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Abstract
Enhancing the rate of decomposition or removal of organic dye by designing novel
nanostructures is a subject of intensive research aimed at improving waste-water treatment in
the textile and pharmaceutical industries. Despite radical progress in this challenging area using
iron-based nanostructures, enhancing stability and dye adsorption performance is highly
desirable. In the present manuscript alkali cations are incorporated into iron oxide nanoparticles
(IONPs) to tailor their structural and magnetic properties and to magnify methyl blue (MB)
removal/decomposition capability. The process automatically functionalizes the IONPs without
any additional steps. The plausible mechanisms proposed for IONPs incubated in alkali chloride
and hydroxide solutions are based on structural investigation and correlated with the
removal/adsorption capabilities. The MB adsorption kinetics of the incubated IONPs is
elucidated by the pseudo second-order reaction model. Not only are the functional groups of
–OH and –Cl attached to the surface of the NPs, the present investigation also reveals that the
presence of alkali cations significantly influences the MB adsorption kinetics and correlates
with the cation content and atomic polarizability.

Keywords: iron oxide nanoparticles, structural properties, surface modification, dye adsorption,
waste-water treatment

(Some figures may appear in colour only in the online journal)

Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

1. Introduction

The enormous quantities of waste water produced every year
due to the extensive use of organic dyes in the pharmaceut-
ical, food, rubber, pesticide, cosmetic and textile industries
are a great threat to the environment [1–3]. The dyeing of
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garments and subsequent treatment processes use signific-
ant amounts of harmful chemicals and dyes which produce
huge quantities of toxic organic matter and heavy metals,
such as zinc, copper, lead, cadmium, etc, as by-products
[4, 5].

Methyl blue (C37H27N3Na2O9S3) is one such commonly
used dye that is toxic and nonbiodegradable, and its release
into the environment causes severe destruction of the aquatic
ecosystem, increasing the chemical/biological oxygen demand
of water bodies and reducing light penetration and affect-
ing photosynthesis. It is highly visible and undesirable even
when a small amount of dye is present and poses a serious
threat to the human population due to mutagenic and carcino-
genic effects [6, 7]. Therefore, the elimination/decomposition
of dyes from waste water as well as proper disposal routes are
highly necessary.

Nanotechnology is anticipated to play a huge role in water
decontamination and purification [8]. Among the adoptable
strategies, adsorption/decomposition is one of the most prom-
ising, highly effective and inexpensive techniques to remove
dyes from waste water [9]. Moreover, the efficient adsorp-
tion/decomposition of these toxic elements from waste water
by adsorbents makes this technique quite feasible. Therefore,
the search for appropriate adsorbents or catalysts is receiving
significant attention.

In the context of methyl blue (MB) adsorption, the lib-
rary of materials with extensively registered interest includes
graphene-based materials [10, 11], metal oxides [12–14] and
their composites [15, 16] due to their remarkable properties
in the nanoscale dimension. Despite this, iron-oxide-based
nanostructures (IONSs) have received significant interest as
a potential adsorbent/catalyst owing to the natural occurrence
of IOs and simple methods of preparation, diverse adsorp-
tion features to remove the contaminants, the fast adsorption
rate, the presence of functional groups which interact easily
with the waste compounds, higher reduction ability in NO3−

to NO2−, their nontoxic nature, higher environmental stabil-
ity and feasible reusability by desorption processes [17–20].
IONSs can be easily dispersed in a solution for purification,
and due to their magnetic nature, the dispersed nanoparticles
(NPs) can be separated simply by using a magnet. Moreover,
thesemagnetic NPs permit faster magnetic separation from the
adsorbate. Additionally, to further enhance MB adsorption,
several strategies can be adopted. While Fe3O4 nanopowder
shows an MB adsorption capacity of 86.63%, the perform-
ance is further enhanced by making a composite with reduced
graphene oxide (MB adsorption capacity increased to 95.32%)
[19]. While the design of an IO-based composite has gained
much attention for enhancing the MB adsorption property,
much less attention has been paid to the surface modification
of IO itself.

Apart from studying bare IONSs, the role of the –OH func-
tional groups of the dyes on adsorption ability at the sur-
face of IONPs has been studied extensively [20]. It has been
shown that the –OH functional groups can bind better with
IONPs than others, which leads to enhanced adsorption capa-
city [20]. However, the surface interactions of cations with
IONPs in various environments in a colloidal solution and the

effect onMB adsorption are yet to be investigated. The present
study gives an insight into the mechanisms of dye removal by
IONPs.

While synthesizing cation-incorporated and functionalized
IONPs is the main goal for current research, in the main, the
natural co-existence of different phases of IO poses the biggest
challenge to synthesizing IO with a single phase. Hematite
(α–Fe2O3), magnetite (Fe3O4) and maghemite (γ–Fe2O3) are
the most common phases of IO in nature, with widespread
applications in the field of catalysis, optoelectronics, spintron-
ics, sensors, magnetic recording media, energy storage and
magnetic fluid heating applications [21–27]. Amongst these
oxides, Fe3O4 and γ–Fe2O3 possess similar structures and
magnetic properties, except for the difference in Fe2+ vacan-
cies [21]. While mixed oxides exhibit synergetic features [28],
it would be interesting to examine the dye adsorption capab-
ilities of mixed oxides from the same cation, Fe3O4/γ–Fe2O3.
Moreover, the structural stability of the as-synthesized IONPs
is amajor concern. γ–Fe2O3 NPswith a tailored size (2–7 nm),
synthesized using NaOH as a base for precipitation, are repor-
ted to have higher stability than those precipitated using NH3

solution, while also showing the ability to retain their ferri-
magnetic structure up to 700 ◦C [29].

The importance of choosing an appropriate medium during
IONP synthesis is also crucial to improving their structural sta-
bility. It is also proposed that alkali cations reside in the crys-
tal lattice as the crystal nucleates. Unfortunately, regarding the
kinetics of the cation’s interaction with the NPs, it is not yet
understood whether the alkali cations get trapped during the
nucleation of the magnetite NPs or diffuse into the lattice of
the NPs after nucleation. On the other hand, the replacement
of Fe cations by Li+ ions leads to enhanced stability beyond
1000 ◦C [30].Moreover, magnetic IONPs possess the property
of being able to adsorb cations, which allows heavy cations to
separate from the solution by adsorption on the surface of the
NPs [31].

With the above-mentioned background, the present
research is divided into two. The first part focuses on the
synthesis of cation-decorated IONPs in different colloidal
solutions, namely, alkali chloride and hydroxide by co-
precipitation methods. The second one is to explore the plaus-
ible mechanisms of cation incubation for IONPs in various
environments and its influence on their physico-chemical,
structural, vibrational and magnetic properties. The con-
sequences of the first part are extended to the impact of these
simultaneous cation-induced and functionalized IONPs on
MB adsorptions/decompositions.

2. Materials and methods

2.1. Materials

MB, FeSO4.7H2O, LiOH, KOH, LiCl, NaCl and KCl were
purchased from Himedia India. FeCl3, NaOH and 25 wt%
NH3 were purchased from Fisher Scientific India, Merck India
and Sisco Research Laboratories India with purity above 98%,
respectively. All analytical grade chemicals were used as
received without further purification. Distilled water (Quarts
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Bi-distillation unit, Borosil India) was used to prepare the
aqueous solutions.

2.2. Synthesis method

Bare IONPs were synthesized using the co-precipitation
method. Briefly, 50 ml of 1 M FeSO4.7H2O was mixed with
50 ml of 2 M FeCl3 aqueous solution and magnetically stirred
for 40 min at 70 ◦C. Thereafter, 25 wt% NH3 was added to
the above iron-based solution under vigorous stirring to main-
tain the pH at ~11 for 1 h. Once the solution was cooled
to room temperature, the NPs were washed several times
with double-distilled water. An equal amount of precipitate
(400 mg) was incubated in various alkali solutions (0.5 M of
chloride and hydroxides of Li, Na and K). Finally, the products
were washed and dried at a temperature of 60 ◦C for 8 h. The
as-synthesized NPs are marked as M. The NPs incubated in
alkali chlorides and hydroxides are marked asM–XCl andM–
XOH respectively, where X represents Li, Na and K.

2.3. Characterizations

Transmission electron microscopy (TEM) images of IONPs
were obtained by using a microscope (JEOL, India) to determ-
ine the morphology and the particle size distribution. The
phase and crystallographic information of the IONPs were
evaluated using x-ray diffraction (XRD) (Bruker-D8 advance,
USA) with Cu Kα radiation of wavelength 1.54056 Å.

A Fourier transform infrared spectrometer (FTIR) (Perkin
Elmer, USA) and a micro-Raman spectrometer (inVia Ren-
ishaw, UK) were employed to investigate the vibrational prop-
erties of the studied NPs. To record the Raman spectra of
IONPs, a 514 nm LASER was used with a 50 × object-
ive lens and the laser power was kept below 1 mW to avoid
laser-induced heating of the sample. The infrared spectra were
recorded using a KBr beam splitter. Fe57 Mössbauer spectro-
scopywas utilized in transmissionmodewith an initial activity
of 25 mCi (Wissel, Germany).

Thermo-gravimetric analysis (TGA) and differential
thermal analysis (DTA) were carried out by a thermo-
gravimetric analyzer (SETSYS 16/18, SETARAM-France)
equipped with a high-temperature furnace. All NPs were
taken in alumina crucibles and subjected to a heating rate
of 10 K min−1 from 300 K to 1273 K in an Ar/O2 gas atmo-
sphere.

The alkali content of the NPs was determined using ICPMS
(Inductively Coupled Plasma Mass spectrometry), a home-
built set up from theBhabhaAtomicResearchCentre (BARC),
India. The MB adsorption was performed using UV–vis spec-
trometer (Shimadzu-1800, Japan).

3. Results and discussions

3.1. Morphology and structural analysis

The morphology of the as-synthesized IONPs was examined
by direct observation via TEM and a representative TE micro-
graph is displayed in figure 1(a). The micrograph confirms the

nearly spherical shape of the IONPs with an average size of
12 nm (inset of figure 1(a)). As shown in the selected area elec-
tron diffraction (SAED) pattern (figure 1(b)), the preparedNPs
confirm the formation of a polycrystalline cubic iron oxide
(Fe3O4) phase.

To identify the phase further, XRD was performed and the
corresponding diffractograms of bare NPs (M), M–XCl and
M–XOH are presented in figure 1(c). All samples studied here
reveal an almost similar XRD with the lattice planes at (220),
(311), (400), (611) and (440), which is in good agreement with
the SAED pattern. The result again confirms the cubic phase
(Fe3O4) of the iron oxide structure (JCPDS card no. 19–0629).
The calculated lattice parameter of the as-synthesized NPs (M)
is ~0.834 nm, which is close to that of magnetite (0.833 nm)
and maghemite (0.834 nm) [32]. The average size of the NPs
is estimated using the Debye–Scherrer formula and found to
be ~9 ± 2 nm, which matches well with the histogram result
(inset of figure 1(a)).

The obtained result was certainly not sufficient to identify
the phase of the cubic IONPs among the maghemite and mag-
netite. In other words, the synthesized NPs may have had both
phases, and hence spectroscopic investigations were carried
out.

3.2. Spectroscopic investigations

Attenuated total reflection FTIR spectroscopy was used to
investigate the vibrational bands and functional groups both
before and after adsorption of alkali ions on the surfaces of
the IONPs. The samples (M, M–XCl and M–XOH) exhibit
an intense peak around 540 cm−1 which is attributed to the
stretching vibration associated with the metal–oxygen (Fe–O)
bonds in the crystalline lattice of magnetite/maghemite (see
figure 2) [33]. This peak at 540 cm−1 is characteristically pro-
nounced for all spinel structures, particularly ferrites. Besides
this, other prominent absorptions were obtained at wavenum-
bers 1061, 1347, 1597 and 3300 cm−1 for bare NPs (M).
The absorption peaks for M–XCl and M–XOH are observed
at ~1061, 1340, 1603–1629 and 3300 cm−1. The peak loc-
ated at ~1061 cm−1 arises from symmetric C–O stretching
for the monodentate structures of carbonates. The peaks loc-
ated at ~1340 and 1600 cm−1 are assigned to the C–O–O–
symmetric stretching and C–O–O– asymmetric stretching of
the adsorbed bicarbonates, respectively [34]. The presence of
C–O and C–O–O may be understood due to CO2 adsorption
from the open atmosphere [34]. There are noticeable changes
in the intensity of the C–O–O– asymmetric stretching mode
for the M–LiCl and M–NaCl, and a shift in position towards
a higher wavenumber by 6 to 32 cm−1 compared to that of
the bare NPs is also observed (see figure 2(a)). Similar to the
M–XCl, enhanced peak intensities in both C–O–O– symmet-
ric and asymmetric modes are observed forM–NaOH andM–
KOH incubation (see figure 2(b)). In the case of M–XCl and
M–XOH, the position of the C–O–O– asymmetric stretching
vibrational mode shifted towards a higher wavenumber by 2 to
28 cm−1 and a lower wavenumber by 8 to 12 cm−1 compared
to the bare NPs, respectively.
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Figure 1. (a) The transmission electron micrograph and inset represent the histogram of distribution and (b) the SAED pattern of cubic iron
oxide nanoparticles; (c) the XRD of bare iron oxide (M) and iron oxide incubated in alkali chloride (M–XCl) and hydroxide (M–XOH)
nanoparticles.

Figure 2. The FTIR spectra of (a) M–XCl and (b) M–XOH along with bare nanoparticles (M); X = Li, Na, K.

These observations can be interpreted as follows: (i) the
nature of cations (Li+, Na+ or K+) has a significant influ-
ence on the functional group attached to the surface of the
IONPs after incubation; (ii) the incubation mechanism of
alkali chlorides and alkali hydroxides into the IONPs is not
the same. Further investigations of the vibrational properties
of alkali-cation-incubated IONPs are carried out using Raman
spectroscopy.

The Raman scattering of iron oxides has been the sub-
ject of numerous investigations attempting to obtain a
deeper understanding of the structure [35]. The Raman
spectra of the samples are divided into two parts: 200–
800 cm−1, which represents the vibrations related to
iron oxide, and 800–2000 cm−1 containing overlapped
modes from iron-oxide and carbon-related structures (see
figure 3).
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Figure 3. The Raman spectra of bare IONPs (M), M–XOH and M–XCl in the (a) the 200–800 cm−1 and (b) the 800–2000 cm−1 range. (X
represents Li, Na and K.)

The first-order Raman spectra are fitted with Lorentzian
line shapes which exhibit the most prominent features ~360,
500, 675 and 720 cm−1 (see figure 3(a)). With a spinel struc-
ture (O7

h), magnetite (Fe3O4) shows five Raman bands: three
T2 g (~193, 450–490 and 538 cm−1), one Eg ~306 cm−1 and
one A1 g at around 668 cm−1 [36]. It is also reported that three
broad bands ~350, 500 and 700 cm−1 are generally assigned
as T2 g, Eg and A1 g respectively, for maghemite [37, 38]. Han-
esch [39] reported the presence of Raman bands at ~350, 512,
664 and 726 cm−1 in the maghemite phase of iron oxide. The
Raman modes at 365 (T2 g), 511 (Eg) and 700 (A1 g) were also
assigned to maghemite [35]. The Raman bands of maghemite
are generally broadened and shifted to higher energies com-
pared to that of the magnetite [40]. Two modes observed here
in the cubic IO phase ~675 and 720 cm−1 are approximately
in agreement with the A1 g modes as reported by Silva et al
[41]. The vibrational mode at higher energy with A1 g sym-
metry is associated with the stretching vibrational mode of the
Fe3+ ions in tetrahedral (A) sites surrounded by four nearest
O2− ions, where each one is bounded to the nearest octahedral
(B) sites occupied by twelve Fe3+/Fe2+ ions (FeA–O4–FeB12).
The oxidation from Fe2+ to Fe3+ in magnetite results in the
formation ofmaghemite which leads to cation deficient B-sites
(FeA–O4–(Fe8□4)B), where □ represents the cationic vacan-
cies responsible for the shift in the Raman peak from 675 to
720 cm−1. Hence, the peak ~675 cm−1 obtained in all studied
samples is one of the characteristic peaks of magnetite and the
peak around 720 cm−1 arises due to maghemite formation.

The above facts reveal that both magnetite and maghemite
structures are present in all the IONP samples synthesized
in the present study. Hence, it will be interesting to estim-
ate the magnetite/maghemite ratio to investigate the influence

Table 1. The fitted positions of A1 g modes corresponding to
magnetite and maghemite with the magnetite/maghemite intensity
ratio.

Samples

A1 g modes
of magnetite
(cm−1)

A1 g modes
of maghemite
(cm−1)

Magnetite/
Maghemite

M 665 711 0.93
M–LiOH 665 707 0.99
M–NaOH 671 716 1.33
M–KOH 669 714 1.12
M–LiCl 667 716 1.20
M–NaCl 666 712 1.06
M–KCl 663 709 0.99

of alkali cations incorporated into the IONPs by taking the
integrated areas associated with 675 and 720 cm−1 modes
[35, 41]. The magnitude of oxidation along with the peak pos-
itions of A1 g modes of all the samples is presented in table 1.
It is observed that the relative amount of magnetite is higher in
the alkali- cation-incorporated IONPs compared to that of the
bare NPs. It may be inferred that the alkali cations adsorbed
by the NPs shield the Fe cations of IO from the environment
and prevent oxidation.

To probe further the alkali-cation-induced enhancement for
the relative amount of magnetite/maghemite in the IONPs,
the Raman spectra of samples in the range 800–2000 cm−1

are deconvoluted (see figure 3(b)). The deconvolution results
in three peaks at ~1350, 1450 and 1620 cm−1. Within this
range, the main characteristic peaks of the defected nanocar-
bons are the D peak at around 1350 cm−1, the G peak around
1580 cm−1 and the D′ peak at 1620 cm−1 [42]. Because the

5
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zone in this region overlaps those of the characteristic peaks of
carbon-related materials [38], analysis of the high-frequency
Raman spectra of IONPs is generally ignored. FTIR inspec-
tion on the IONPs, as discussed before, suggests CO2 adsorp-
tion from the open atmosphere and the prominent intensity
enhancement of specific vibrational modes is a signature of
the influence of alkali cations on the IONPs. However, it is
obvious that CO2 adsorption on the IONPs is not sufficient to
form any iron carbide or iron-oxide–carbon composites. Thus,
the peaks around 1350, 1450 and 1620 cm−1 may be attrib-
uted to the genuine intrinsic vibrational features of IONPs.
The peak at ~1350 cm−1 is assigned to the magnon mode of
iron oxide [43, 44]. It is also reported that maghemite exhib-
its intense and sharp vibrational modes ~1450 and 1620 cm−1

whereas the Raman signal around 1600 cm−1 is absent inmag-
netite [35]. Thus, it is confirmed that all IONPs are domin-
ated by maghemite structures, but a relative amount of mag-
netite is found to increase upon the incorporation of alkali
cations.

3.3. Mössbauer analysis

57Fe Mössbauer spectrometry is highly sensitive to superpara-
magnetic relaxation phenomena and as a result, it is a very
powerful technique for studying the dynamics of magnetic
nanostructures [45, 46]. The variation of Mössbauer paramet-
ers, viz. isomer shift, quadrupole splitting, area and the hyper-
fine field of IONPs after incubation with alkali chloride and
hydroxide are expected to provide more insights into the kin-
etics of alkali cations. Figure 4(a) shows the 57Fe Mössbauer
spectra measured at room temperature. Each spectrum is fit-
ted with two sextets corresponding to the tetrahedral and octa-
hedral Fe, one sextet corresponding to the disordered spins
of Fe atoms residing at the surface of the nanoparticles and
one doublet indicating that the Fe atoms experience super-
paramagnetism.

The hyperfine parameters derived from the spectra are lis-
ted in table 2. The spectrum of the bare IONPs (M) consists of
three sub-spectra corresponding to the Fe atoms at tetrahedral
sites experiencing a hyperfine field of 45.81 T with an area of
34%, octahedral sites (41.30 T and 21%) and the disordered
surface spins of Fe57 (34.9 T and 44%) [47]. The value of Fe
is higher at tetrahedral sites than octahedral sites, which is in
correlation with the higher content of maghemite as indicated
by Raman studies.

The area under the tetrahedral component and subsequent
higher octahedral component is observed to be lower for the
M–XCl than that of the bare NPs, as reflected in the areal
contributions (table 2) [48]. This shows that the magnetite
content increases after alkali chloride incubation, which is
well-supported by the Raman studies (table 1). In the case
of M–XOH, the area for the tetrahedral sites is higher than
that of the octahedral except for M–LiOH. It is also observed
that the spectrum of M–LiOH is found to have a higher octa-
hedral component than the tetrahedral, with a similar content
of disordered spins of Fe atoms at the surface to that of bare
NPs (M).

Table 2. The list of fitted hyperfine parameters, i.e. area, isomer
shift, magnetic field (hyperfine splitting) and quadrupole splitting of
bare iron oxide (M), M–XCl, and M–XOH.

Sample IS (mm s−1) QS (mm s−1) BHF (T) Area (%)

0.33 (3) 0.00 (2) 45.81(2) 34 (2.6)
0.36 (2) 0.02 (4) 41.30(6) 21 (1.8)

M

0.44 (5) 0.11 (7) 34.9 (1) 44 (3.2)
0.30 (0) 0.02 (2) 46.49(8) 30 (0.7)
0.30 (0) 0.02 (2) 41.62(6) 36 (1.7)

M–LiCl

0.35 (6) 0.11 (7) 34.90(7) 34 (2.5)
0.28 (0) 0.05 (3) 46.56(2) 29 (2.0)
0.33 (0) 0.04 (5) 41.40(0) 34 (10)

M–NaCl

0.42 (7) 0.02 (9) 33.20(1) 37 (2.6)
0.31 (1) −0.06 (3) 46.54(3) 29 (2.6)
0.31 (2) −0.05 (4) 42.05(2) 34 (2.2)

M–KCl

0.35 (0) −0.05 (5) 36.11(7) 37 (2.2)
0.30 (1) −0.00 (2) 46.43(1) 23 (1.2)
0.33 (2) −0.08 (3) 41.89(4) 31 (2.3)

M–LiOH

0.32 (0) −0.01 (5) 34.00(0) 46 (2.9)
0.30 (0) 0.02 (2) 46.36(1) 22 (1.1)
0.30 (0) 0.12 (2) 41.18(8) 21 (1.4)

M–NaOH

0.40 (0) 0.04 (0) 34.52(8) 57 (3.1)
0.27 (3) 0.01 (5) 45.34(6) 22 (4.9)
0.36 (4) 0.00 (0) 41.73(6) 14 (7.2)

M–KOH

0.30 (4) 0.06 (6) 35.87(8) 64 (7.7)

Unlike M–XCl and M–LiOH, the hyperfine parameters of
M–KOH and M–NaOH exhibit a huge deviation. The spec-
trum under the Fe atoms having disordered spins residing at
the surface increases to ~64%. The increase in area of the
disordered spins of Fe atoms can be understood due to the
reduction in net magnetic moments and dipole–dipole inter-
actions. Basically, adsorbed alkali cations reduce the net mag-
netic moments of the IONPs, which reduces the dipole–dipole
interaction among the particles. Therefore, the reduction in
magnetic interaction between the NPs is accomplished for a
mean hyperfine field that is lower for M–XOH than the bare
NPs. The mean hyperfine fields (<Bhf>) of bare and alkali-
cation-incubated IONPs are shown in figures 4(b)–(c) for clear
visualization. The mean hyperfine field of M–XCl is higher
than that of the bare IONPs. This may be due to the alkali
cations enhancing the dipole–dipole interaction. This is plaus-
ible only when the alkali cations reside on the surface and do
not affect the net dipole moment but decrease the inter-particle
distances.

Therefore, the Mössbauer analysis supports well the FTIR
and Raman interpretation that the incubation mechanism of
alkali cations into IONPs is certainly different and found to
depend on the solvent media (hydroxide or chloride). Further
investigation is carried out by TGA-DTA for the possible sta-
bility of the Fe matrix with the proposed residence of alkali
cations on the surface of the particle.

3.4. Structural stability

Since the alkali cations change the physical and chemical
properties of IONPs impressively after their incubation, TGA-
DTA is imperative for investigating the structural information.
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Figure 4. (a) The Mossbauer spectroscopy of iron oxide NPs ((i) M; (ii) M–LiCl; (iii) M–NaCl; (iv) M–KCl; (v) M–LiOH; (vi) M–NaOH;
(vii) M–KOH); the mean hyperfine field (<Bhf>) of (b) M–XCl, and (c) M–XOH with that of bare nanoparticles (M). (The dashed lines are
guides to the eye.)

The TGA-DTA of all incubated samples is shown in figure 5.
The weight loss at 400 K for the bare IONPs and NPs incub-
ated in NaCl and KCl is ~5.4%. Surprisingly, the weight loss is
~9.1% forM–LiCl which may be the subject of further invest-
igations. The total weight loss of the M–KOH, M–NaOH and
M–LiOH are 7.5, 7.45 and 8.4% respectively, which is a bit
higher than the bare IONPs.

The key findings from DTA analysis are the different H2O
desorption temperature and structural transition temperatures
for M–XCl and M–XOH as discussed below. The DTA of
the NPs shows the presence of two prominent peaks: (i)
endothermic, around 400 K, due to the desorption of H2O
molecules from the surface of the NPs and (ii) exothermic,
around 843 K, attributed to the structural transition of cubic
iron oxides to α–Fe2O3. The desorption temperatures of H2O
molecules for M–LiCl and M–NaCl are lower than that of
bare NPs, whereas that of M–KCl is almost the same with its
bare counterpart. Besides this, the structural transition tem-
peratures for M–XCl are found to be lower than that of bare
IONPs (see table 3). This result indicates that alkali cations
in the chloride solution are adsorbed only on the surface,
meaning extra stabilizing energy could not be provided for
the lattices of oxygen and Fe, which would have increased
the transition temperature. On the other hand, the desorption
temperature of H2O molecules from the surface of M–XOH
is observed to be higher by ~8 K–12 K as compared to the

Table 3. Weight loss, H2O desorption and structural transition
temperature of M,M–XCl and M–XOH; X = Li, Na, K.

Sample
(0.5 M)

Weight loss
(%)

H2O desorp-
tion temper-
ature (K)

Structural
transition
temperature
(K)

M 5.4 398 841
M–LiCl 9.1 396 831
M–NaCl 5.4 391 837
M–KCl 5.4 402 835
M–LiOH 8.4 410 850
M–NaOH 7.45 406 940
M–KOH 7.5 409 915

bare NPs (see table 3). This may be due to the higher bind-
ing energy with the surface of the NPs as modified in a basic
medium [49]. Unlike that of M–XCl and M–LiOH, M–NaOH
and M–KOH have three steps of desorption at temperatures
around 410 K, 544 K and 641 K. The three steps of desorp-
tion may be attributed to the three different binding sites with
H2Omolecules [49]. The structural transition temperatures for
the NPs incubated in LiOH, NaOH and KOH are increased
by 9 K, 97 K and 77 K respectively as compared to the
bare NPs.

7
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Figure 5. The TGA and DTA of bare iron oxide NPs (M), M–XCl and M–XOH; X = Li, Na, K.

Table 4. ICPMS data of M–XCl and M–XOH; X = Li, Na, K.

Sample
(0.5 M)

Li-containing
ppb

Na-
containing
ppb

K-containing
ppb

M–LiCl 92.7 — —
M–NaCl — 62.62 —
M–KCl — — 460.7
M–LiOH 70 — —
M–NaOH — 525.64 —
M–KOH — — 2720.6

In addition, the alkali content in M–XOH is found to be
higher than that in M–XCl (see table 4). This implies that the
diffusion of alkali cations is higher into the lattice along with
the adsorption on the surface of NPs incubated in hydroxide
solution. The rearrangement of an fcc stacking sequence to
an hcp-type stacking sequence of oxygen layers results in a
structural transformation from cubic spinel to α–Fe2O3 [50,
51]. The introduction of interstitial defects in between the
planes hardens the systems, i.e. the motion of stacking faults
gets retarded by the interstitial defects [52, 53]. Therefore, the
enhanced structural transformation temperature in M–X–OH
may be due to the diffusion of alkali cations in the lattice
of magnetite and the occupation of highly vacant interstitial
sites.

The ICPMS analysis (see table 4) shows that the num-
ber of cations incubated in the alkali chloride solution for
the respective cations is found to be lower than that for M–
XOH except for the M–LiOH. Despite the lower content of
Li in M–LiOH than M–LiCl, the structural transition temper-
ature for M–LiOH is higher. This indicates that the higher

stability is due to the occupation of alkali cations in the
lattice.

3.5. Plausible formation mechanism of modified iron oxide
nanoparticles

Based on the above investigations, it is clear that the kinetics
of alkali cation incubation on the IONPs is certainly different
in chloride and hydroxidemedia. The plausible mechanism for
cation- incubated IONPs and the consequences of heat treat-
ment are depicted in figure 6.

In the case of M–XCl, the alkali cations are adsorbed only
on the surface of the NPs where they are weakly bonded.
Therefore, heat treatment on the M–XCl results in the vibra-
tional motion of those adsorbed alkali cations. The motion of
the alkali cations initiates the distortion of the iron oxide lattice
and lowers the structural transition temperature as indicated by
TGA-DTA studies. The alkali adsorbed NPs are also shown
to prevent the system from oxidation as shown by the Raman
spectra.

When the IONPs are dispersed in an alkaline medium (M–
XOH), the OH− in the solvent increases the amount of neg-
ative charge around the NPs inducing a positive charge on
the surface. To maintain charge neutrality, induced negative
charges are developed at the centre of the NPs. As a con-
sequence, alkali cations in the solution experience Columbic
attraction and succeed in overcoming the surface potential
barrier developed by the positive charge on the NPs sur-
face to penetrate the lattice. The depth of penetration may be
enhanced by the Columbic attraction force by inducing a neg-
ative charge at the centre and the repulsive force by a positive
charge on the surface. The cations that diffuse into the lattice
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Figure 6. A sachematic diagram showing the kinetics of M–XCl and M–XOH; X = Li, Na, K. The increases in the temperature (T) vibrate
the cations on the surface which distorts the surface atoms resulting in a decrease in the structural transition temperature. The structural
transition temperatures are of the order T1 < T0 < T2.

of the NPs interlock with the oxygen layers preventing stack-
ing faults in the lattice of cubic iron oxide, thus providing extra
stability.

Therefore, the alkali-cation-induced stabilization of the
structure results in higher energy for the stacking faults
responsible for the structural transition from cubic iron oxide
to hematite, which results in an increase of the structural
transition temperature of M–XOH compared to that of bare
IONPs.

3.6. Methyl blue decomposition/removal studies

3.6.1. Effect of cations and functionalizations. The utiliza-
tion of IONSs and its composites with carbon for organic dye
adsorption is well known [16, 17, 19, 20, 54, 55]. Since the
structural, vibrational and magnetic properties are observed to
be different for M–XCl and M–XOH, it is of interest to scru-
tinize their organic dye absorption/decomposition capability.
The negative terminal of MB, i.e. –SO3

−, gets attached to the
induced positive charge centres on the surface of the NPs [56].
Therefore, the system with a higher positive charge centre is
expected to adsorb higher amounts of MB. The incorporation
of alkali cations is proposed to increase the net positive charge
of the NPs. Thus the expected increment of the net positive
charge is verified by adsorption of the organic dye having a
negative terminal.

Hence, MB was considered in this study and the UV
absorption of all NPs was measured with respect to time. It is
worth mentioning that the main focus of the present research
includes understanding and improving the adsorption kinetics
of IONPs modified by alkali cations and attached functional
groups, although parameters such as the pH of dye solution,
initial dye concentrations, adsorbent dosage, temperature, etc,

are important deciding factors for dye adsorption properties.
Hence, these deciding parameters are mostly kept constant
while exploring the IONPs for MB adsorption.

The capability of IONPs, M–XCl and M–XOH to adsorb
MB dye was evaluated under continuous scanning for a time
interval of 50 s by UV–vis spectrometer. The initial MB
dye concentration was 50 mg l−1 with catalyst loading of
500 mg l−1. The concentration of dye was determined by
obtaining the absorbance of solution for eight continuous
scans using a UV–vis spectrophotometer. The concentration
of the MB after adsorption is determined from the standard
calibration graph as shown in figure 7(a). The amount of MB
adsorbed on the NPs is determined by using the following
equation:

qt = [C0 − Ct]
v
m

(1)

where qt is the adsorption capacity of MB at time t, C0 is the
initial concentration of MB, Ct is the concentration of MB at
a steady time ‘t’ in mg l−1, V is the volume of MB in l and m
is the weight of the NPs in g. The adsorption rate is calculated
by the following equation,

E=
[C0 − Ct]

C0
× 100% (2)

Figure 7(a) shows the MB absorbance spectra of bare
IONPs,M–XCl andM–XOH. The spectrum was scanned con-
tinuously using a UV–vis spectrophotometer and the max-
imum peak ~600 nm was considered to obtain the amount
of MB adsorbed on the NPs. As illustrated in figure 7, there
is no significant change in the intensity and absorption max-
imum of the spectra for M and M–XCl, which reveals the
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Figure 7. (a) The UV–vis absorbance spectra of MB dye in the presence of bare IONPs (M), M–XCl and M–XOH. (b) The adsorption of
MB by bare IONPs (M), M–XCl and M–XOH; X = Li, Na, K.

excellent stability of the NPs. A continuous and rapid decrease
in absorbance intensity for M–XOH with time implies the
complete decolouration of the MB molecules at a faster rate
due to the adsorption of MB dye by alkali-cation-incubated
IONPs. As shown in figure 7(b), the process includes rapid
MB adsorption within 50 s followed by almost steady adsorp-
tion. The first adsorption occurring for the studied IONPs is
very quick compared to that of Na-doped g–C3N4 (5 min)
[57], Fe3O4@N-doped carbon composite (20min) [16], Fe3O4

and Fe3O4/reduced graphene oxide (RGO) nanocomposite
(40 min) [9], GO (65 min) and RGO (45 min) [10], Fe3O4

and RGO–Fe3O4 (60 min) [19]. Such a rapid MB adsorption
reaction by all the IONPs can be attributed to the synergistic
effect of both phases, namely maghemite and magnetite, in the
structure.

The MB adsorption onto the NPs is studied by plot-
ting a calibration graph of qt versus time (figure 7(b)). The
MB adsorption capacity is found to be enhanced for the
alkali-cation-induced and functionalized IONPs. The estim-
ated adsorption capacities of M, M–LiCl, M–NaCl, and M–
KCl are found to be 24, 51, 32 and 60 mg g−1, respectively
(table 5). It is worth mentioning that the highest adsorption
capacity by M–KCl NPs and the lowest by M–NaCl ensures
the significant role of cations in the MB adsorption properties.
Similar results are reported for the monovalent- and divalent-
cation-incorporated GO and RGO nanosheets [10]. This fact
correlates to the amount of cations present on the surface of
the IONPs, and it is verified from the ICPMS result that the
amount of K+ ions is higher and Na+ is lower on the surface
of the IONPs in the chloride solution. It has been observed
from Mössbauer, Raman, FTIR and TGA-DTA analysis that
the alkali cations tailor the net magnetic moment, the vibra-
tional and the structural properties of the IONPs. Moreover,
the surface-active property of the nanostructures is a govern-
ing factor for the difference in the MB adsorption capacity
of M–XCl. It has been seen that the ionic polarizability of
K+ is higher (0.192 a.u.) than that of Na+ (1.002 a.u.) and
Li + (0.192 a.u.) [58]. Thus the higher MB adsorption capa-
city of M–KCl can be attributed to the higher content and

higher ionic polarizability of K+ ions. A much higher MB
adsorption capacity of 9mg g−1 is found forM–XOH,which is
comparatively higher than many existing reports (table 5).
Higher MB adsorption properties than the present study
are also reported in other existing literatures, which can be
attained by further tuning the NPs and controlling the pro-
cess parameters, like the MB concentrations [11, 54]. Hence,
improving the performance of NPs further is the focus of our
future research. Importantly, present investigations certainly
confirm that the presence of OH− on the IONPs assists in
improving the adsorption capacity and establishes an easy
interaction with the MB molecules. Although slight changes
in the MB adsorption property of M–XOH are observed, the
cationic influences are not significantly noticeable for the first
cycle as has been seen in the MB adsorption capacity of M–
XCl (table 5). A noticeable dependency of cations for the case
of M–XOH is observed when cycles are repeated (see section
3.6.3).

3.6.2. Adsorption kinetics. To evaluate the removal/decompo-

sition kinetics of MB by IONPs, pseudo first-order or Lag-
rangian first-order and second-order kinetic models as well as
intra-particle diffusion models are used. The best-fit model is
selected based on the linear regression correlation coefficient
values (R2). The pseudo-first-order kinetic model is expressed
by the following equation [55, 59]:

ln(qe− qt) = lnqe− k1t (3)

The pseudo-second-order model is expressed by

t
qt

=
1

k2qe2
+

t
qe

(4)

where,qt and qe are the MB adsorption capacity (mg g−1) at
time t and at a steady time, respectively, and k1 and k2 are the
respective first and second-order kinetic rate constants (1 s−1).
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Table 5. A comparison table of MB adsorption by various nanomaterials

Sample MB concentration pH MB adsorption capacity (mg/g) Ref.

Bare IONPs (M) 24.8
M-LiOH 97.8
M-KOH 94.8
M-NaOH 93.4
M-LiCl 51
M-NaCl 32.4
M-KCl

50 mg/L 7

60.4

This work

Neutral chitosan membrane 46.23
Magnetic chitosan (MC) 60.4
Graphene oxide (GO)

60mg/L

43.5
MC-GO 200 mg/L

4.5-6.5

95.16

[11]

Fe3O4@N-doped carbon composite 7.5 mg/L 11 90.84 [16]
Ni-MCM-41 50 mg/L 6.3 ~38.46 [56]

The first-order and pseudo-second-order kinetic plots for
MB adsorption onto IONPs are shown in figure 8 and the cor-
responding parameters are extracted in table 6. From the lin-
ear plots in the first-order rate equation, the experimental qe
values are not in good agreement with the calculated ones
with a deviation in the range of 18.7%–93.25% and relat-
ively lower determination of the coefficients R2 (0.91187–
0.99694) in most cases, which indicates the inapplicability
of the first-order kinetic model for the obtained experimental
findings.

The fitted data of the pseudo-second-order kinetic model
shows a good agreement in terms of higher correlation coef-
ficient values R2 ~ 0.99 and closer values between qe,cal and
qe,exp (table 6). Thus, the MB adsorption can be described
by the pseudo-second-order rather than the first-order kinetic
model, which suggests that chemisorption interaction caused
by electrostatic attraction plays a key role in the adsorption
process [60]. In addition, the experimentally obtained data are
examined by the intra-particle diffusion model to explore fur-
ther the rate-determining step involved in the MB adsorption.
The corresponding Weber and Morris equation is

qt = kit
1/2 +C (5)

where ki and C are the intra-particle diffusion rate constant
and the intercept, respectively. The plot of qt against t1/2 is
displayed in figure 8(c) and the corresponding extracted para-
meters are tabulated in table 6. The slope of such a linear
plot determines the rate parameter of intra-particle diffusion,
whereas the intercept C is proportional to the boundary layer
thickness; the larger the intercept the greater the boundary
layer effect. If the plot of q versus t1/2 gives a straight line,
the adsorption process is controlled by intra-particle diffusion,
however, if the data exhibits multi-linear plots, then two or
more steps influence the sorption process [61].

The linearized plots are fitted (figure 8(c)) and the corres-
ponding kinetic parameters are calculated (table 6). The cor-
relation coefficient (R2) of this model which is close to unity
indicates the possibility of intra-particle diffusion for the dyes
adsorbed in a high amount on magnetite NPs. However, the
fitted lines do not pass through the origin, which indicates that

intra-particle diffusion is not the only rate-determining step in
these cases. Some other mechanisms, such as external surface
adsorption, may take place simultaneously along with intra-
particle diffusion [20, 62].

3.6.3. Regeneration and reusability of IONPS. The reusab-
ility of NPs is an important factor for ascertaining the adsorp-
tion behaviour for practical applications. Since M–XOH
exhibits promising MB adsorption properties compared to the
M–XCl counterpart, a reusability study is only carried out for
the M–XOH. The reusability of M–XOH towards MB dye
molecule adsorption was studied repeatedly for eight to nine
cycles using a UV–vis spectrometer (see figure 9(a)) depend-
ing upon how much the NPs could adsorb the dye, i.e. till sat-
uration of the NPs. Each cycle consists of eight continuous
scans and the value ofmaximum adsorption is considered. Fig-
ure 9(a) displays the reusability of M–XOH for MB adsorp-
tion. The main noticeable features obtained from figure 9(a)
are as follows: (i) M–KOH is mostly capable of maximum
MB adsorption in each cycle, and (ii) it does not attain sat-
uration at nine cycles, whereas M–LiOH and M–NaOH take
eight cycles. To extend reusability further, saturated M–KOH
is collected and incubated again in an alkali hydroxidemedium
for two days. These incubated NPs are thereafter washed and
dried (M–KOHs) to retest the adsorption of dye molecules.
The MB adsorption result of M–XOHs, as shown in figure
9(b), reveals the potentiality of reusing K+-ion-induced and
OH-functionalized IONPs.

3.6.4. Plausible mechanism of MB adsorption. Physical
insights from the aforementioned results are explored with
the help of ATR-FTIR spectroscopy. The FTIR spectra of all
IONPs were recorded before and after the adsorption of MB
dye (see figures 2 and 10) to understand the mechanism of
adsorption. Figure 10 shows the FTIR spectra of incubated
NPs after MB adsorption. The peak at 3530 cm−1 is due to
N–H stretching. The band at 3145 cm−1 is assigned to C–H
stretching vibrations. Two peaks at 1500 and 1576 cm−1 are
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Table 6. Adsorption kinetics parameters of MB of bare iron oxide NPs (M), M–XCl and M–XOH; X = Li, Na, K.

First-order kinetics Second-order kinetics Intra-particle diffusion

Samples
qe,expt (mg g−1)

K1 R2 qe,cal (mg g−1) K2 R2 qe,cal (mg g−1) Ki (mg g−1 min1/2)

M 24.8 0.01047 0.976 7.6 0.003 0.999 25.0 0.34 18.43 0.87
M–LiCl 51 0.00843 0.997 12.32 0.004 0.999 52.6 0.27 45.72 0.99
M–NaCl 32 0.01042 0.999 39.37 0.002 0.999 33.3 0.35 25.73 0.96
M–KCl 60.4 0.01039 0.937 22.89 0.001 0.999 62.5 0.53 50.06 0.97
M–LiOH 97.8 0.00882 0.927 6.6 0.002 0.999 99.1 0.59 86.60 0.96
M–NaOH 93.4 0.00951 0.912 8.78 0.001 0.999 98.4 1.74 61.24 0.88
M–KOH 94.8 0.00768 0.969 10.97 0.001 0.999 97.6 1.10 74.8 0.86

Figure 8. (a) First-order kinetics, (b) second-order kinetics and (c) diffusion kinetics for adsorption of MB of bare iron oxide NPs (M),
M–XCl and M–XOH; X = Li, Na, K.

Figure 9. A reusability study for the adsorption of MB onto M–XOH (where X = Li, Na, K). (a) The adsorption effect of the nanoparticles
incubated in alkali hydroxide and (b) saturated M–KOH (M–KOHs).

attributed to the stretching of (C = N) and (C = C), respect-
ively. The other two bands at 1158 and 1345 cm−1 correspond
to the stretching of (S = O) [19].

Prominent peaks of MB are obtained around 1170 and
1345 cm−1 which corresponds to the stretching of (S = O),
and 1505 cm−1 which corresponds to the stretching of (C–N)
[10]. The FTIR spectra of the alkali chloride show weak peaks
corresponding to MB for M–XCl (figure 10(a)) whereas no
adsorption peak related toMB is noticed fromM–XOH (figure
10(b)). This observation indicates that the surface adsorption

of MB takes place for M–XCl, whereas MB is decomposed
in M–X–OH. In addition, the concentration of the MB in M–
XOH is drastically reduced with time. This may be attributed
to the decomposition of MB along with adsorption. Decom-
position is only plausible when the OH− functional groups
present are weakly bonded to the surface of the NPs. The OH−

reacts efficiently with the MB resulting in its decomposition.
To verify the presence of –OH− functional groups on

the surface, the NPs incubated in the alkali hydroxide
were dispersed in dilute HCl for 1 min, and the activity
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Figure 10. The FTIR spectra of (a) M–XCl and (b) M–XOH after adsorption of MB; X = Li, Na, K.

Figure 11. A schematic diagram of the decomposition and adsorption of MB by bare and modified IONPs.

was then measured. The acid medium neutralizes the sur-
face, which removes the –OH resulting in an immense
reduction in activity. The resultant NPs are found to be
inactive in the MB decomposition. Moreover, the satur-
ated M–XOH was incubated again in the alkali hydrox-
ides and found to recover promisingly, decolourising the
MB further. It is worth mentioning that MB adsorp-
tion by M–XCl is a very lengthy process in which

decolourization takes 5–6 h to complete, whereas MB decom-
position in M–X–OH is very fast. These facts signify the
importance of OH− functional groups on the IONPs for MB
to decompose effectively.

To validate the concept of MB decomposition in M–
XOH, MB was added to the basic solution and obvious
decolourization was found to take place. Moreover, the use
of an alkaline medium is harmful to the ecosystem [63] and
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the use of OH− functionalized IONPs is safe and effective for
MB decomposition. The MB is adsorbed on the surface ofM–
XCl which is in agreement with the FTIR spectra, as shown in
figure 10(a). The adsorption of MB is attributed to the strong
electrostatic interaction between the cation-rich positive site
of modified IONPs and the negative functional group (SO3

−)
of MB [56]. A schematic of adsorption and decomposition is
shown in figure 11. The higher MB adsorption capability of
M–XOH compared to M–XCl is due to the greater content of
alkali cations with the higher polarizability on those IONPs.
The OH− group present in M–XOH can be attached to the
nitrogen groups of the MB molecule to form an intermolecu-
lar hydrogen bond [64]. Moreover, the reaction of M–XOH
with MB dye may lead to intermediates or a leuco form of the
compound which maintain an aromatic structure. The OH−

group has a reaction ability high enough to attack any organic
molecule. It may also exhibit fluorescence even if the chro-
mogenic structure is altered or destroyed. Further reactions
may lead to smaller organic molecules [65]. Thus, decom-
position of MB dye takes place along with adsorption for
M–XOH.

4. Conclusion

Alkali-decorated and functionalized iron oxide nanoparticles
(IONPs) were synthesized by a simple and inexpensive co-
precipitation method. The as-synthesized IONPs reveal the
presence of both phases of cubic iron oxide: maghemite and
magnetite. The relative amount between these two phases, the
thermal properties, magnetic properties and structural stability
of the IONPs are demonstrated to be tailored by incorporating
alkali cations into the IO matrix. Distinct modified IONP fea-
tures are obtained depending on the incubation environment:
(i) IONPs incubated in alkali hydroxide were found to have
higher structural transition temperatures, which is attributed
to the diffusion of cations into the lattices of nanoparticles;
(ii) a reduction in the mean hyperfine field of NPs dispersed
in alkali hydroxide associated with a reduction in the net mag-
netic moment of the NPs; (iii) only adsorption of MB takes
places for IONPs incubated in alkali chloride, whereas the
decomposition and adsorption of MB occurs by the IONPs
incubated in alkali hydroxide.

The higher adsorption capability of IONPs incubated in
alkali hydroxide is attributed to the short-range diffusion of
dye molecules in the structure and easy interaction with the
dye molecules. Moreover, the higher MB adsorption capa-
city of K+-ion-incubated IONPs is ascribed to the higher
cation content and higher atomic polarizability. Finally, K+-
ion-incubated IONPs with OH− functionalization are easier
to prepare, more cost-effective and more efficient in remov-
ing MB from an aqueous solution than other alkali-cation-
incorporated IONPs and functionalities.
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