn (11)
and (12)]. However, from the eqn (10)-(12), it becomes clear
that among all of the reactive oxygen species, the *OH is the
primary reactive species here.

From the radical scavenger experiment, the presence of
hydroxyl radicals is further confirmed through the fluorescence
on-off test for terephthalic acid (TA).” TA is a non-fluorescent
compound. However, in the presence of reactive *OH radicals,
it converts to 2-hydroxy terephthalic acid (2HTA), which can
show very high fluorescence. So, with increasing time in the
photocatalytic process, more *OH is produced in the reaction
media and ultimately reacts with TA to increase the fluores-
cence color intensity. For G24, the corresponding peak intensity
increases very slowly (Fig. 15a). For 1Ce-1Tb@G24, the rate of
fluorescence intensity increment becomes very high (Fig. 15b).
This occurs since the number of *OH increases considerably for
the Ln-doped G24 catalysts owing to a lesser amount of
electron-hole recombination. This result establishes that after
doping, G24 turns out to be more efficient towards the photo-
catalytic removal of RhB dye.

From eqn (11), we can see that the amount of *O,~ becomes
negligible through the reaction with H,0, to form more *OH
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radicals. The HO,* radicals are less reactive compared to *OH
radicals due to their lower oxidation potential® (eqn (12)).
Furthermore, eqn (13)-(15) illustrate how the amorphous C
coating (as a form of Fe'/Fe™-gluconate component) intrinsi-
cally takes part in the free electrons generation, which lastly
reacts with initiator H,O, and can form more *OH species.
However, for both G24 and 1Ce-1Tb@G24, the abovemen-
tioned eqn (14) and (15) belong to the Fenton reaction, and
eqn (14) gives the dark Fenton reaction. Eqn (17) here corro-
borates well with the the photo-Fenton mechanisms, which
have been broadly explained in our previous work.® Here, both
iron-carboxylate complexes act as a photo-Fenton reagent,
which can produce hydroxyl radicals without the help of the
initiator."*

Consistent with the abovementioned equations, we have
prepared a feasible catalytic reaction scheme for both G24
and 1Ce-1Tb@G24 (Fig. 16).

Recently, it has been found that suitable metal ion-doped
Fe;0, may increase the photocatalytic efficiency by increasing
the charge separation, which is akin to some other core-shell
type materials.'®"'%> Here, two aspects essentially control the
photocatalysis rate: one is the surface area, and another is the
excited e~ tunneling through the trapped states of the dopant
ions. With a much larger specific surface area, nanoparticles
possess stronger adsorption ability and increased available
active surface sites.'> As G24 has a higher surface area com-
pared to 1Ce-1Tb@G24, the chances of dye adsorption are
higher in G24 rather than its fragmentation via photocatalysis.
The effect of surface area on the photocatalytic efficiency has
already been discussed in detail in Section 4.9. Additionally,
from the Mott-Schottky analysis (Section 4.7.), we have proved
that for Ln-doped G24 samples, the photoinduced electrons are
easily captured by the doping-related trapped states compared
to the undoped G24. Accordingly, the recombination of photo-
induced electron-hole pairs is efficiently inhibited and the
photocatalytic efficiency is considerably promoted.’®® A few
scientists also proved that rare earth ion doping can enhance
the photocatalytic efficiency.>"'°” Again, from the XPS study of

(b) 1000
1Ce-1Tb@G24 | —— o0 min
—— 15 mins
800 | —— 30 mins
60 mins
- —— 120 mins
5 6004 —— 180 mins
&
>
Z TimeT
S 4004
-] TA Fl. Int.
=
=
200+ lexz 315 nm
o= 425 nm
04
T T L} L} T
350 400 450 500 550 600
A (nm)

Fig. 15 Radical scavenging test using the fluorescence spectral measurement of TA for (a) G24 and (b) 1Ce-1Tb@G24.
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J

Fig. 16 Plausible single electron transfer pathway of the photocatalytic RhB degradation mechanism for both G24 and 1Ce-1Tb@G24 samples. Inset:
Corresponding colorimetric images of aqueous solutions of RhB for the initial data before and after degradation using G24 and 1Ce-1Tb@G24 samples
are given. The excited free electrons are marked by numbers from 1 to 3 (as the left superscripts of their corresponding single electron symbols),
indicating different types of Single Electron Transfer (SET) pathways.

the Ln-doped G24 samples, it is already confirmed that both
Ln** and Ln®" ions are present inside the Fe;O, lattice (see
Section 4.3.). The oxygen vacancies generated inside the Ln-
doped G24 lattice created by Ln

4+/3+

ions lead to a decrease in

the electron-hole recombination process. Here, Ln*" can
act as an e~ scavenger, which attracts excited electrons from
both the conduction band of Fe;O, and the amorphous C
coating around the sample, and considerably prevents the

Table 7 Literature survey for the comparison of different reported photocatalysts with the variation of several reaction coordinates towards the
rhodamine B dye degradation

Catalyst Removal
Reaction Reaction pH of amount (mg) Dye initial efficiency Magnetically
SI time (h & temperature Nature of reaction  or conc. Conc. (gm L' (mg g ' or recoverable
No. Catalyst name min) (°C) light source medium (g L' or ppm) or ppm) %) (Yes/No) Ref.
1  MIL53Fe@MIL53Sr 1 bNF 300 W Xenon-  NF 25gL7! 0.02gL™" 67 No 109
lamp (Both Visi-
ble & UV)
2 ZnO/Bi,M00Os 4 NF 15 W visible light 7.54 0.25gL™! 10 ppm 92 No 110
lamp
3 DA-CTF 1 NF Visible light NF 02gL™! 0.03gL™! 92.3 No 111
(380-750 nm, 7
W)
4  Ag@ZnO 3 “r.t. 60 W Hg lamp  2-12 0.2-0.5g L™ 10 ppm 91 No 112
5 monoBODIPY- 1 25 °C UV lamp NF 1gL! 30 ppm 29.49 Yes 113
functionalized
Fe;0,@8i0,@Ti0,
6 Fe;0,@TiOy/Ag,Cu 1h,30 rt 500 W Hg Lamp NF 5 ppm NF 86.19 Yes 114
min
7 0.5%Zn-doped Fe;04 5 r.t. UV lamp NF 30 mg 0.01gL™" 97 Yes 115
8  Fe30,/TiO, 2 I.t. 300 W Xenon 3-9 20-60 mg 0.005-0.025 g 91 Yes 116
nanocomposites lamp L'
9 3% Ta@TiO, 2 r.t. 125 W, UV NF 30 mg 10 ppm 92 No 117
365 nm lamp
10 PPy/SnO, 1 h, 30 NF LED 8 W NF 10 mg 0.1 ppm 63.6 No 118
min
11 (Ce** + Tb*") ion- 3 r.t. (30 °C) LED Xenon lamp 7 25 mg 10 ppm ~98 Yes Our
doped and carbon- (100 W) work

coated Fe;0,

“ r.t. - Room temperature. ” NF - Not found.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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recombination of +ve and -ve charges®" (Fig. 16). As a result, an
effective cyclic e” transfer occurs from Ce**/Tb** to Ce*"/Tb**
and vice versa [eqn (18) and (19)] in the Ln-doped G24, which
are responsible for the greater *OH generation from H,0,
compared to that of G24 [eqn (20)]. At last, the *OH radicals
and the holes left in the valence band can react with the
adsorbed pollutant molecules (RhB dye) to produce several
oxidized species and/or decomposed products,*®® which even-
tually leads to CO, and water [eqn (21)].

Moreover, we have also prepared two similar types of
lanthanide ion-doped G24 samples; one by using pure FeCl;
(laboratory grade) and the other by using IOTs. We have
elaborately compared the physical and photochemical proper-
ties of the IOTs-derived 1Ce-1Tb@G24 and FeCl;-derived 1Ce—
1Tb@G24. It is observed that both samples show identical
properties. The details of this comparison study are given in
the ESIT (Section 1.3, Fig. S3-S5, ESIt). From the results, we can
conclude that it is unnecessary to synthesize 1Ce-1Tb@G24
through a conventional and more expensive approach (by using
lab chemical FeCl;). Rather, it can be prepared by a more
environmentally benign and cost-effective approach from toxic
and value-less I0Ts (mining wastes).

Therefore, from the above results it can be concluded that
the photocatalytic activity of the as-prepared samples is out-
standing in terms of rhodamine B dye degradation, which is
found to be superior compared to a few formerly reported active
photocatalysts (Table 7)."%%*8

5. Conclusions

In brief, we have effectively fabricated fluorescent-super-
magnetic-photocatalytic Ce,Tb-codoped Fe;O, nanocrystals by
a straightforward, low-cost, and environmentally benign hydro-
thermal reduction route from a low-cost iron precursor
acquired from accumulated iron ore tailings (IOTs). This inno-
vative method eliminates both the price of adding lab-based Fe
precursors and the high temperatures and complexity of prior
single salt processes. The structural analysis established the
occurrence of a single phase with an inverse spinal structure at
all doping levels. Various techniques have been exploited to
characterize these trifunctional nanocrystals, and the outcomes
illustrate their bright fluorescence and strong magnetism.
Associated with outstanding optical and magnetic properties,
the economically prepared Ce,Tb-codoped Fe;O, nanocrystals
reveal tremendous photocatalytic activity in the treatment of
toxic dye. The UV-DRS analysis, TCSPC measurement, and
Mott-Schottky analyses authenticate the necessity, as well as
the usefulness of lanthanide ion doping in pure Fe;O, crystal.
The dye removal efficiency was found to be ~98% and the
efficiency was maintained roughly at the same scale even after
3 cycles. Hence, the results confirm the validity of the as-
synthesized nanomaterials in environmental applications such
as the removal of toxic pollutants from the environment.
Furthermore, the presence of a considerable amount of organic
carbon coating may act as a main electron supplier in the

5702 | Mater. Adv., 2023, 4, 5683-5705
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photocatalytic reaction, which can be appropriate for use in
environmental and biomedical applications. The method we
used here can be straightforwardly extended to the synthesis of
other nanomaterials based on lanthanide-doped materials and
metal oxides for various wastewater treatment applications.
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