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Abstract: (Co0.4Zn0.4Ni0.2Fe2O4)α(SiO2)(100−α) samples obtained by embedding Co0.4Zn0.4Ni0.2Fe2O4

nanoparticles in SiO2 in various proportions were synthesized by sol-gel process and characterized
using thermal analysis, Fourier-transform infrared spectroscopy, X-ray diffraction, transmission
electron microscopy, inductively coupled plasma optical emission spectrometry, and magnetic mea-
surements. Poorly crystalline Co–Zn–Ni ferrite at low annealing temperatures (500 ◦C) and highly
crystalline Co–Zn–Ni ferrite together with traces of crystalline Fe2SiO4 (800 ◦C) and SiO2 (tridymite
and cristobalite) (1200 ◦C) were obtained. At 1200 ◦C, large spherical particles with size increasing
with the ferrite content (36–120 nm) were obtained. Specific surface area increased with the SiO2

content and decreased with the annealing temperature above 500 ◦C. Magnetic properties were
enhanced with the increase in ferrite content and annealing temperature.

Keywords: Co0.4Zn0.4Ni0.2Fe2O4; silica matrix; crystalline phase; annealing temperature; magnetic
behavior

1. Introduction

Spinel ferrite nanoparticles are widely studied due to their outstanding electrical and
magnetic properties, high thermal and chemical stability, and applicability in different areas
such as electronic, microwave, and communication devices, information storage systems,
ferrofluid technology, solid oxide fuel cell, gas sensors, magnetocaloric refrigeration, and
medical diagnosis [1–4]. The physicochemical properties of ferrites are determined by the
preparation method, heat treatment, and chemical composition, as well as the type, stoichio-
metric ratio, and distribution of cations [5–9]. The particle morphology and surface coating
may also influence the magnetic behavior of ferrites having the same compositions [10].

The synthesis route is a key factor in high-purity spinel ferrite nanoparticles’ prepa-
ration [5,9,11]. The most common ways to synthesize nanostructured ferrites are sol-gel,
solid-phase, hydrothermal, coprecipitation, auto combustion, sonochemical, microwave
refluxing, etc. [7,10,11]. The solid-state synthesis produces nanoparticles with high yields
and well-controllable grain size [3]. At the same time, the conventional ceramic method
produces particles in the micrometer range that tend to agglomerate due to slow reaction
kinetics [11]. Generally, wet chemical synthesis methods such as hydrothermal, sol-gel, and
auto combustion are used to produce high-purity crystalline ferrite nanoparticles at low
annealing temperatures [2,3,11]. The sol-gel process allows the easy, low-cost production of
ferrite nanocomposites with controlled structure and properties [12]. Moreover, the sol-gel
process may produce nanocomposite materials comprising highly dispersed magnetic fer-
rite nanoparticles [13–16]. This method consists of incorporating metal nitrates in tetraethyl
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orthosilicate (TEOS), polycondensation of the SiO2 network, thermal-assisted formation of
metal-carboxylate precursors in the reaction between the metal ions and diol, and thermal
decomposition of carboxylate precursors into a hybrid oxidic system [14–16].

In the soft ferrites family, ZnFe2O4 is a spinel, with tetrahedral (A) sites occupied
by Zn2+ ions and octahedral (B) sites by Fe3+ ions; NiFe2O4 is an inverse spinel, with
Ni2+ ions occupying the octahedral (B) sites and Fe3+ ions equally distributed between
octahedral (B) and tetrahedral (A) sites; whereas CoFe2O4 is a mixed spinel with high
inversion degree [6]. The high electrical resistivity of NiFe2O4 is due to the lack of electron
hopping, as Ni exists only in the divalent form [6]. By partial substitution of Ni2+ with
Zn2+ in NiFe2O4, the Zn2+ ions will occupy the tetrahedral (A) sites, forcing the Fe3+ ions to
occupy both octahedral (B) and tetrahedral (A) sites. This arrangement of the cations will
increase the saturation magnetization (MS) of Ni–Zn ferrite, compared to that of NiFe2O4
and ZnFe2O4 [6,10,17]. Hence, by varying the substitution degree of the divalent cation,
the magnetic behavior of Ni-Zn ferrites can be enhanced, making them fit for a broad range
of applications [2,6,17,18]. Besides the high MS, Ni–Zn ferrites also present large electrical
resistivity, narrow dielectric loss, low coercivity, good mechanical hardness, high magnetic
permeability, and high operating frequency, which make them potential candidates for
transformer cores, microwave devices, noise filters, recording heads, magnetic fluids,
chokes, coils, etc., [2–4,7].

Ni–Zn ferrite has an inverse spinel structure with Fe3+ ions occupying both tetrahedral
(A) and octahedral (B) sites, Ni2+ ions preferably located in octahedral (B) sites, and Zn2+

ions in tetrahedral (A) sites [3]. Adding Co2+ to Ni–Zn ferrite induces magnetic anisotropy
and reduces the permeability due to the preferential orientation of the Co2+ ions’ magnetic
moment along a particular direction [6,7]. The low dielectric loss, low magnetic loss, high
saturation magnetizations, and high resistivity of mixed Co–Zn–Ni ferrites make them
widely used as capacitors, filters, magnetic antennas, and absorbing materials [5,19,20].

The SiO2 embedding is used to control the particle size, reduce the particle agglom-
eration, and enhance the ferrites’ magnetic properties and biocompatibility, as SiO2 is
biologically inert and diminishes the inflammatory risk [12,14]. One of the most used
network-forming agents in sol-gel synthesis is TEOS, as it has a short gelation time, pro-
duces strong networks with moderate reactivity, and allows the embedding of both organic
and inorganic molecules [14–16]. Previous studies demonstrated that transitional metal
ferrites embedded in the SiO2 matrix display high magnetocrystalline anisotropy, unique
magnetic structure, and high correlation between the coercivity, crystallite sizes, and an-
nealing temperature [14–16]. Also, the partial substitution of Zn2+ ions by Co2+ ions in
Zn–Ni ferrite was expected to enhance the magnetic properties of the nanoparticles.

This study investigates the relationship between the Co0.4Zn0.4Ni0.2Fe2O4 content
embedded in the SiO2 matrix and the crystallite size, specific surface area, porosity particle
size, thermal behavior, and magnetic properties (saturation magnetization–MS, remanent
magnetization–MR, coercive field–Hc, magnetic anisotropy–K), and the Co0.4Zn0.4Ni0.2Fe2O4
content in the SiO2 matrix, at different annealing temperatures.

2. Materials and Methods

All chemical reagents were of analytical grade and were purchased from Merck
(Darmstadt, Germany). (Co0.4Zn0.4Ni0.2Fe2O4)α(SiO2)(100−α) samples were produced
by sol-gel process dissolving Co(NO3)2·6H2O, Zn(NO3)2·6H2O, Ni(NO3)2·6H2O, and
Fe(NO3)3·9H2O in 1,3-propanediol (1,3PD), in a molar ratio of 0.4:0.4:0.2:2:8. Afterwards,
TEOS dissolved in ethanol was added to the nitrate-1,3PD mixture, using 0:2 (α = 0%),
0.5:1.5 (α = 25%), 1:1 (α = 50%), 1.5:0.5 (α = 75%), and 2:0 (α = 100%) NO3:TEOS molar ratio.
Diluted nitric acid was slowly added till the reaction mixture reached pH = 2 and then,
the mixture was thoroughly stirred for 1 h. The obtained samples were dried at 40 ◦C for
5 h and 300 ◦C for 5 h, powdered in an agate mortar and annealed for 5 h at 500, 800, and
1200 ◦C, respectively, using an LT9 muffle furnace (Nabertherm, Lilienthal, Germany).
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The thermal behavior of samples was studied by thermogravimetry (TG) and differen-
tial thermal analysis (DTA) by using a Q600 SDT (TA Instruments, New Castle, DE, USA)
thermal analyzer, in air, up to 1200 ◦C, with a 10 ◦C/min- heating rate using an SDT Q600
thermogravimeter and alumina standards. A D8 Advance (Bruker, Karlsruhe, Germany)
diffractometer equipped with a LynxEye linear detector was used for the investigation
of crystalline phases, using the CuKα radiation (λ = 1.54060 Å) in the 2θ range 10–80◦.
The FT-IR spectra of the samples were recorded using a Spectrum BX II (Perkin Elmer,
Waltham, MA, USA) Fourier-transform infrared (FT-IR) spectrometer, while the compo-
sition of Ni-Zn-Co ferrites was confirmed by Perkin Elmer Optima 5300 DV (Norwalk,
CT, USA) inductively coupled plasma optical emission spectrometry (ICP-OES) after aqua
regia digestion using a Speedwave Xpert (Berghof, Germany) microwave digestion system.
N2 adsorption-desorption isotherms were recorded at −196 ◦C by a Sorptomatic 1990
(Thermo Fisher Scientific, Waltham, MA, USA) instrument, which was used for calculation
of the specific surface area (SSA) using the Brunauer–Emmett–Teller (BET) model. The
particle morphology was investigated using a transmission electron microscope (TEM,
HD-2700, Hitachi, Tokyo, Japan) and a digital image recording system on samples de-
posited on carbon-coated copper grids. The average particle size was estimated from TEM
measurements using the UTHSCSA ImageTool image software for over 100 nanoparticles
in each sample. The hysteresis loops were recorded in magnetic fields between −2 to 2 T,
at room temperature, and magnetization versus applied field was measured on samples
embedded in an epoxy matrix by a 7400 vibrating-sample magnetometer (VSM, Lake Shore
Cryotronics, Westerville, OH, USA). The magnetic measurement uncertainty was 10%.

3. Results and Discussion

The TG (Figure 1a) and DTA curves (Figure 1b indicates the maximum of the exother-
mic and endothermic effects, respectively) of sample α = 0% dried at 40 ◦C show two
weak endothermic effects at 64 and 173 ◦C attributed to the loss of water from TEOS and
an intense exothermic effect at 300 ◦C ascribed to 1,3PD decomposition [12]. These two
processes result in a mass loss of 63.8% [12,15,16].
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Figure 1. TG (a) and DTA (b) curves of (Co0.4Zn0.4Ni0.2Fe2O4)α(SiO2)100−α samples dried at 40 ◦C.

For samples α = 25, 50, 75, and 100%, the total mass loss slightly decreases (58.6–55.3%)
with the Co0.4Zn0.4Ni0.2Fe2O4 content embedded in the SiO2 matrix. The formation of Co,
Zn, and Ni malonates is indicated by the endothermic effect at 137–139 ◦C, whereas the
formation of Fe malonate is indicated by the exothermic effect at 189–203 ◦C [12,14–16]. The
exothermic effects at 278–292 ◦C are attributed to Co, Zn, and Ni malonates’ decomposition,
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while those at 321–325 ◦C are attributed to Fe malonates’ decomposition [12,14–16]. The tem-
perature corresponding to the formation of divalent metal (Co, Ni, Zn) malonates slightly
increases, whereas that of trivalent metal (Fe) malonates slightly decreases [12,14–16]. The
transformations of the SiO2 matrix during the thermal process make it challenging to delim-
itate the effects ascribed to malonate precursors’ formation and decomposition [12,14–16].

Except for sample α = 0%, the FT-IR spectra of samples dried at 40 ◦C (Figure 2a) show
a band at around 1380 cm−1, characteristic of nitrates. This band is missing for the samples
heated at 300 ◦C, confirming the metal malonates’ formation and nitrates’ decomposition
up to 300 ◦C [12,15,16]. For samples dried at 40 ◦C, the band at 1590–1620 cm−1 is specific
to O–H vibrations in 1,3PD and adsorbed molecular water, and the bands at around
2950 and 2870 cm−1 are specific to stretching vibration of C-H in the methylene groups
of 1,3PD. This band does not appear in the FT-IR spectra of samples annealed at high
temperatures, indicating the precursor’s decomposition [15,16,21].
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Figure 2. FT-IR spectra of (Co0.4Zn0.4Ni0.2Fe2O4)α (SiO2)100−α samples heated at 40 ◦C (a) and
300 ◦C (b) and XRD patterns of (Co0.4Zn0.4Ni0.2Fe2O4)α (SiO2)100−α samples at 300 ◦C (c).

In the FT-IR spectra of sample α = 25–100% heated at 300 ◦C (Figure 2b), the band at
around 1620 cm−1 characteristic to C=O of COO– groups’ vibration indicates the formation
of malonate-metal complexes [15,16,21]. For samples α = 25–100%, the bands at 585–590
and 440–445 cm−1 indicate the presence of M-O bonds in tetrahedral (A) and octahedral
(B) sites, respectively [15,16,21]. For samples α = 0–75% heated both at 40 and 300 ◦C, the
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characteristic bands for Si–O (440–445 cm−1) and Si–O–Si (1170–1200, 1056–1060, 792–829,
797–800, 585–590 cm−1) vibration suggests the formation of the SiO2 matrix [12,15,21]. The
bands at 3420–3410 cm−1 are attributed to the vibration of O-H and hydrogen bonds in
1,3PD (40 ◦C) and metal malonates (300 ◦C) [15,16].

For sample α = 100% annealed at 300 ◦C (Figure 2c), the presence of well-defined,
single-phase Co0.4Zn0.4Ni0.2Fe2O4 containing low-crystallized CoFe2O4 (JCPDS card
no. 22–1086), ZnFe2O4 (JCPDS card no. 70–6491), and NiFe2O4 (JCPDS card no. 74–2081)
is observed. The peaks pointed out at 2θ values of 18.29, 30.08, 35.43, 37.05, 43.05, 53.05,
56.97, 62.58, 70.95, 74.01, 75.01, 78.97◦ (CoFe2O4); 18.25, 30.01, 35.35, 36.98, 42.96, 53.30,
56.81, 62.39, 70.77, 73.79, 74.80, 78.74◦ (ZnFe2O4); and 18.42, 30.29, 35.68, 37.33, 43.37, 53.82,
57.37, 63.01, 71.51, 74.57, 75.58, 79.59◦ (NiFe2O4), corresponding to Miller indices of (111),
(220), (311), (222), (400), (422), (511), (440), (620), (533), (622), and (444) confirms the forma-
tion of single-phase spinel-like structure (space group Fd3m). The degree of crystallinity
was calculated using the highest intensity peak of spinel ferrite (311) [8,21,22]. In sample
α = 75% annealed at 300 ◦C, the presence of Co0.4Zn0.4Ni0.2Fe2O4 is also observed, al-
though the degree of crystallinity is lower than in sample α = 100%. In samples with low
ferrite content α = 0, 25, and 50%, the crystalline ferrite is not remarked; the intensity of
halo between 16 and 30◦ (2θ) ascribed to the amorphous SiO2 matrix increases with the
SiO2 content.

Figure 3 displays the FT-IR spectra (left) and XRD patterns (right) of samples annealed
at 500, 800, and 1200 ◦C. For samples α = 0–75%, the occurrence of SiO2 matrix is supported
by the symmetric and asymmetric stretching vibrations of SiO4 tetrahedron (794–796 cm−1),
the Si–O–Si stretching vibrations (1067–1093 cm−1), the shoulder at 1220–1250 cm−1 and
the Si–O bond vibration (458–482 cm−1) [12,15,16]. These bands are lacking for samples
α = 100%, the bands at 578–584 cm−1 being ascribed to Zn–O, Co–O and Ni–O vibrations,
and at around 400 cm−1, they are ascribed to Fe–O bonds’ vibration [12,15,16]. For samples
with high SiO2 content (α = 25%) annealed at 1200 ◦C, the vibration band at 620 cm−1 is
attributed to Si–O–Si cyclic structures [12,15,16].

The XRD patterns of samples α = 100% annealed at 500, 800, and 1200 ◦C (Figure 3)
display no impurities or unreacted Fe, Ni, Co, and Zn oxides, the broadening of diffraction
peaks being ascribed to ultrafine Co0.4Zn0.4Ni0.2Fe2O4 particles [12,15,16]. The inten-
sity of diffraction peaks matching to ferrites increases at high annealing temperatures
indicating a high degree of crystallinity, high crystal nucleation (owing to the small
growth rate and homogenous distribution), and large crystallites (owing to the coales-
cence process) [6,8,14–16,22]. The degree of crystallinity (DC) was determined as the ratio
between the area under all diffraction peaks and the total area under the amorphous halo
and diffraction peaks [14–16]. The intensity of the main diffraction peak of cubic spinel
ferrite at (311) plane was considered as a measure of the degree of crystallinity [14–16].

By annealing at 500 ◦C, the samples α = 25, 50 and 75% display single-phase Co0.4Zn0.4
Ni0.2Fe2O4, but less crystallized than the sample α = 100%, the degree of crystallinity in-
creases with the ferrite content embedded in the SiO2 matrix. With sample α = 75%
annealed at 800 ◦C, single phase Co0.4Zn0.4Ni0.2Fe2O4 is observed, while for sample
α = 50%, the presence of trace Fe2SiO4 (JCPDS card no. 70–1861) with peaks at 2θ values
of 25.04, 29.30, 31.62, 34.97, 35.91, 37.29, 41.2, 43.67, 51.39, 54.67, 55.73, 57.42, 61.17, 65.46,
68.38, 72.11, and 75.43◦ associated with Miller indices of (111), (002) (130), (131), (112), (200),
(220), (132), (222), (061), (133), (043), (062), (162), (322), (080), and (303) is also remarked.

The formation of Fe2SiO4 appears due to the incomplete reduction of Fe3+ to Fe2+,
which further reacts with the SiO2 matrix, forming Fe2SiO4 [16].
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For sample α = 25% annealed at 800 ◦C, the main phase of Co0.4Zn0.4Ni0.2Fe2O4
is accompanied by Fe2SiO4 and quartz (JCPDS card no. 79–1910) at 2θ value of 26.6◦

corresponding to Miller indices of (011), whereas for sample α = 75% annealed at 1200 ◦C,
beside the main phase of Co0.4Zn0.4Ni0.2Fe2O4, crystalline phases of SiO2 (quartz and
tridymite (JCPDS card no. 042–1401)) with peaks at 2θ values of 20.76, 23.38, 27.49, 36.17,
and 37.72 corresponding to Miller indices of (220), (222), (420), (040), and (240) are remarked.
Unexpectedly, the samples α = 25 and 50% annealed at 1200 ◦C display cristobalite (JCPDS
card no. 39–1425) with peaks at 2θ values of 21.98, 25.32, 28.43, 31.46, 42.66, 44.84, 47.06,
48.61, 56.22, 60.30, 62.01, 65.65, 66.81, 68.67, 69.42, 69.79, 70.54, and 72.69 associated with
the Miller indices of (101), (110), (111), (102), (321), (202), (113), (212), (104), (311), (302),
(204), (223), (214), (321), (303), (105), and (313) as the main crystalline phase attended
by Co0.4Zn0.4Ni0.2Fe2O4 and tridymite. Additionally, for sample α = 25%, quartz is also
present. The intensity of diffraction peaks belonging to the cristobalite increases with the
SiO2 content.

At all annealing temperatures, for samples with no ferrite content (α = 0%), no crys-
talline phases are observed and the halo between 16 and 30◦ (2θ) matches the amorphous
SiO2 matrix. A possible explanation for the absence of crystalline phases corresponding
to the SiO2 could be the difficult diffusion of oxygen within the pores of the silica ma-
trix [14–16]. Usually, the amorphous phase content is proportional to the area under the
diffraction halo, but not all the amorphous phases produce diffraction halos due to the
lack of a significant local order. The area under the amorphous halo and the total area
of the diffraction peaks were used to explore the evolution of amorphous and crystalline
phases [14–16]. Similar behavior is observed for the sample with high SiO2 matrix content
(α = 25%) annealed at 500 ◦C. Consequently, low annealing temperature and high SiO2
content led to highly amorphous content. However, not all the amorphous phases imply
diffraction halos owing to the absence of a large local order [14,21].

The average crystallite size (DXRD) was calculated using the Scherrer formula
(Equation (1)):

DXRD =
0.9·λ

β·cos θ
(1)

where λ is the wavelength of CuKα radiation (1.5406 Å), β is the broadening of full width
at half-maximum intensity (FWHM), and θ is the Bragg angle (◦) [12–16].

The average crystallite size increases with the annealing temperature and Co0.4Zn0.4
Ni0.2Fe2O4 content by the grain growth blocking effect of the SiO2 matrix (see Table 1) [14–16].
The samples with low ferrite content comprise both amorphous and crystalline phases.
The changes in crystallite size may be associated with the influence of the SiO2 matrix on
the grain growth and lattice strains, in such a way that SiO2 content increase, while the
annealing temperature reduces the grain growth [23–25]. The largest crystallite size was
obtained for non-embedded Co0.4Zn0.4Ni0.2Fe2O4 (α = 100%), following the assumption
that the SiO2 matrix contributes to the reduction of crystallite size. One plausible expla-
nation could be the improvement of the crystal-nuclei coalescence process, which occurs
at high annealing temperatures (1200 ◦C). In addition, the annealing temperature reduces
lattice strains and defects [14–16].

The lattice constant (a) was calculated using Bragg’s law with Nelson–Riley function
according to Equation (2) [14–16]:

a =
λ
√

h2 + k2 + l2

2· sin θ
(2)

where λ is the wavelength of CuKα radiation (1.5406 Å) [15,16].
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Table 1. Particle size (DTEM), crystallites size (DXRD), crystallinity degree (DC), lattice constant
(a), hopping length (LA and LB), specific surface area (SSA), and Co/Zn/Ni/Fe molar ratio of
(Co0.4Zn0.4Ni0.2Fe2O4)α(SiO2) 100−α samples.

Parameter Temp. (◦C)
α

0 25 50 75 100

DTEM (nm) 1200 - 34 ± 2 50 ± 3 78 ± 4 120 ± 6

DXRD (nm)
500 - 15 ± 1 17 ± 1 22 ± 1 30 ± 2
800 - 26 ± 2 32 ± 2 42 ± 3 51 ± 3

1200 - 33 ± 2 49 ± 3 75 ± 4 120 ± 5

DC (%)
500 51 ± 3 59 ± 3 65 ± 3 69 ± 4 76 ± 5
800 61 ± 3 66 ± 3 68 ± 3 73 ± 4 79 ± 4

1200 73 ± 4 81 ± 4 86 ± 4 91 ± 5 94 ± 5

a (Å)
500 - 8.40 ± 0.02 8.41 ± 0.02 8.43 ± 0.02 8.45 ± 0.02
800 - 8.38 ± 0.02 8.39 ± 0.02 8.40 ± 0.02 8.43 ± 0.02

1200 - 8.36 ± 0.02 8.37 ± 0.02 8.38 ± 0.02 8.40 ± 0.02

SSA (m2/g)

200 270 ± 14 220 ± 10 170 ± 9 24 ± 1 19 ± 1
500 260 ± 14 270 ± 14 260 ± 14 120± 6 26 ± 2
800 ≤0.5 ≤0.5 ≤0.5 ≤0.5 ≤0.5

1200 ≤0.5 ≤0.5 ≤0.5 ≤0.5 ≤0.5

Co/Zn/Ni/Fe
molar ratio

500 - 0.37/0.38/0.19/1.97 0.38/0.39/0.18/1.97 0.39/0.38/0.17/1.98 0.41/0.38/0.19/2.02
800 - 0.31/0.29/0.18/2.20 0.32/0.30/0.17/2.33 0.39/0.38/0.18/2.03 0.41/0.38/0.19/2.02
1200 - 0.39/0.38/0.18/1.99 0.39/0.41/0.19/1.99 0.39/0.40/0.19/2.01 0.41/0.41/0.20/2.00

The lattice constant (a) increases with the Co0.4Zn0.4Ni0.2Fe2O4 content embedded in
the SiO2 matrix and decreases with the annealing temperature (Table 1). The high surface
energy and tension, surface dipole interactions, and the cation distribution inside the
nanocrystallite do not produce the lattice shrinking [14–16,26]. The tetrahedral (A) site
(0.52 Å) displays a smaller radius than the octahedral (B) site (0.81 Å) [2], while the ionic
radius of Co2+ (0.75), Zn2+ (0.74,) and Ni2+ (0.69 Å) are larger than the ionic radius of Fe3+

(0.64 Å) [15]. By increasing the number of Fe3+ ions in the octahedral (B) sites, the system
changes from inverse spinel to normal spinel structure [14–16]. Consequently, adding Co2+,
Zn2+, and Ni2+ ions lead to a strained lattice.

The elemental composition is confirmed by the Co/Zn/Ni/Fe molar ratio using the
MW/ICP-OES analysis (Table 1). The best experimental and theoretical data correlation
is observed for the samples annealed at 1200 ◦C. For samples α = 25 and 50% annealed
at 800 ◦C, the higher Fe content confirms the presence of Fe2SiO4 as a secondary phase
observed by XRD.

The shape of N2 adsorption-desorption isotherms of (Co0.4Zn0.4Ni0.2Fe2O4)α(SiO2)100−α
(α = 0, 25, 50, 75, and 100%) samples annealed at 300 and 500 ◦C (Figure 4a,b) is preserved,
confirming the stability of the porous structure up to 500 ◦C. The isotherms of samples
annealed at 800 and 1200 ◦C could not be recorded, indicating the breakdown of porous
structure at temperatures above 500 ◦C. The isotherm for SiO2 (α = 0%) is of type IV, and
for samples α = 25, 50, and 75% is of type I [27].

The SSA decreases with the increase of α, by the increase of DXRD (Table 1). For
SiO2 (α = 0%) and ferrite (α = 100%) samples, the SSA does not depend on the annealing
temperature, while for samples α = 25, 50, and 75% annealed at 500 ◦C, an increase of
SSA value was observed. A possible explanation could be the better organization and
crystallization of samples annealed at 500 ◦C than at 300 ◦C. The pore size distribution
(Figure 4c,d) shows that all samples contain different-sized pores up to 550 Å. The pores are
generally under 100 Å in samples annealed at 500 ◦C and up to 200 Å in samples annealed
at 300 ◦C, respectively. These results follow the variation of SSA described above.
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Figure 4. N2 adsorption-desorption isotherms of (Co0.4Zn0.4Ni0.2Fe2O4)α(SiO2)100−α (α = 0, 25, 50,
75, and 100%) samples annealed at 300 ◦C (a) and 500 ◦C (b) pore size distribution at 300 ◦C (c) and
500 ◦C (d).

The TEM image of the SiO2 matrix (α = 0%) consists of a dark area, without any
possibility of identifying the matrix network, whereas those of samples α = 25–100%
annealed at 500 and 800 ◦C are blurry, with low contrast, due to the small size poorly
crystalline Co0.4Zn0.4Ni0.2Fe2O4 particles (~1 nm). For samples α = 25–100% annealed
at 1200 ◦C (Figure 5), the higher ferrite content embedded in the SiO2 matrix results
in large spherical particles. The increase in particle size from 34 to 122 nm (Table 1,
Figure 6) with the ferrite content could be the outcome of different reaction kinetics,
variation of the particle growth rate, or crystalline clusters formation [14–16,28]. The
different particle arrangement could be due to the solid bodies formed by well-faceted
grains, while the particle agglomeration could be a consequence of small particle size,
inter-particle interactions, interfacial surface tensions, and strong intermolecular friction
produced during the conversion of thermal energy into internal heat energy [14–16]. The
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porous surface formed by the gases generated during the thermal decomposition also
favors the particle’s agglomeration [14–16].
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Figure 5. TEM images of (Co0.4Zn0.4Ni0.2Fe2O4)α(SiO2)100−α samples (α = 25–100%) annealed at
1200 ◦C.

The average crystallite sizes are consistent with the particle sizes determined from
TEM, the differences being attributed to the interference in the diffraction patterns in-
troduced by the amorphous SiO2 and large-size nanoparticles [12–16]. The particle size
determined via TEM is generally larger than the crystallite size estimated by XRD, con-
sidering that a particle typically consists of several crystallites. The crystallite size can be
calculated by analyzing the broadening of diffraction peaks without considering the effects
of other factors that contribute to the diffraction peak width (i.e., instrumental contribution,
temperature, microstrain, etc.) [29]. Moreover, even if they are few in number, the large
nanoparticles significantly contribute to the diffraction patterns since they comprise a large
fraction of atoms. The interference of the amorphous SiO2 with particle size lower than
that of the embedded ferrite crystallites should also be considered [14–16].

The SiO2 matrix (α = 0%) displays a diamagnetic behavior (Figure 7), while samples
(α = 25–100%) show a typical ferromagnetic behavior (Figure 8) both at 800 and 1200 ◦C.
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Figure 8. Magnetic hysteresis loops and magnetization derivative of (Co0.4Zn0.4Ni0.2Fe2O4)α(SiO2)100 – 

α samples (α = 25–100%) annealed at 800 and 1200 °C. Figure 8. Magnetic hysteresis loops and magnetization derivative of (Co0.4Zn0.4Ni0.2Fe2O4)α
(SiO2)100−α samples (α = 25–100%) annealed at 800 and 1200 ◦C.
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The samples show diamagnetic behavior in the presence of some accidental low
concentration of ferromagnetic impurities, which likely come from the manipulation of
the samples (from cutters, tweezers, spatula, etc.). The influence of these ferromagnetic
impurities on the ferrites containing samples is negligible since the magnetization of
the samples reaches 10 emu/g, while the ferromagnetic impurities can provide around
0.1 emu/g.

Generally, the magnetic properties of nano-ferrites are determined by the structure,
crystal defects, porosity, particle size, and K [6]. The annealing temperature and SiO2 con-
tent are critical for producing single-phase nano-ferrites with enhanced magnetic properties.
The MS increases with the Co0.4Zn0.4Ni0.2Fe2O4 content and in samples with the same
composition with the annealing temperature [2,6,17]. The highest value of MS (90.1 emu/g)
was obtained for non-embedded Co0.4Zn0.4Ni0.2Fe2O4 (α = 100%) annealed at 1200 ◦C.
The increase of MS from 10.0 emu/g (α = 25%) to 90.1 emu/g (α =100%) with the ferrite
content is a consequence of the non-magnetic SiO2 matrix that has a magnetic dilution
effect [12–15].

The nanoparticle size is contingent on the annealing temperature, which controls the
formation of assemblies of weakly interacting particles through reduced magnetostatic
energy and weakly bonded interfaces [14–16,30]. According to Neel’s theory of ferrimag-
netism, the magnetic properties of ferrites depend on the distribution of magnetic ions
between the tetrahedral (A) and octahedral (B) sites [2,3]. The presence of impurity atoms or
oxygen vacancies results in the break of the superexchange spin coupling between magnetic
ions inducing a supplementary surface spin disorder [2]. Thus, magnetization is influenced
by the crystalline structure, defects, and cationic distribution. The net magnetization of
these spinel structures is given by the difference between the magnetic moments of tetra-
hedral (A) and octahedral (B) sites [5]. Magnetization is also affected by the migration of
the magnetic ions between tetrahedral (A) and octahedral (B) sites and by the magnetic
moment alignment from A and B sites [5]. When the Co2+ ions occupy the octahedral (B)
sites, the magnetic moment (3µB) will be higher in this position than in tetrahedral (A) sites
which are occupied by Ni2+ and Zn2+ ions (2µB) [3].

The higher ferrite content in samples annealed at 1200 ◦C results in an MR increase
from 3.3 emu/g (α = 25%) to 13.7 emu/g (α = 100%). The remanence ratio S = MR/MS
indicates how square is the hysteresis loop. A theoretical value of this parameter S < 0.5 indi-
cates samples consisting of an assembly of single domain, non-interacting particles [31–33].
As can be deduced from Table 2, this ratio is lower than 0.5 for all samples.

Table 2. Saturation magnetization (MS), remanent magnetization (MR), coercivity (Hc) and anisotropy
constant (K) of (Co0.4Zn0.4Ni0.2Fe2O4)α(SiO2)100−α samples annealed at 800 and 1200 ◦C.

Sample
(Co0.4Zn0.4Ni0.2Fe2O4)α

(SiO2)100−α

Temperature
(◦C)

Ms
(emu/g)

MR
(emu/g) S Hc

(Oe)
K·105

(erg/cm3)

α = 25%
800 7 ± 0.4 1.2 ± 0.1 0.17 ± 0.02 260 ± 13 119 ± 6

1200 10 ± 1 3.3 ± 0.2 0.33 ± 0.03 490 ± 25 305 ± 15

α = 50%
800 14 ± 1 2.6 ± 0.1 0.19 ± 0.02 270 ± 14 229 ± 11

1200 29 ± 2 5.3 ± 0.3 0.18 ± 0.02 320 ± 16 577 ± 29

α = 75%
800 23 ± 1 5.7 ± 0.3 0.25 ± 0.03 300 ± 15 437 ± 22

1200 62 ± 4 9.8 ± 0.5 0.16 ± 0.02 220 ± 11 857 ± 43

α = 100%
800 38 ± 2 8.7 ± 0.4 0.23 ± 0.02 320 ± 16 754 ± 38

1200 90 ± 6 14 ± 1 0.15 ± 0.02 170 ± 10 934 ± 47

The Hc increases from 260 Oe (α = 25%) to 320 Oe (α = 100%) with ferrite con-
tent embedded in the matrix in samples annealed at 800 ◦C and decreases from 485 Oe
(α = 25%) to 165 Oe (α = 100%) in samples annealed at 1200 ◦C. The samples α = 50, 75,
and 100% have small Hc and high MS values due to the large particles with high magnetic
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coupling [31,32]. Generally, Hc depends on crystallite sizes, magnetocrystalline anisotropy,
domain walls and MS [3]. In the case of small single magnetic domain particles, they change
the magnetization by spin rotation [34]. At high Hc values, the thermal energy cannot
induce the magnetization fluctuations for change of the magnetization [3]. Consequently,
besides the particles’ shape and the density of disordered surface spins, Hc has an important
contribution to the magnetic order inside a monodomain particle. For large particles, the
density of surface spins is low and results in higher magnetization [26].

The magnetocrystalline anisotropy constant (K) was calculated using Equation (3):

K =
µ0·MS·Hc

2
(3)

where MS is the saturation magnetization, µ0 is vacuum permeability (µ0 = 1.256 ×
10−6 N/A2), and Hc is the coercivity field (T) [35].

The K values (Table 2) increase with the Co0.4Zn0.4Ni0.2Fe2O4 content embedded in
the silica matrix, with the highest K observed for the non-embedded Co0.4Zn0.4Ni0.2Fe2O4
(α = 100%). The strain on the ferrite nanoparticle surface induced by the SiO2 matrix
hinders the rotation of the magnetic moments from the particle-matrix interface [32]. As
can be seen from Table 2, all the main magnetic parameters were strongly affected by the
SiO2 embedding. MS, MR, and K depreciate substantially with the increase of SiO2 content
due to the non-magnetic nature of the matrix. The Hc value of the samples annealed at
1200 ◦C has a different trend; it is enhanced, suggesting the pinning of the magnetic
moments from the surface of the particles, which is induced by the strain of the SiO2 layer.

The chemical composition, crystallographic structure, particle size, atomic packing
density, and internal defects highly influence the ferrites’ magnetic properties [20]. Previous
studies reported a decrease in the magnetocrystalline anisotropy of cubic ferrites when they
are doped with Zn2+ ions [36]. Ni-Co ferrites have large K due to the Co2+ ions preference
for the octahedral (B) sites [19].

The magnetization derivative curves (dM/d(µ0H)) vs. applied magnetic field are
shown in the insets of Figure 8. The presence of a single peak indicates a single mag-
netic phase for samples α = 100%, considering that in a pure magnetic sample, the peak
occurs at the nominal coercive field, suggesting crystalline samples with a single mag-
netic phase [14,16,31]. The sharp peaks indicate high magnetic purity, whereas the broad
peaks suggest wide particle size distributions. The magnetization derivative for samples
α = 25–75% annealed at 800 and 1200 ◦C indicate that two magnetic phases (from the triple
Co–Zn–Ni ferrite) are magnetically coupled inside of the particle along their magnetic mo-
ments; the crystalline phases of Fe2SiO4 (a typical paramagnet at room temperature [34,37]),
cristobalite and tridymite identified by XRD do not display magnetic properties, the hard
magnetic phase being dominant (since it has a larger Hc). If not instrumental, the peaks’
asymmetry reveals the presence of two magnetic phases inside the particles, one forming
from a solid solution of two ferrites and another being the third ferrite.

In our previous studies on Co–Ni, Co–Zn and Zn–Ni ferrites, only a single magnetic
phase was obtained [14–16]. For samples annealed at 1200 ◦C, the hysteresis loops are,
generally, broader, and the (dM/d(µ0H)) vs. µ0H curves are narrower and sharper than
in samples annealed at 800 ◦C. The peak heights and their horizontal shifts are related to
the strength of the magnetic phases [14,26,30]. For samples annealed at 800 ◦C, the broader
peaks suggest a large particle size distribution associated with a large Hc.

The structure and the magnetic properties of (Co0.4Zn0.4Ni0.2Fe2O4)α(SiO2)100−α are
highly influenced by the SiO2 content and the annealing temperature. Our future studies
intend to identify the metallic ion which does not couple with the other two metallic ions
of the mixed ferrite leading to a second magnetic phase. Thus, by Co0.4Zn0.4Ni0.2Fe2O4
nanoparticles, the magnetic behavior can be easily tuned. Furthermore, combining the
best magnetic properties and morphological configuration may be of interest for several
technical applications.
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4. Conclusions

The influence of SiO2 embedding on the structure, morphology, thermal, and magnetic
properties of Co0.4Zn0.4Ni0.2Fe2O4 particles obtained by the sol-gel process was investi-
gated. Fe, Co, Zn, and Ni malonates formed in two stages, as indicated on the DTA curve.
At 1200 ◦C, the XRD and FT-IR results supported the formation of a single-phase spinel
structure and SiO2 matrix. Highly crystalline single-phase ferrite starting from 300 ◦C
for non-embedded Co0.4Zn0.4Ni0.2Fe2O4 (α = 100%) and an amorphous halo without any
crystalline phases for SiO2 (α = 0%) sample were remarked. For samples α = 25–75%, the
single crystalline phase Co–Ni–Zn ferrite at 500 ◦C was accompanied by Fe2SiO4 and quartz
at 800 ◦C, while at 1200 ◦C the major cristobalite phase was accompanied by Co–Ni–Zn
ferrite, tridymite, and quartz. The crystallite size increased with ferrite content in the SiO2
matrix, namely: 14.5–29.6 nm (500 ◦C), 26.3–52.4 nm (800 ◦C), and 33.3–118 nm (1200 ◦C),
respectively. TEM images confirmed that the particles are in the nanometer range. The SSA
gradually increased with the SiO2 content and decreased with the annealing temperature
above 500 ◦C. The main magnetic parameters increased with the Co0.4Zn0.4Ni0.2Fe2O4
content: MS from 7.3 emu/g to 90.1 emu/g, MR from 1.2 to 13.7 emu/g, and K from
0.119·10−3 to 0.934·10−3 erg/cm3 (at 1200 ◦C). Hc increased with Co0.4Zn0.4Ni0.2Fe2O4
content from 260 to 320 (at 800 ◦C) and decreased from 485 to 165 Oe (at 1200 ◦C). The
MS and MR increased with the annealing temperature. As expected, the non-embedded
Co0.4Zn0.4Ni0.2Fe2O4 (α = 100%) was ferromagnetic with high MS, while the SiO2 matrix
(α = 0%) was diamagnetic with a small ferromagnetic fraction. Co0.4Zn0.4Ni0.2Fe2O4 non-
embedded into the SiO2 matrix displays the behavior of a single magnetic phase, while the
Co0.4Zn0.4Ni0.2Fe2O4 embedded in the SiO2 matrix shows two magnetic phases, the solid
solution of two ferrites, and the third ferrite. Moreover, when the ferrite is embedded in the
SiO2 matrix, the particle sizes decreased and the main magnetic parameters depreciated.
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Abstract: This work presents the effect of monovalent (Ag+, Na+), divalent (Ca2+, Cd2+), and
trivalent (La3+) metal ion doping and annealing temperature (500, 800, and 1200 ◦C) on the structure,
morphology, and magnetic properties of MnFe2O4/SiO2 ceramic nanocomposites synthesized via
sol–gel method. Fourier-transform infrared spectroscopy confirms the embedding of undoped and
doped MnFe2O4 nanoparticles in the SiO2 matrix at all annealing temperatures. In all cases, the X-ray
diffraction (XRD) confirms the formation of MnFe2O4. In the case of undoped, di-, and trivalent
metal-ion-doped gels annealed at 1200 ◦C, three crystalline phases (cristobalite, quartz, and tridymite)
belonging to the SiO2 matrix are observed. Doping with mono- and trivalent ions enhances the
nanocomposite’s structure by forming single-phase MnFe2O4 at low annealing temperatures (500
and 800 ◦C), while doping with divalent ions and high annealing temperature (1200 ◦C) results in
additional crystalline phases. Atomic force microscopy (AFM) reveals spherical ferrite particles coated
by an amorphous layer. The AFM images showed spherical particles formed due to the thermal
treatment. The structural parameters calculated by XRD (crystallite size, crystallinity, lattice constant,
unit cell volume, hopping length, density, and porosity) and AFM (particle size, powder surface
area, and thickness of coating layer), as well as the magnetic parameters (saturation magnetization,
remanent magnetization, coercivity, and anisotropy constant), are contingent on the doping ion and
annealing temperature. By doping, the saturation magnetization and magnetocrystalline anisotropy
decrease for gels annealed at 800 ◦C, but increase for gels annealed at 1200 ◦C, while the remanent
magnetization and coercivity decrease by doping at both annealing temperatures (800 and 1200 ◦C).

Keywords: manganese ferrite; silica matrix; doping; annealing; magnetic behavior

1. Introduction

Nanoparticles display enhanced properties relative to microparticles and bulk materi-
als, allowing their use in various applications [1]. Spinel ferrite (MFe2O4, M=Mn, Ni, Co,
Cu, etc.) nanoparticles are developing as a family of versatile materials with controllable
particle size and shape, tunable dielectric, catalytic, and magnetic properties, as well as
easy and convenient synthesis processes [1–6]. Of these, manganese ferrite, MnFe2O4,
displays a face-centered cubic structure with two types of cation lattice sites: tetrahedral (A)
formed by four O2- ions, and octahedral (B) sites composed of six O2– ions. The percentage
of Fe3+ ions occupying the A sites dictates the inversion degree. Thus, in normal spinel
structure the A sites are occupied by Fe3+ ions, while in inverse spinel structure the A
sites are occupied by Mn2+ ions [1]. The inversion degree highly influences the magnetic
properties of MnFe2O4 nanoparticles. MnFe2O4 has attracted significant interest due to
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its controllable grain size, superparamagnetic nature, low coercivity (HC), high magnetic
permeability, moderate saturation magnetization (MS), good chemical stability, high cat-
alytic performance, capacity to be guided by an external magnetic field, surface tailoring
possibility, good biocompatibility, and high crystal symmetry [1,5,7]. MnFe2O4 is also
a non-toxic, non-corrosive, environmentally friendly, high thermal, and shock-resistant
material often used for application in medicine, electronics, as well as in the paint and
coating industry [1–5,8].

Doping with various cations enhances the ferrites’ magnetic, optical, and electrical
properties. The doped spinel ferrites have various benefits, i.e., they are less expensive,
easy to produce, have good stability, and have different magnetic properties compared
to undoped ferrites [9]. Cation distribution is significantly affected by the doping ion
radius, charge, lattice energy, and crystal field stabilization energy in A and B sites [10].
In recent years, a large interest has been granted to doped ferrites due to their numerous
technical applications, including magnetically controlled anticancer medication delivery,
color imaging, and gas-sensitive and catalytic materials [9–11]. Metal ion doping generates
oxygen vacancies and reactive oxygen species that enhance the catalytic performance [9].
In Zn2+-doped MnFe2O4, Zn has a strong tendency to occupy A sites enhancing the mag-
netic properties [10,12]. Previous studies reported that the Mn–Zn ferrites decompose
by annealing, leading to impure phases and, consequently, the decrease in magnetic and
dielectric properties [10,13]. The high stability and outstanding electrical and thermal
conductivity of Ag make it a dopant that improves the catalytic activity of MnFe2O4, al-
lowing the degradation of refractory organic pollutants [6]. Ag–Mn2Fe2O4 composites
also display superparamagnetic and remarkably antibacterial activity [14]. A previous
study on Ca–MnFe2O4 nanoparticles coated with citrate obtained by the sol-gel method
revealed that high Ca content improves their capacity to be used as a hyperthermia agent
without compromising their cytocompatibility or cellular internalization [15]. Recently,
the structural tuning of MnFe2O4 by doping with rare earth ions has drawn attention as a
novel technique to enhance its physical characteristics. Of these, the non-magnetic La3+

ion stands out due to its larger ionic radius compared to that of Fe3+ and Mn2+ ions that
change the structural and magnetic properties of MnFe2O4 by the higher electron–hole
pair recombination in the ferrites, supporting the shift of the electronic states [7,16]. More-
over, La3+ doping promotes a higher production of oxygen vacancies and photocatalytic
degradation [7,16].

Given the diversity of experimental techniques (e.g., sol–gel, hydrothermal, thermal
decomposition, colloid emulsion, and laser pyrolysis) used to obtain MnFe2O4 ferrites,
the sol–gel route offers a flexible approach due to its low cost, low reaction temperature,
simplicity, and good control of chemical composition, structural, physical–chemical, and
magnetic properties [2–5]. The prolonged exposure to synthesis conditions, as well as the
time of thermal processing, was found to influence the structure of the nanomaterials [17].
Solvo/hydrothermal synthesis is an environmentally friendly approach to producing small
and uniformly distributed nanostructures. It also allows the easy doping and coating of the
particles to generate composite materials [18]. Microwave-assisted solvothermal approach
allows the fine control of process parameters, high productivity, exceptional phase purity,
good reproducibility, and short reaction times concomitantly obtaining small particles with
uniform particle morphology and high crystalline particles [19]. Baublytė et al. [20] showed
a correlation between precursor concentration, particle size, and crystallinity.

The embedding of MnFe2O4 in mesoporous SiO2 plays an important role in enhancing
the stability in water, improving biocompatibility, and diminishing the degradation of
MnFe2O4 nanoparticles. The SiO2 coating also prevents agglomeration by controlling the
dipolar attraction between the magnetic nanoparticles. Moreover, the silanol groups from
the surface of mesoporous SiO2 promote the binding of biomolecules, directing targeted
ligands and drug loading on the nanocarrier surface [2–5]. Our previously reported sol–gel
synthesis method allows the obtaining of homogeneous pure or mixed ferrite nanoparti-
cles and their incorporation in inorganic or organic matrices, requires reduced time and
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energy and has a short gelation time. The obtaining of MnFe2O4 embedded in the SiO2
matrix sol–gel method consist in the mixing of reactants with tetraethylorthosilicate (TEOS)
and the formation of strong networks with moderate reactivity that permit the incorpora-
tion of various inorganic and organic molecules [2–5]. The simple variation in synthesis
conditions such as pH, time and annealing temperature allows a high degree of control
over the nucleation and particle growth [1–6]. The easily controllable magnetic, electrical,
dielectric, and optical properties of MnFe2O4/SiO2 nanocomposites recommend their use
in various technological and scientific systems, such as magnetic devices, catalysis, and
sensors [3,5,21,22]. The MnFe2O4/SiO2 nanocomposites display remarkable electrical and
magnetic properties, high chemical and thermal stability, improved microwave absorption
performance owing to the strong eddy current loss, excellent attenuation characteristic,
better impedance matching, and multiple Debye relaxation processes [23]. The magnetic
MnFe2O4/SiO2 nanocomposites are widely studied due to their potential applications in
different areas such as electronic, microwave, and communication devices, information
storage systems, ferrofluid technology, gas sensors, magnetocaloric refrigeration, and for
photocatalytic activity [1,24–27]. Moreover, the MnFe2O4 and SiO2 integrated into a single
entity (nanocomposites particle) is of particular interest in magnetic fluid hyperthermia due
to MnFe2O4 superior magnetization and biocompatibility of SiO2 [28] and drug delivery
applications by providing the advantages of mesoporous silica surface (e.g., drug loading
and surface functionalization) and the magnetic nature of MnFe2O4 nanoparticles (e.g.,
magnetic controllability and targeted drug delivery) [29].

The architecture adopted by ferrites depends on the metal ion(s) size, charge and
concentration, crystal field effects and electrostatic contribution to the lattice energy, while
the particle size increase and the volume-to-surface ratio decreases with annealing temper-
ature. Moreover, due to its high degree of magnetization compared to other nanoferrites,
MnFe2O4 has become important for various biomedical applications. Additionally, tai-
loring MnFe2O4 by doping with various ions could enhance its magnetic, optical, and
electrical properties. Thus, producing homogenous doped MnFe2O4 nanoparticles with
tailored magnetic properties and crystalline structures is challenging, but it is important
to discover novel approaches to increase their potential for existing and new conceivable
applications. In this regard, this study was conducted to assess the changes in struc-
ture, morphology, surface, and magnetic properties of MnFe2O4 doped with monovalent
(Ag+, Ag0.1Mn0.95Fe2O4; Na+, Na0.1Mn0.95Fe2O4), divalent (Ca2+, Ca0.1Mn0.9Fe2O4; Cd2+,
Cd0.1Mn0.9Fe2O4), and trivalent (La3+, La0.1MnFe1.9O4) metal ions embedded in a SiO2
matrix synthesized through a modified sol–gel method, followed by annealing at 500, 800,
and 1200 ◦C.

2. Materials and Methods
2.1. Reagents

All chemicals were used as received without further purification and purchased from
different commercial sources as follows: manganese nitrate tetrahydrate (Mn(NO3)2·4H2O,
Merck, Darmstadt, Germany), ferric nitrate nonahydrate (Fe(NO3)3·9H2O, 98%, Merck,
Darmstadt, Germany), silver nitrate (AgNO3, 99%, Carlo Erba, Milan, Italy), sodium nitrate
(NaNO3, 99%, Merck, Darmstadt, Germany), calcium nitrate tetrahydrate (Ca(NO3)2·4H2O,
99%, Carlo Erba, Milan, Italy), cadmium nitrate tetrahydrate (Cd(NO3)2·4H2O, 99%, Carlo
Erba, Milan, Italy), lanthanum nitrate hexahydrate (La(NO3)3·6H2O, 98%, Carlo Erba,
Milan, Italy) 1,3 propanediol (1,3–PD, 99%, Merck, Darmstadt, Germany), TEOS (99%,
Merck), and ethanol (96%, Merck, Darmstadt, Germany).

2.2. Synthesis

MnFe2O4, Ag0.1Mn0.95Fe2O4, Na0.1Mn0.95Fe2O4, Ca0.1Mn0.9Fe2O4, Cd0.1Mn0.9Fe2O4,
and La0.1MnFe1.9O4 embedded in SiO2 gels containing 50 wt.% ferrite and 50 wt.% SiO2 were
prepared through a modified sol–gel route using different M/Co/Fe (M = Ag, Na, Ca, Cd,
La) molar ratios, namely 0/1/2 (MnFe2O4), 1/9.5/20 (Ag0.1Mn0.95Fe2O4, Na0.1Co0.95Fe2O4),
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1/9/20 (Cd0.1Co0.9Fe2O4, Ca0.1Co0.9Fe2O4), and 1/10/19 (La0.1CoFe1.9O4). The key advan-
tages of the sol-gel method are versatility, simplicity, effectiveness, achievement of high
purity products, narrow particle size distribution, and uniform nanostructure at low tem-
peratures. The main disadvantages refer to the presence of amorphous phases at low
annealing temperatures and secondary crystalline phases at high annealing temperatures,
respectively [22]. Briefly, the sol–gel method used here involves the following steps: the
reactants (metal nitrates and polyols) are mixed with TEOS at ambient temperature, the
sol is exposed to ambient temperature until the gelation of the SiO2 network, followed
by the thermal-assisted formation of carboxylate precursors and their decomposition to a
multicomponent system (mixed oxide). Generally, to obtain spinel ferrites via the sol–gel
method, nitrate salts are preferred as precursors, as they are a convenient source of aqueous
metal ions and act as low-temperature oxidizing agents for the synthesis [22,30]. Accord-
ingly, the initial sols were prepared by mixing the metal nitrates with 1,3–PD, TEOS and
ethanol using a NO3

–/1,3–PD/TEOS molar ratio of 1/1/1. The resulting sols were vig-
orously stirred over a 1 h and kept at ambient air until gelation occurred. The obtained
gels consisting of a homogenous mixture of TEOS, 1,3–PD and metal nitrates were ground
thoroughly using an agate mortar pestle and heated at 40 ◦C for 5 h and 200 ◦C for 5 h,
respectively, in an UFE 400 universal oven (Memmert, Schwabach, Germany). Finally, the
powder samples were annealed at different temperatures (500, 800 and 1200 ◦C) for 5 h
at 10 ◦C/min using a LT9 (Nabertherm, Lilienthal, Germany) muffle furnace, at ambient
temperature.

2.3. Characterization

X-ray diffraction patterns were recorded on a D8 Advance (Bruker, Karlsruhe, Ger-
many) diffractometer equipped with an X-ray tube (CuKα radiation, λ = 1.54060 Å, 40 kV
and 35 mA) and 1–dimensional LynxEye detector; data collection was carried out in the
2θ range of 15–80◦, with a step size of 0.015◦ and counting time of 1s/step. The Fourier-
transform infrared (FT–IR) spectra in the range of 400–4000 cm−1 were recorded in trans-
mittance mode with a resolution of 2 cm−1 and 8 scans on KBr pellets containing 1% sample
using a Perkin–Elmer Spectrum BX II (Perkin Elmer, Waltham, MA, USA) spectrometer
equipped with DTGS detectors. For atomic force microscopy (AFM), the thermally treated
powders were dispersed in ultrapure water by stirring to enable the finest particles to
release. Bigger particles sediment on the bottom of the vials, while the finest ferrite particles
remained dispersed due to Brownian motion. They were transferred onto a glass slide
via vertical adsorption, and the formed thin films were dried at room temperature and
investigated using a JSPM 4210 (JEOL, Tokyo, Japan) microscope. The AFM was operated
in alternative current mode with NSC 15 (Mikromasch, Sofia, Bulgaria) cantilevers with
a nominal force constant of 40 N/m frequency of 325 kHz. At least three macroscopic
areas of 1 µm2 of the thin films were scanned to obtain the topographic images. The
thin ferrite films’ height, surface roughness (Rq), particle diameter, and surface area were
obtained by analyzing the images with WinSPM System Data Processing Version 2.0 by
JEOL. The magnetic measurements were carried out at room temperature using a cryogen
free vibrating-sample magnetometer (VSM), CFSM—12 T (Cryogenic Ltd., London, UK).
The hysteresis loops were recorded with a maximum field of 2 T, while the magnetization
was measured in a high magnetic field up to 7 T. The powder samples were embedded into
epoxy resin to avoid the motion of particles.

3. Results and Discussion
3.1. FT–IR Analysis

The functional groups, molecular geometry and inter-molecular interactions remarked
in the FT–IR spectra of undoped and doped MnFe2O4 thermally treated at 40, 200, 500, 800,
and 1200 ◦C are presented in Figure 1.
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Figure 1. FT–IR spectra of MnFe2O4, Ag0.1Mn0.95Fe2O4, Na0.1Mn0.95Fe2O4, Ca0.1Mn0.9Fe2O4, 

Cd0.1Mn0.9Fe2O4, and La0.1MnFe1.9O4 gels thermally treated at 40, 200, 500, 800, and 1200 °C. 

In all cases, the FT–IR spectra show the representative bands of the SiO2 matrix, 

namely: O–H bond vibration in the Si–OH group (3435–3458 cm−1), H–O–H bond bending 

Figure 1. FT–IR spectra of MnFe2O4, Ag0.1Mn0.95Fe2O4, Na0.1Mn0.95Fe2O4, Ca0.1Mn0.9Fe2O4,
Cd0.1Mn0.9Fe2O4, and La0.1MnFe1.9O4 gels thermally treated at 40, 200, 500, 800, and 1200 ◦C.

In all cases, the FT–IR spectra show the representative bands of the SiO2 matrix,
namely: O–H bond vibration in the Si–OH group (3435–3458 cm−1), H–O–H bond bending
vibration (1633–1651 cm−1), Si–O–Si bonds stretching vibration (1083–1098 cm−1), Si–O
chains vibration in SiO4 tetrahedron (791–800 cm−1), Si–O bond vibration (450–462 cm−1)

22



Nanomaterials 2023, 13, 2129

and Si–O–Si cyclic structures vibration (542–575 cm−1) [2–5,16]. The deformation vibration
of Si–OH resulted during the hydrolysis of –Si(OCH2CH3)4 groups of TEOS in gels dried at
40 ◦C shown by the shoulder at 939–945 cm−1 disappears at higher temperatures. The water
is present on the surface and in the volume of SiO2 particles in physically and chemically
(bounded to the surface and molecularly dispersed) bound forms [31,32]. The physiosorbed
water does not interact strongly with the particle’s surface and it can be easily removed at
low temperatures, whereas the chemisorbed water is removed at higher temperatures [32].
Removing water from most metal oxide nanoparticles may be incomplete regardless of the
used temperature and lead to coarsening and phase transformation [32].

For gels dried at 40 ◦C, the intense band at 1633 cm−1 is attributed to –O–H bond
vibrations in the diol, physically and chemically bound water molecules [2–5,16,32], while
for gels thermally treated at 200 ◦C this band shifts to 1642 cm−1 and is attributed to the
C=O bond vibration in the carboxylate precursors and the chemically absorbed water
molecules [31]. Increasing the thermal treatment temperature, this band progressively
decreases following the decomposition of carboxylate precursors and loss of chemically
absorbed water, until it disappears at 1200 ◦C [16]. The presence of this band at high
temperatures could be explained by the high hygroscopicity of the nanoparticles and
the presence of polar hydroxyl groups, both on the silica surface and in its volume [32].
The dissociation of chemically adsorbed water on the particle surface with the formation
of hydroxyl groups stabilizes the surface, reduces the water mobility, and increases the
nanoparticle’s stability [32].

In the case of gels dried at 40 ◦C, the intense band at 1633 cm−1 is attributed to the over-
lapping of C–O and H–O deformation vibrations [2–5,16]. This band shifts to 1642 cm−1

in the case of gels thermally treated at 200 ◦C and is attributed to the C=O bond vibration
in the carboxylate precursors; by further increasing the thermal treatment temperature, it
progressively decreases till it disappears at 1200 ◦C [33]. In gels thermally treated at 40 ◦C,
the broad bands at 3359–3387 cm−1 and 3195–3205 cm−1 are attributed to O–H stretching
in precursors and to intermolecular hydrogen bonds [16,34]. The intense band around
1377–1388 cm−1 present only in gels dried at 40 ◦C is characteristic of N–O bond’s asym-
metric vibration in nitrates. The absence of this band at high temperatures suggests that the
reaction between nitrates and 1,3–PD with the formation of metal–carboxylate precursors
has already occurred [16]. The asymmetric and symmetric bands at 2950–2956 cm−1 and
2885–2897 cm−1 present only in gels at 40 ◦C, are characteristic of C–H bond vibration
in the methylene groups of 1,3–PD and carboxylates precursors and disappear at higher
temperatures when the precursors decompose [16,34].

The vibration of M–O bonds in A sites is indicated by the band at 542–575 cm−1 and
in B sites by the band at 450–462 cm−1 [16]. The bands at 617–626 cm–1 (1200 ◦C) and
694–706 cm–1 (200 ◦C) are attributed to O–Fe–O and Fe–OH bond vibration [33,34]. The
band shift is ascribed to the modification in M−O bond length at the A and B sites due to
the introduction of large size rare earth La3+ ion [7].

3.2. Structural Analysis

The XRD patterns of gels annealed at 500, 800 and 1200 ◦C are presented in Figure 2. The
diffraction peaks of MnFe2O4 gels match the reflection planes of (111), (220), (311), (222),
(400), (422), (511), (440), (531), (620), (533), (622) and (444) confirming the presence of pure,
low–crystallized MnFe2O4 (JCPDS #00–010–0319) phase with a cubic spinel structure (space
group Fd3m) [16]. At 500 ◦C, single-phase poorly crystallized MnFe2O4 is remarked, while
at 800 and 1200 ◦C, the better crystallized MnFe2O4 is accompanied by α–Fe2O3 (JCPDS
#00–033–0664) and cristobalite (JCPDS #00–074–9378) [5,16]. XRD patterns of all doped
ferrites annealed at 500 ◦C present single-phase, low-crystallized MnFe2O4. Contrary to
undoped MnFe2O4, for MnFe2O4 doped with monovalent (Ag+ and Na+) ions annealed at
800 ◦C, the presence of single-phase crystalline MnFe2O4 is remarked.
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Cd0.1Mn0.9Fe2O4, and La0.1MnFe1.9O4 gels annealed at 500, 800, and 1200 °C. 
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Figure 2. XRD patterns of MnFe2O4, Ag0.1Mn0.95Fe2O4, Na0.1Mn0.95Fe2O4, Ca0.1Mn0.9Fe2O4,
Cd0.1Mn0.9Fe2O4, and La0.1MnFe1.9O4 gels annealed at 500, 800, and 1200 ◦C.

For Ag0.1Mn0.95Fe2O4 annealed at 1200 ◦C, besides the MnFe2O4 crystalline phase,
cristobalite and metallic Ag (JCPDS #00–033–0664) are also formed, indicating the pres-
ence of unreacted Ag in the SiO2 matrix. The diffraction patterns of MnFe2O4 doped
with divalent (Ca2+ and Cd2+) ions annealed at 800 ◦C display various secondary phases.
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For Cd0.1Mn0.9Fe2O4, the MnFe2O4 crystalline phase is accompanied by Fe2SiO4 (JCPDS
#00–071–1400), while for Ca0.1Mn0.9Fe2O4, the barely crystalline MnFe2O4 is attended by
Fe2SiO4, α–Fe2O3, and cristobalite. At 1200 ◦C, the MnFe2O4 is accompanied by the crys-
talline phases belonging to SiO2 matrix (cristobalite and tridymite (JCPDS #00–074–8988))
and α–Fe2O3 for Ca0.1Mn0.9Fe2O4, and cristobalite, quartz (JCPDS #00–079–1910), and
α–Fe2O3 (in a smaller amount than in the case of Ca0.1Mn0.9Fe2O4) for Cd0.1Mn0.9Fe2O4.
For MnFe2O4 doped with trivalent metal ions (La0.1MnFe1.9O4), single-crystalline-phase
MnFe2O4 at 800 ◦C, and additional secondary phases (cristobalite, quartz, α–Fe2O3, and
La2Si2O7 (JCPDS #00–081–0461)) are observed at 1200 ◦C. Generally, the micron-sized SiO2
is crystalline, while the amorphous SiO2 refers to particle sizes up to 100 nm. Thus, in the
case of MnFe2O4 doped with divalent (Ca2+, Cd2+) and trivalent (La3+) ions annealed at
1200 ◦C, three polymorph crystalline phases of the SiO2 matrix (cristobalite, quartz and
tridymite) are formed, while in the case of doping with divalent (Ca2+ and Cd2+) ions
annealed at 800 ◦C, the presence of crystalline Fe2SiO4 is remarked.

The structural parameters, i.e., crystallite size (DXRD), degree of crystallinity (DC),
lattice constant (a), unit cell volume (V), distance between magnetic ions—hopping length
in A (dA) and B (dB) sites, physical density (dp), X-ray density (dXRD), and porosity (P) of
gels annealed at 500, 800, and 1200 ◦C determined by XRD are displayed in Table 1.

Table 1. Structural parameters of MnFe2O4, Ag0.1Mn0.95Fe2O4, Na0.1Mn0.95Fe2O4, Ca0.1Mn0.9Fe2O4,
Cd0.1Mn0.9Fe2O4, and La0.1MnFe1.9O4 gels annealed at 500, 800, and 1200 ◦C.

Parameter Temp (◦C) MnFe2O4 Ag0.1Mn0.95Fe2O4 Na0.1Mn0.95Fe2O4 Ca0.1Mn0.9Fe2O4 Cd0.1Mn0.9Fe2O4 La0.1MnFe1.9O4 Error

DXRD (nm)

500 14.2 10.2 14.0 11.8 12.0 11.1 ±1.3

800 16.7 14.7 15.9 15.3 16.3 16.2 ±1.6

1200 66.3 55.4 40.1 58.0 56.5 50.0 ±5.5

DC (%)

500 61.5 48.5 48.9 61.2 60.8 59.9 ±5.0

800 70.2 62.0 69.4 66.9 63.9 68.0 ±6.6

1200 90.1 88.8 86.3 85.5 89.5 88.6 ±8.7

a (Å)

500 8.445 8.414 8.427 8.409 8.418 8.441 ±0.01

800 8.485 8.457 8.462 8.443 8.467 8.478 ±0.01

1200 8.544 8.504 8.510 8.491 8.533 8.517 ±0.01

V (Å3)

500 602.3 595.7 598.4 594.6 596.5 601.4 ±0.01

800 610.9 604.6 605.9 601.9 607.0 609.4 ±0.01

1200 623.7 615.0 616.3 612.2 621.3 617.8 ±0.01

dA (Å)

500 3.657 3.643 3.649 3.641 3.645 3.655 ±0.01

800 3.674 3.662 3.664 3.656 3.666 3.671 ±0.01

1200 3.700 3.682 3.685 3.677 3.695 3.688 ±0.01

dB (Å)

500 2.986 2.975 2.979 2.973 2.976 2.984 ±0.01

800 2.999 2.990 2.992 2.985 2.994 2.997 ±0.01

1200 3.021 3.007 3.009 3.002 3.017 3.011 ±0.01

dp (g/cm3)

500 4.133 4.375 4.187 4.298 4.340 4.388 ±0.01

800 4.255 4.554 4.299 4.420 4.471 4.472 ±0.01

1200 4.334 4.633 4.474 4.549 4.555 4.577 ±0.01

dXRD (g/cm3)

500 5.087 5.322 5.110 5.119 5.264 5.278 ±0.01

800 5.015 5.244 5.047 5.057 5.173 5.209 ±0.01

1200 4.912 5.155 4.962 4.972 5.054 5.138 ±0.01

P (%)

500 18.7 17.8 18.0 16.0 17.5 16.9 ± 1.6

800 15.1 13.2 14.8 12.6 13.6 14.1 ± 1.2

1200 11.8 10.1 9.83 8.51 9.87 10.9 ± 1.0

The effect of doping with various ions results in lower DXRD, i.e., 14.2–10.2 nm (500 ◦C),
16.7–14.7 nm (800 ◦C), and 66.3–40.1 nm (1200 ◦C) compared to undoped MnFe2O4. By
increasing the temperature, the diffraction peaks become narrower and sharper indicating
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that the crystallite size increases and the surface area decreases. The DXRD increases with
the annealing temperature due to the crystallite agglomeration without recrystallization,
leading to the formation of a single crystal instead a polycrystalline structure at high
temperatures (1200 ◦C) [2–5]. The DC was calculated as the ratio between the area of the
crystalline contribution and the total area. The lattice constant of undoped and doped
MnFe2O4 gels increases with the annealing temperature, but the replacement of Mn2+ ion
by metal ions leads to a decrease in lattice constant and the formation of a compositionally
homogeneous solid solution. Moreover, the variation in the lattice constant causes internal
stress and defeats further grain growth during the annealing process [2–5,16,33,35]. When
a large-sized La3+ ion (1.6061 Å) replaces the small-sized Fe3+ ion (0.645 Å) initiates higher
asymmetry in the lattice structure [6]. The increase in molecular weight of ferrites is more
significant than the increase in volume (V, Table 1), but the molecular weight is more
affected by the increase in unit cell volume [2–5]. The distance between magnetic ions
(d, hopping length) in A and B sites of gels annealed at 800 and 1200 ◦C is higher for
undoped MnFe2O4 than doped MnFe2O4 (Table 1). The lower value of physical density
(dp, Table 1) of undoped MnFe2O4 compared to doped MnFe2O4 could be attributed to
the formation of pores through the synthesis processes [2–5]. The variation in XRD and
physical densities (dXRD and dp, Table 1) caused by small fluctuations in lattice constant
can be explained by considering the changes in the cation distribution within the A and B
sites [2–5,16,33,35]. The rapid densification during the annealing process leads to a slight
decrease in porosity (P, Table 1) with the increase in annealing temperature [2–5]. The P
value of doped MnFe2O4 is lower than that of undoped MnFe2O4. The decrease in P with
the increase in dp may be the consequence of the different grain sizes, while by annealing,
the growth of the irregular shape grains occurs [2–5]. Concluding, DXRD, DC, a, V, dA, dB
and dp increase, while dXRD and P decrease with increasing annealing temperature.

3.3. Morphological Analysis

The sample morphology was investigated through the AFM microscopy, the nanopar-
ticles disposal in the adsorbed thin film and their shape and size is better visible in the
topographic images in Figure 3. The increase in the particle diameter with the annealing
temperature evidences the evolution of the crystalline phase as a function of temperature.
The diameter of pure, spherical MnFe2O4 nanoparticles (Figure 3a–c) is strongly influenced
by the annealing temperature (15 nm at 500 ◦C, 18 nm at 800 ◦C and 70 nm at 1200 ◦C).
These values are in good agreement with the crystallite size estimated by XRD data and
demonstrate that the observed nanoparticles are mono–crystalline (each observed nanopar-
ticle represents one crystallite). At low annealing temperatures, the nanoparticles are
uniformly distributed onto the thin film, but at 800 ◦C the distribution is slightly changed
due to the increase in the crystallite size domains and significantly changed at 1200 ◦C due
to the growth of crystallite size. These results are in good agreement with previous data
reported regarding MnFe2O4 nanoparticles [36].

At low annealing temperatures, Ag+ doping has a low impact on the size and shape of
the nanoparticles, i.e., the particle diameter is around 13 nm (Figure 3d) at 500 ◦C, while at
800 ◦C few big nanoparticles (35–40 nm) are surrounded by a uniform and compact film of
16 nm particles (Figure 3e). However, by annealing at 1200 ◦C, the diameter of spherical
shape particles of 57 nm has a uniform distribution in the thin film (Figure 3f). Similarly,
Na+ doping (Figure 3g–i) does not significantly influence the particle diameter compared to
that of undoped MnFe2O4. The diameter of particles at 500 ◦C (17 nm) and 800 ◦C (20 nm)
and 1200 ◦C (45 nm) decreases compared to that of undoped MnFe2O4. The decrease in the
ferrite particle size by doping with monovalent (Ag+, Na+) ions and annealing at 1200 ◦C
is most probably due to the shrinkage of the crystal lattice and dependence of particle size
on annealing temperature [37,38].
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Figure 3. AFM topographic images of MnFe2O4 (a–c), Ag0.1Mn0.95Fe2O4 (d–f), Na0.1Mn0.95Fe2O4 (g–i),
Ca0.1Mn0.90Fe2O4 (j–l), Cd0.1Mn0.90Fe2O4 (m–o), La0.1MnFe1.9O4 (p–r), nanoparticles annealed at 500,
800 and 1200 ◦C.
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Ca2+ doping leads to the formation of spherical nanoparticles with a diameter de-
pending on the annealing temperature. Accordingly, low temperature annealing generates
fine nanoparticles (12 nm), in good agreement with the crystallite sizes of about 10 nm
(Figure 3j), while by increasing the annealing temperature to 800 ◦C (Figure 3k), the parti-
cle diameter also increases, resulting in nanoparticles of about 40–45 nm surrounded by
smaller nanoparticles (18 nm). By annealing at 1200 ◦C, the particle diameter increases
to 60 nm (Figure 3l), slightly lower than that of undoped MnFe2O4, most probably due
to some nanostructure refinement induced by Ca2+ doping. At high annealing tempera-
tures, Cd2+ doping influences the evolution of MnFe2O4 nanoparticles, but their shape
is maintained spherical. This fact agrees with the XRD data indicating that Cd2+ doping
leads to a decrease in crystallite size. A compact, thin film of well-individualized spherical
nanoparticles with an average diameter of about 14 nm are observed at 500 ◦C (Figure 3m)
and 8 nm at 800 ◦C (Figure 3n), while at 1200 ◦C the diameter of the particles is 58 nm
(Figure 3o), due to better development of the crystalline phase within the ferrite grains.

La3+ doping has a moderate influence on the particle diameter compared to undoped
MnFe2O4. Thermal treatment at 500 and 800 ◦C leads to forming small spherical nanopar-
ticles of about 13 nm, respectively 19 nm (Figure 3p,q). However, higher temperatures
(1200 ◦C) result in nanoparticles of about 55 nm (Figure 3r), the well-contoured and individ-
ualized nanoparticles proving a solid consolidation of crystalline phase, in good agreement
with the XRD data.

Thin film topography is better evidenced by the tridimensional images in Figure 4, the
revealed aspects being in close relation with roughness and the other surface parameters
presented in Table 2. The thin film surface was measured on the AFM tridimensional
profiles in Figure 4 and the values are shown in Table 2. The surface irregularities signifi-
cantly increase at 1200 ◦C, as the surface of thin film is bigger for the gels annealed at this
temperature.

All ferrite nanoparticles released into the aqueous solutions are well individualized
and were adsorbed uniformly onto the glass slide forming well-structured compact thin
films. Depending on the annealing temperature, different topographies were remarked.
In the case of gels annealed at 500 ◦C, the nanoparticles form a very thin uniform film
with heights of 8 to 12 nm (Figure 4a,d,g,j,m,p) and low (0.5–1.34 nm) surface roughness
(Table 2). The roughest film was obtained by the undoped MnFe2O4 and the smoothest for
La3+ doped MnFe2O4 nanoparticles. Thin films obtained by the adsorption of the Na+, Cd2+,
and La3+-doped MnFe2O4 nanoparticles annealed at 800 ◦C (Figure 4h,n,q) are compact and
smooth, dominated by relatively small particles uniformly distributed on the film surface
(Table 2). The other gels annealed at 800 ◦C present a few big particles mixed between the
average-sized ones, generating a relatively irregular surface (Figure 4b,e,k) with increased
roughness (1.6–3.8 nm, Table 2). Bigger nanoparticles resulted after annealing at 1200 ◦C
form a uniform, compact and well-structured thin film with relatively irregular topography
(Figure 4c,f,i,l,o,r) and relatively high surface roughness (2.28–4.78 nm, Table 2). Doped
MnFe2O4 thin films with similar roughness were obtained by various methods, such as
sputtering [39], spin coating [40], and spray pyrolysis [41].
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Figure 4. Tridimensional profiles of MnFe2O4 (a–c), Ag0.1Mn0.9Fe2O4 (d–f), Na0.1Mn0.95Fe2O4 (g–i),
Ca0.1Mn0.95Fe2O4 (j–l), Cd0.1MnFe1.9O4 (m–o), and La0.1Mn0.9Fe2O4 (p–r) nanoparticles annealed at
500, 800, and 1200 ◦C.
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Table 2. Average nanoparticles diameter (DAFM), thin film height (H), roughness (Rq) and sur-
face of MnFe2O4, Ag0.1Mn0.95Fe2O4, Na0.1Mn0.95Fe2O4, Ca0.1Mn0.90Fe2O4, Cd0.1Mn0.9Fe2O4, and
La0.1Mn1Fe1.9O4 gels annealed at 500, 800, and 1200 ◦C.

Gel Temperature
(◦C)

H
(nm)

Rq
(nm)

DAFM
(nm) Surface (nm2)

MnFe2O4

500 12 1.34 15 1012

800 14 1.60 18 1017

1200 32 3.73 70 1022

Ag0.1Mn0.95Fe2O4

500 11 1.28 13 1019

800 32 3.08 16 1023

1200 38 4.78 57 1035

Na0.1Mn0.95Fe2O4

500 8 0.92 17 1014

800 20 2.29 20 1031

1200 42 5.25 45 1044

Ca0.1Mn0.9Fe2O4

500 11 1.29 12 1017

800 36 3.81 18 1027

1200 30 4.17 60 1039

Cd0.1Mn0.9Fe2O4

500 10 0.50 14 1009

800 23 2.41 18 1037

1200 39 3.87 58 1054

La0.1MnFe1.9O4

500 10 0.54 13 1014

800 23 2.40 19 1030

1200 22 2.28 55 1022

Error – ± 1.0 ± 0.20 ± 5.0 ±5.0

3.4. Magnetic Properties

For the ideal (containing no defects) MnFe2O4 ferrites, the magnetic properties are
dictated by the antiferromagnetic interactions between the magnetic cations distributed
between the A and B sites of the spinel structure. By doping with different ions, this
distribution can be changed to manipulate the main magnetic parameters of the samples.
The distribution of M2+ ions between the A and B sites in some ferrites can be modified
by heat treatment, depending on whether the compounds are slowly cooling down from
a high temperature or are quenched to a lower temperature [42]. The grain boundaries
contain unreacted phases with isolate disordered magnetic moments for polycrystalline
samples. In the case of nanoparticles, a large surface-to-volume ratio implies that many
atoms are at the surface or near the surface with the associated spin distortion due to the
surface effects [35,43,44]. This will make dominant the behavior of the surface atoms and
from the close vicinity of the surface of the nanoparticle particle over those from the core as
shown in Table 2, the annealing temperature strongly affecting the average nanoparticles
diameter. The smaller the particles’ size, the more different their magnetic behavior is
compared to the bulk material behavior. Thus, magnetic properties are influenced by the
crystalline structure, defects, and cationic distribution, which can be controlled by both ion
doping and annealing temperature [42].

The magnetic hysteresis loops, M(µ0H) and the first derivatives dM/d(µ0H) of gels
annealed at 800 ◦C (Figure 5) and 1200 ◦C (Figure 6) indicate a ferromagnetic behavior. The
single maximum in the dM/d(µ0H) vs. µ0H curves close to the coercive field indicates the
occurrence of a single magnetic phase, specific for crystalline samples [5]. The magnetic
hysteresis loops indicate small coercive fields (HC) ascribed to particle coalescence during
annealing and to relatively low saturation magnetization (MS) values [2–5,16,33,35]. For
all doping ions, the particle sizes increase with increasing annealing temperature. For the
gels annealed at 1200 ◦C, the magnetization saturates in low magnetic fields, while for
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those annealed at 800 ◦C, the saturation is reached in higher magnetic fields, suggesting a
higher magnetic disorder. Smal particle size has larger magnetic disorder at the surface,
containing isolated magnetic moments or canted spin, which require a higher magnetic
field for saturation.
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Figure 5. Magnetic hysteresis loops and the magnetization first derivatives of MnFe2O4, 
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Figure 5. Magnetic hysteresis loops and the magnetization first derivatives of MnFe2O4, Ag0.1Mn0.95

Fe2O4, Na0.1Mn0.95Fe2O4, Ca0.1Mn0.9Fe2O4, Cd0.1Mn0.9Fe2O4, and La0.1MnFe1.9O4 gels annealed at
800 ◦C.
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Figure 6. Magnetic hysteresis loops and the magnetization first derivatives MnFe2O4, 
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The MS of gels annealed at 800 ◦C decreases from 21.5 to 6.4 emu/g for doped
MnFe2O4 compared to the undoped MnFe2O4. The small-size particles have a large surface-
to-volume ratio, indicating that the high surface defect density is responsible for the MS
‘depreciation [2–5]. Moreover, the magnetically dead layer at the particle surface containing
broken chemical bonds, lattice defects, and isolated magnetic moments contributes to the
low MS value of the nanoparticles [2–5,16,33,35]. Increasing the fraction of this layer will
make its behavior dominant over the behavior of the core.

For the gels annealed at 1200 ◦C, the MS value increases with doping from 23.3 to
32.2 emu/g (Table 3) and with the annealing temperature owing to the increase in particle
size. The small-size particles have a large surface-to-volume ratio, indicating that the
high surface defect density is responsible for the MS ‘depreciation [2–5]. Moreover, the
existence of magnetically dead layer at the particle surface containing broken chemical
bonds, lattice defects and isolated magnetic moments contribute to the nanoparticle’s low
MS [2–5,16,33,35]. Increasing the fraction of this layer will make its behavior overriding
over the core. According to XRD, the annealing temperature dictates the gel’s crystallinity,
while the presence of secondary phases affects the magnetic properties of the nanoparticles.
Moreover, the increase in particle sizes, improvement of crystallinity, increase in spin
disorder. and change in the distribution of Fe3+ and Mn2+ ions between the A and B sites
will result in a higher net magnetic moment [43,44].

Table 3. Magnetic parameters of MnFe2O4, Ag0.1Mn0.95Fe2O4, Na0.1Mn0.95Fe2O4, Ca0.1Mn0.9Fe2O4,
Cd0.1Mn0.9Fe2O4, and La0.1MnFe1.9O4 gels annealed at 800 and 1200 ◦C.

Parameter Temp (◦C) MnFe2O4 Ag0.1Mn0.95Fe2O4 Na0.1Mn0.95Fe2O4 Ca0.1Mn0.9Fe2O4 Cd0.1Mn0.9Fe2O4 La0.1MnFe1.9O4 Errors

Ms (emu/g)
800 21.5 21.0 6.4 19.5 17.5 20.1 ±1.1

1200 23.3 26.3 30.7 32.2 29.9 31.7 ±2.8

MR (emu/g)
800 5.9 4.4 1.0 4.6 4.4 3.4 ±0.4

1200 6.5 5.4 6.2 5.8 5.5 5.6 ±0.6

Hc (Oe)
800 116 112 100 105 110 113 ±10

1200 160 145 120 125 140 156 ±15

K·103

(erg/cm3)

800 1.57 1.48 0.40 1.29 1.21 1.43 ±0.10

1200 2.34 2.39 3.68 2.53 2.63 3.11 ±0.25

The remnant magnetization (MR) decreases for the doped MnFe2O4 gels compared
to undoped MnFe2O4, from 5.9 to 1.0 emu/g (at 800 ◦C) and from 6.5 to 5.4 emu/g (at
1200 ◦C). Generally, the behavior of MS and MR can be assessed using Neel’s theory
via cation distribution between the A and B sites. The Ag+, Na+, Ca2+, Cd2+ and La3+

ions tend to occupy the A sites, Mn2+ ions occupy both A and B sites, while Fe3+ ions
can be found mainly in B sites [2–5,16,33,35,44]. The net magnetization is given by the
antiparallel coupling between the magnetic moments of the A and B sites in the presence
of spin disorder at the surface and/ or spin canting in the presence of secondary phases.
The magnetic moments of A sites are antiparallel coupled with those from B sites and
the net magnetization derives from the uncompensated magnetic moment between both
sites [2–5,16,33,35,44].

Compared to undoped MnFe2O4 gel, the HC of doped MnFe2O4 gels decreases from
116 to 100 Oe for the gels annealed at 800 ◦C and from 160 to 120 Oe for those annealed
at 1200 ◦C, due to the decrease in crystallite size with a typical single magnetic domain
behavior (i.e., HC increases with increasing crystallite size). The lower HC values also
suggest a spin distortion due to the surface effects, which affect the magnetocrystalline
anisotropy [35,44].

Similar to MS, the magnetocrystalline anisotropy constant (K) for the doped MnFe2O4
gels annealed at 800 ◦C decreases (from 1.57 × 10−3 to 0.40 × 10−3 erg/cm3), while for
those annealed at 1200 ◦C increases (from 2.34 × 10−3 to 3.68 × 10−3 erg/cm3) compared
to undoped MnFe2O4. A possible explanation could be the decrease in particle size which
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results in increased surface spin disorder and related surface effects. K is affected by the
shape and surface anisotropy of nanoparticles [45]. Since the AFM indicated that the
particle shape and area do not change substantially by doping and annealing temperature,
the surface anisotropy dictates the variation in K.

While the properties of the obtained doped MnFe2O4 nanoparticles can be further
enhanced by adjusting the dopant ions content, annealing temperature, or the SiO2 to ferrite
ratio, this study introduces valuable information on the properties of doped MnFe2O4/SiO2
nanocomposites. Metal ion doping and annealing temperature can have remarkable effects
on the structure, morphology, and magnetic properties of the MnFe2O4/SiO2 nanocompos-
ites, which allow the control of the physical properties of these nanocomposites to make
them potential candidates for various applications such as microwave and communica-
tion devices, information storage systems, ferrofluid technology, gas sensors, and medical
applications for magnetic hyperthermia, magnetic resonance imaging, and photocatalytic
activity.

4. Conclusions

The effect of doping with mono- (Ag+, Na+), di– (Ca2+, Cd2+), and trivalent (La3+) ions
and annealing temperature on the structural, morphological, and magnetic properties of
MnFe2O4 were studied. Low-crystalline MnFe2O4 at low annealing temperatures and well-
crystallized MnFe2O4 at high annealing temperatures were remarked. For the gels annealed
at 1200 ◦C, in MnFe2O4 doped with divalent and trivalent metals, three crystalline phases
associated with the SiO2 matrix (cristobalite, quartz, and tridymite) were also observed.
The crystallite size, degree of crystallinity, lattice constant, unit cell volume, hopping length,
and density increased, while the porosity decreased with the annealing temperature. The
crystallite size estimated by XRD was in good agreement with the particle size measured
by AFM, suggesting that the observed nanoparticles contain a single ferrite crystallite.
Doping slightly reduced the ferrite particle diameter depending on the doping ion radius.
Uniformly self-assembling ferrite nanoparticles in thin films by adsorption from an aqueous
solution may be a straightforward approach for doped ferrite nanocrystalline coatings.
The saturation magnetization (MS) of doped MnFe2O4 gels annealed at 800 ◦C decreased
compared to the undoped MnFe2O4 (from 21.5 to 6.4 emu/g), while MS of gels annealed
at 1200 ◦C increased for the doped MnFe2O4 gels (from 23.3 to 32.2 emu/g). Similar
behavior was found for the magnetocrystalline anisotropy constant (K). The coercive
field (Hc) decreased by doping for the gels annealed at 800 ◦C (from 116 to 100 Oe) and
1200 ◦C (from 160 to 120 Oe). The magnetocrystalline anisotropy constant (K) of the
doped MnFe2O4 gels was lower at 800 ◦C (from 1.57 × 10−3 to 0.40 × 10−3 erg/cm3) and
higher at 1200 ◦C (from 2.34 × 10−3 to 3.68 × 10−3 erg/cm3) compared to the undoped
MnFe2O4. The results obtained confirm that doping and annealing temperature play an
important role in tailoring the structural, morphological, and magnetic properties of doped
MnFe2O4/SiO2 nanocomposites making them important for catalysts and biomedical
applications, such as magnetic resonance imaging, biomolecule detection, and magnetic
hyperthermia. Although their use in biomedical applications is still in the beginning stage,
some challenges, such as tuning size, shape, and magnetic properties of nanoparticles,
exploring additional dopants, and optimizing annealing conditions, require further study.
Additionally, adjusting MnFe2O4

′ s surface as key performance for biomedical applications
should be further explored as one of the most important challenges to obtaining ferrite
nanoparticles.
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Abstract: Nanoparticles of NiLaxFe2−xO4 ferrite spinel incorporated in a SiO2 matrix were synthe-
sized via a sol-gel method, followed by annealing at 200, 500, and 800 ◦C. The resulting materials
were characterized via XRD, AFM, and BET techniques and evaluated for photocatalytic activity. The
XRD diffractograms validate the formation of a single-phase cubic spinel structure at all temperatures,
without any evidence of secondary peaks. The size of crystallites exhibited a decrease from 37 to
26 nm with the substitution of Fe3+ with La3+ ions. The lattice parameters and crystallite sizes
were found to increase with the rise in La3+ content and annealing temperature. Isotherms were
employed to calculate the rate constants for the decomposition of malonate precursors to ferrites and
the activation energy for each ferrite. All nanocomposites have pores within the mesoporous range,
with a narrow dispersion of pore sizes. The impact of La content on sonophotocatalytic activity was
evaluated by studying Rhodamine B degradation under visible light irradiation. The results indicate
that the introduction of La enhances nanocomposite performance. The prepared Ni-La ferrites may
have potential application for water decontamination.

Keywords: nickel–lanthanum ferrite; crystalline phase; specific surface; sonophotocatalysis

1. Introduction

Nickel ferrite (NiFe2O4) stands out as one of the most prominent in the spinel ferrite
class. In bulk, it exhibits a rhombohedrally distorted cubic structure, characterized by an
inverse spinel structure; this arrangement involves an antiparallel spin alignment between
Fe3+ and Ni2+ ions on octahedral sites, while equal Fe3+ ions are positioned at the tetrahedral
sites [1–4]. The unit cell of NiFe2O4 is composed of 32 O2−, 16 Fe3+, and 8 Ni2+ ions. The
oxygen ions form 32 octahedral sites (B-sites) and 64 tetrahedral ones (A-sites). These sites
have the capacity to host a total of 24 cations. Within this inverse spinel structure, an
exclusive occupation of A-sites by Fe3+ ions arises, whereas the B-site is shared by Ni2+

and Fe3+ ions, both demonstrating electron exchange at the octahedral site, highlighting
their unique electrical and magnetic properties [5]. The superior characteristics of nickel
ferrites, such as a low permittivity superparamagnetism and favorable optical band gap (Eg)
values, make them suitable for high-frequency applications [2,4–6]. The incorporation of La3+

ions into spinel ferrites induces a strong spin–orbit coupling of their angular momentum,
resulting in enhanced dielectric properties [7]. The presence of the rare earth ion in the spinel
ferrite contributes to improved densification, electrical resistivity, and reduced eddy current
losses [7]. Their unique properties make them suitable for a wide range of applications such
as photoacoustic imaging, transformer cores, biosensors, high-density storage media, electron
transport devices, hyperthermia, analog devices, imaging, biological field, radio frequency,
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microwave absorbing materials, water treatment, gas sensors, lithium-ion batteries, spin
canting, surface anisotropy, and superparamagnetism [1–4,6].

The properties of Ni-La ferrite nanoparticles are intricately linked to the chosen
synthesis method, which impacts both composition and microstructure [8]. Several syn-
thesis methods are worth mentioning, including ball milling, sol–gel, solid-state reaction,
spray pyrolysis, microemulsion, thermal pyrolysis, hydrothermal, solvothermal, citrate gel
auto-combustion, self-propagating high-temperature synthesis, microwave, or chemical
coprecipitation [1–9]. Sol–gel is arguably the most versatile method, as it requires less time
and offers a reduced cost due to the low temperature requirement; it is highly reproducible,
allowing for a good stoichiometry control that leads to a homogenous, single-phase final
product under normal ambient conditions [1–6]. It is worth mentioning that the annealing
process influences both phases and the increase in crystallite size [10]. The incorporation
of NiLaxFe2−xO4 into a mesoporous SiO2 matrix plays a crucial role in enhancing water
stability, improving biocompatibility, and mitigating the degradation of NiLaxFe2−xO4
nanoparticles [11–14]. The SiO2 coating not only prevents agglomeration by regulating
dipolar attraction between nanoparticles but also facilitates the binding of biomolecules on
the mesoporous SiO2 surface, enabling targeted ligands and drug loading on the nanocar-
rier surface [11–14]. The synthesis of NiLaxFe2−xO4 embedded in the SiO2 matrix following
a sol–gel method involves the mixing of reactants with tetraethyl orthosilicate (TEOS),
forming strong networks with moderate reactivity that allow the incorporation of various
inorganic and organic molecules [11–14]. Simple adjustments in synthesis conditions, such
as pH, time, and annealing temperature, can provide more precise control over nucleation
and particle growth [11–14].

Photocatalytic properties are highly dependent upon parameters such as surface
area, particle size, and concentration of dopants [15]. The photochemical process occurs
at the surface of metal oxides, involving two types of reactions, namely oxidation (result-
ing in positive holes) and reduction (producing negative electrons) [4]. By tuning the
band gap energy (Eg) of ferrites below 3 eV, one can improve upon their photocatalytic
properties [6]. In spite of its oxidation capacity, the use of a wide UV band gap, and
noteworthy photocatalytic activity, to achieve better efficiency proves to be a challenge
due to rapid recombination. Due to their use of visible light, ferrites with lower Eg
values are suitable for applications like wastewater treatment in pollutant degradation [6].
According to Zhang et al. [16], conventional homogeneous photocatalysis is characterized
by inherent drawbacks, including the easy recombination of photo-induced electron–
hole (e−/h+) pairs and light absorption restricted to the ultraviolet region. This study
proposes that the development of heterogeneous photocatalysis has proven to be an
effective strategy for expanding the range of light absorption wavelengths and enhancing
the separation of charge carriers [16]. Another study, by Shah et al. [17], highlights the
inclusion of a new energy level in between the conduction and valence bands of TiO2 and
NiFe2O4, thus facilitating the separation of photoinduced electrons and holes. The inves-
tigation of Zhang et al. [16] emphasizes the stability of a TiO2/Ag/SnO2 photocatalyst
following a methylene blue degradation over four cycles. Ghoneim [18] evaluates the
potential of using Cu0.3Cd0.7CrFeO4 nano-spinel for cost-effective wastewater treatment.
Padmapriya et al. [19] note that the zinc–ferrite nanoparticle photocatalysis depends
on surface area and particle size. Additionally, sonocatalysis, utilizing ultrasound for
pollutant degradation, combines effectively with photocatalysis in the versatile sonopho-
tocatalysis technique [20]. This study explores the synthesis, structural aspects (crystallite
size and lattice parameter), surface characteristics (specific surface area and porosity),
morphology (particle size, roughness, and height), and the sonophotocatalytic performance
of Ni-La ferrites incorporated into SiO2. These nanocomposites were prepared using a
sol–gel method followed by thermal treatment. The crystalline phases, crystallite sizes,
and lattice constants were examined via X-ray diffraction (XRD). The Ni-La-Fe ferrite com-
position was investigated via inductively coupled plasma optical emission spectrometry
(ICP-OES). Specific surface area (SSA) and porosity were determined by analyzing N2
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adsorption–desorption isotherms. Particle attributes, including shape, size, size distribu-
tion, and agglomeration, were characterized using atomic force microscopy (AFM). The
sonophotocatalytic degradation of the samples was evaluated under visible light exposure
with concurrent sonication using a Rhodamine (RhB) solution.

2. Materials and Methods

Ni(NO3)2·6H2O, La(NO3)2·6H2O, Fe(NO3)3·9H2O, 1,3-propandiol (1,3PD), TEOS, and
ethanol were used to synthesize Ni-La ferrites embedded in a SiO2 matrix (50% wt. ferrite,
50% wt. SiO2) using a sol–gel method. Ni:La:Fe molar ratios of 10:1:19 (NiLa0.1Fe1.9O4/SiO2),
10:3:17 (NiLa0.3Fe1.7O4/SiO2), 10:5:15 (NiLa0.5Fe1.5O4/SiO2), 10:7:13 (NiLa0.7Fe1.3O4/SiO2),
10:9:11 (NiLa0.9Fe1.1O4@SiO2), 10:11:9 (NiLa1.1Fe0.9O4@SiO2), and a nitrate:1.3PD:TEOS
molar ratio of 1:1:1 were used. The as-produced sols were maintained at room temperature
for gelation and the process was followed by grinding and drying at 200 ◦C (6 h), heating
at 500 ◦C (6 h), and annealing at 800 ◦C (6 h).

The structural characterization was explored via X-ray diffraction using a Bruker
D8 Advance diffractometer in normal temperature conditions (with CuKα radiation,
λ = 1.5406 Å), running at 40 kV and 40 mA. The content of Ni, La, and Fe in the fer-
rites was confirmed through an inductively coupled plasma optical emission spectrometry
(ICP-OES) using an Optima 5300 DV (Perkin Elmer, Waltham, MA, USA) spectrometer, after
an aqua regia microwave digestion employing a Berghof Speedwave Xpert system. atomic
force microscopy (AFM) was effectuated in AC mode with a JEOL Scanning Probe Micro-
scope 4210 (Jeol Company, Akashima, Japan) using sharp probes (NSC 15 produced by
Mikromasch Company, Watsonville, CA, USA) featuring a resonance frequency of 325 kHz
and a spring constant of 40 N/m. The annealed powders were dispersed in deionized water
to release nanoparticles which were adsorbed on the solid substrate (e.g., glass) as thin
layers. Three different areas of 1 µm2 were scanned for each specimen. The topographic
characteristics were measured using JEOL WinSPM 2.0 processing software (Jeol Company,
Akashima, Japan). The shape and clustering of the particles were examined by depositing
dried sample suspensions onto a copper grid coated with a thin carbon film using a Hitachi
HD-2700 transmission electron microscope (Hitachi, Tokyo, Japan). Specific surface area
(SSA) and porosity parameters (mean pore size and pore size distribution) were calcu-
lated from N2 adsorption–desorption isotherms using the BET method (for SSA) and the
Dollimore–Heal model (for porosity). The isotherms were recorded on a Sorptomatic 1990
instrument (Thermo Fisher Scientific, Waltham, MA, USA). A V570 model UV-VIS-NIR
spectrophotometer (JASCO, Oklahoma City, OK, USA) containing the absolute reflectivity
accessory (ARN-475, JASCO) was used to register the UV–VIS absorption spectra. The
optical band gap was determined from Tauc’s relationship. The sonophotocatalytic effi-
cacy was assessed using a Rhodamine (RhB) solution exposed to visible light within a
Laboratory-Visible-Reactor system, using a 400 W halogen lamp (Osram, Munich, Ger-
many) and an ultrasonic bath. In this experimental setup, 10 mg of catalyst was blended
with a 20 mL solution of 1.0 × 10−5 mol/L RhB in water, and the resulting mixture was
stirred in darkness until adsorption equilibrium was achieved on the catalyst surface. Each
photodegradation test spanned 240 min, with 3.5 mL samples extracted every 60 min for
subsequent analysis. Following catalyst removal, the absorbance of the RhB solution was
measured at 554 nm. Sonophotocatalytic activity was determined based on the degradation
rate. Prior to sonophotodegradation tests, the adsorption of RhB on the nanoparticle surface
was assessed. This involved mixing the photocatalyst with the RhB solution in the dark
for 60 min until adsorption–desorption equilibrium was reached. The photodegradation
of RhB was modeled using the first-order kinetic model, relying on the absorbance data.
To demonstrate the generation of reactive oxygen species (ROS) by the samples, we em-
ployed the EPR Bruker E-500 ELEXSYS X-band spectrometer (Bruker, Billerica, MA, USA)
(9.52 GHz), coupled with the spin trapping technique. The spin trapping reagent used for
this purpose was 5,5-Dimethyl-1-pyrroline N-oxide (DMPO).
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3. Results and Discussion

The XRD patterns of NiLaxFe2−xO4/SiO2 (x = 0.1–1.1) nanocomposites annealed at
200, 500, and 800 ◦C are presented in Figure 1. At 200 ◦C in case of low La content,
the formation of the weakly crystalline Ni-La ferrite phase can be observed (NiFe2O4
(JCPDS card no 89-4927) and La0.14Fe3O4 (JCPDS card no. 75-8137)). The NiFe2O4
(x = 0.1) crystalline phase originates from a combination of Ni’s low oxidation capac-
ity, low melting point, high electronegativity, high thermal expansion coefficient, and high
specific heat capacity [1]. At 200 ◦C, the broad peak observed at 2θ =20–30◦ suggests a
low level of crystallization in the nanocomposites. At 500 and 800 ◦C, the intensity of
the diffraction peaks increases due to a better crystallization of ferrites. The existence of
reflection planes such as (220), (311), (222), (400), (331), (422), (511), and (440) confirms
the distinct phase of Ni-La ferrite, characterized by a face-centered cubic inverse spinel
structure in the Fd-3m space group [1]. All the samples revealed a homogeneous phase
spinel Ni-La ferrite without any impurities being registered in the XRD patterns. The peak
intensity of the (311) peak decreased with the increase in La content and increased with
the increase in thermal treatment temperature. The diffraction peaks sharpen, and their
intensity increases with rising annealing temperatures, which are attributed to pronounced
agglomeration without immediate recrystallization; this process leads to the formation of a
single crystal rather than a polycrystal [21].
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Figure 1. XRD patterns of NiLaxFe2−xO4/SiO2 (xLa = 0.1, 0.3, 0.5, 0.7, 0.9, 1.1) annealed at 200, 500, and 
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Figure 1. XRD patterns of NiLaxFe2−xO4/SiO2 (xLa = 0.1, 0.3, 0.5, 0.7, 0.9, 1.1) annealed at 200, 500,
and 800 ◦C.

The average crystallite size (DC) increases from 19.5 to 35.4 nm at 800 ◦C, with an increase
in the Fe3+ substitution by La3+ ion (Table 1). The increase in DC with temperature is attributed
to the agglomeration of crystallites without recrystallization, resulting in a transition from a
polycrystalline structure to single crystals at elevated temperatures [11–14]. Another plausible
explanation is the coalescence process, with small nanoparticles merging into larger ones at
high annealing temperatures [1,11–14]. The substitution of La3+ for Fe3+ induces crystalline
anisotropy following the substantial difference in their sizes, with the doping of La3+ ions
acting as a kinetic barrier to further grain growth [7,22]. Increasing the temperature distinctly
enhances the crystallinity of lanthanum–nickel ferrite [10]. The amorphous phase dominates
at low annealing temperatures and undergoes partial transformation into various crystalline
phases at higher annealing temperatures [1]. The increase in DC indicates a reduction in the
densities of nucleation centers [1]. La–O bond energy is greater when compared with that of Fe–
O; as such, the replacement of Fe3+ ions with La3+ ions at the octahedral site in NiFe2O4 causes
La3+ ions to enter the interstitial location and hinders nickel ferrites from crystallizing [6].
The variation in DC may also be attributed to the peak broadening associated with lattice
strains, the grain growth blocking effect induced by the SiO2 matrix, as well as thermal and
instrumental effects [1,11–14]. Following Vegard’s law, the increase in lattice parameter (a)
with the increase in lanthanum concentration could be explained on the basis of ionic radii of
the La3+ ion substituted in the structure [1–3,9,22]. In nickel ferrite, Ni2+ ions predominantly
occupy octahedral sites (B-site), whereas Fe3+ ions occupy both tetrahedral (A) and octahedral
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(B) sites. The increase in the lattice constant (a) following the increase in La content (Table 1)
can be attributed to the larger ionic radius of La3+ ions (oct: 1.06 Å) when compared with that
of Fe3+ ions (oct: 0.67 Å); the La3+ ions of higher radii substitute Fe3+ ions of smaller radii at the
octahedral sites [1–3,6,9,22]. The inverse spinel structures cause a partial migration of Ni2+ ions
from A to B sites; the migration is consorted by an opposite relegation of the corresponding
numerical values of Fe3+ ions from B to A sites in order to relax the strain [1–3,11–14].

Table 1. Lattice parameter (a), crystallite size (DC), particle size from AFM (DAFM), H (high), and Rq
(roughness) of NiLaxFe2−xO4/SiO2 (xLa = 0.1, 0.3, 0.5, 0.7, 0.9, 1.1) annealed at 200, 500, and 800 ◦C.

NiLaxFe2−xO4/SiO2 Temp, ◦C a,
Å

DC,
nm

DTEM,
nm

DAFM,
nm

H,
nm

Rq,
nm SSA m2/g

xLa = 0.1
200 - - - 10 12 1.23 283
500 8.444 10.4 - 22 15 1.33 230
800 8.458 19.5 26 33 11 1.23 3

xLa = 0.3
200 8.451 1.2 - 12 14 1.38 267
500 8.462 12.9 - 25 12 1.17 216
800 8.481 22.8 31 38 10 1.42 3

xLa = 0.5
200 8.469 3.4 15 15 1.43 257
500 8.483 15.5 28 12 1.15 173
800 8.497 25.3 35 42 15 2.41 2

xLa = 0.7
200 8.488 5.9 - 18 9 0.94 229
500 8.501 17.8 - 31 13 1.23 208
800 8.521 28.1 39 44 18 2.77 <0.5

xLa = 0.9
200 8.502 8.1 - 20 9 1.01 258
500 8.517 20.1 - 35 11 1.11 198
800 8.541 31.7 43 46 22 3.91 <0.5

xLa = 1.1
200 8.525 9.8 - 21 12 1.24 -
500 8.538 22.6 - 37 11 1.14 241
800 8.566 35.4 47 50 26 4.56 <0.5

Based on the content of Ni, La, and Fe within the samples, the Ni/La/Fe molar ratio
was calculated and compared with the theoretic value for each sample (Table 2). A good
agreement was observed between the theoretical and experimental molar ratios across all
samples and calcination temperatures.

Table 2. Ni/La/Fe molar ratios of NiLaxFe2−xO4/SiO2 samples calcined at 200, 500, and 800 ◦C.

xLa
Ni/La/Fe Molar Ratio

Theoretical 200 ◦C 500 ◦C 800 ◦C

0.1 1.0/0.1/1.9 1.01/0.11/1.88 1.00/0.09/1.91 1.00/0.11/1.89
0.3 1.0/0.3/1.7 1.00/0.29/1.71 1.02/0.31/1.67 1.00/0.30/1.70
0.5 1.0/0.5/1.5 1.01/0.52/1.47 1.01/0.49/1.52 1.00/0.49/0.51
0.7 1.0/0.7/1.3 0.99/0.68/1.32 0.98/0.71/1.31 1.01/0.69/1.30
0.9 1.0/0.9/1.1 0.98/0.93/1.09 0.99/0.89/1.12 1.00/0.91/1.09
1.1 1.0/1.1/0.9 1.00/1.11/0.89 1.00/1.08/0.92 1.01/1.09/0.90

The nitrogen adsorption–desorption isotherms recorded at −196 ◦C are utilized to
provide information about the porous structure and the surface area of the nanocom-
posites. The isotherm shapes observed in the composites annealed at 200 ◦C and 500 ◦C
exhibit characteristics typical of mesoporous materials, all falling into the type IV
category according to the IUPAC classification. Additionally, they display minimal
hysteresis at high relative pressures [23]. For the materials thermally treated at higher
temperatures (800 ◦C), the isotherms could only be recorded for the nanocomposite
samples with lower lanthanum content: xLa between 0.1 and 0.5. For the composites
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with higher La concentration, the surface area is below the detection limit of the equip-
ment (below 0.5 m2/g). As can be observed in Figure 2, the shape of the isotherms is
comparable for all nanocomposites annealed at 200 ◦C and 500 ◦C, suggesting a very
similar porous structure of these materials. For the nanocomposite samples calcined
at the same temperature, the SSA values vary only in moderate proportion to the lan-
thanum concentration. A direct, linear correlation between the lanthanum content
and the specific surface area was not observed (Table 1). For the samples annealed at
200 ◦C, there is a general trend of a slow decrease in the SSA with the increase in La
substitution within the ferrite lattice. However, no such trend can be observed for the
samples calcined at 500 ◦C. In this case, after an initial decrease in SSA with the increase
in La content, the trend reverses and the SSA started to increase again, with the sample
with the lowest value for SSA being NiLa0.5Fe1.5O4/SiO2 (173 m2/g compared with
230 m2/g for NiLa0.1Fe1.9O4/SiO2 and 240 m2/g for NiLa1.1Fe0.9O4/SiO2, respectively).
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Figure 2. Nitrogen adsorption–desorption isotherms (a,b) and pore diameter distribution (c,d) for
NiLaxFe2−xO4/SiO2 (xLa = 0.1, 0.3, 0.5, 0.7, 0.9, 1.1) annealed at 200 ◦C and 500 ◦C. (full line—adsorption
and dashed line—desorption branch of the isotherms).

This trend corresponds to the one observed for surface roughness (Rq) of the film
prepared for AFM analysis. For the samples containing the same amount of La but ther-
mally treated at different temperatures, the increase in temperature led to a decrease in
SSA. This behavior was previously reported for nickel ferrite [24], ferrite-SiO2 composite
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materials [25], as well as other oxides [26], being usually related to an increase in crys-
tallinity due to crystallite growth (Table 1 and Figure 1) and/or to the prevalence of silica
crystalline forms with lower surface areas. All the samples annealed at 800 ◦C present
very low surface areas (less than 3 m2/g) indicating that in the samples calcined at this
temperature, the porous structure is no longer present. For the samples calcined at 200 ◦C
and 500 ◦C, the distribution in pore sizes (Figure 2c,d) confirms the mesoporous structure
of NiLaxFe2−xO4/SiO2. The pore dimensions for all samples are low, with values less than
10 nm, and are thus situated in the lower region of the mesoporous domain. All the tested
nanocomposites present a multimodal pore size distribution that is very similar across
all samples. The size distribution is relatively narrow (3–10 nm), with the multiple pore
dimensions inside this range being characteristic of composite materials in which the global
porous structure is given by the combined effect of the porosity of each component

The ferrite powder obtained after annealing is slightly agglomerated. Therefore,
each sample was dispersed into deionized water and transferred onto glass substrates via
vertical adsorption. The intense Brownian movement within dispersed particles promotes
their individualization, with these nanoparticles being attracted to the glass surface and
subsequently adsorbing, forming a thin film [27,28]. The obtained ferrite thin films were
investigated using AFM microscopy and the obtained topographic images are presented
in Figure 3. A small substitution of Fe atoms with La (xLa = 0.1) within nickel ferrites has
limited influence on particle size and shape and is mainly observed only at the crystalline
lattice level as revealed by XRD patterns in Figure 1. Thus, the AFM image of the sample
treated at 200 ◦C reveals very small rounded particles of about 10 nm in diameter, as
shown in Figure 3a. As no crystallites were observed in the XRD analysis results, we
assume that these nanoparticles are amorphous. Increasing the annealing temperature
to 500 ◦C, a diameter enhancement to 22 nm was observed, as shown in Figure 3b. This
observation is in good agreement with ferrite crystallite development. The ferrite core has a
crystallite of 10.4 nm, which is covered with amorphous silica up to the observed diameter
of nanoparticles.

The crystallization process is enhanced at 800 ◦C, developing a ferrite core of
19.5 nm that conducts to the formation of larger nanoparticles of 33 nm in diameter,
as shown in Figure 3c. The crystalline core introduces certain sharp corners to the
shape of the nanoparticles, but these corners are rounded by the amorphous silica glaze.
This behavior aligns with AFM observations made on nickel ferrite [29,30]. Increasing
the amount of La substitution with xLa = 0.3, less significant changes in the obtained
nanoparticles after annealing at 200 ◦C and 500 ◦C were found. The exception here
is a slight increase in their diameters, as shown in Figure 3d,e. The major change
occurs after annealing at 800 ◦C, as shown in Figure 3f, where the nanoparticles have an
increased size of about 38 nm with a ferrite crystalline core of 22.8 nm (as calculated
from XRD patterns) and their shape becomes boulder-like with rounded corners due
to the cubic FCC crystals’ expansion. This tendency is progressively accentuated by
increasing xLa from 0.5 to 0.9. Smaller rounded particles are observed after annealing
at 200 ◦C, exhibiting a gradual increase in size from approximately 15 to 20 nm. This
size evolution is attributed to the development of small ferrite crystallites and the
presence of an amorphous silica coating, as shown in Figure 3g,j, and m. A similar
enhancement from a diameter of about 28 nm to one of 35 nm is observed after annealing
at 500 ◦C, with the development of a vigorous ferrite core crystallite (as determined
from XRD patterns); however, it was not strong enough to alter the rounded shape of
the nanoparticles, as shown in Figure 3h,k,n.
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The situation is more favorable after annealing at 800 ◦C because the nanoparticles
are well developed, evidencing a small and constant increase in the diameter from 42 to
46 nm along with the accentuation of their boulder aspect as a consequence of cubic FCC
single-phase development through the ferrite core, as shown in Figure 3i,l,o. The high
amount of La substitution of Fe atoms within nickel ferrite (xLa = 1.1) has a major impact
on the nanostructure of all particles. The shape remains rounded after the annealing at
200 ◦C. However, the diameter increases at 21 nm with a ferrite crystallite core of 9.8 nm,
as shown in Figure 3p, and is comparable to xLa = 0.1 annealed at 500 ◦C, Figure 3b. The
condition is further improved following annealing at 800 ◦C, resulting in nanoparticles
with a diameter of approximately 37 nm.

These nanoparticles exhibit a crystalline core measuring 22.6 nm, and the initially
rounded shape shows a slight alteration with the emergence of square corners, as depicted
in Figure 3q. These features are not readily apparent due to the presence of the amorphous
silica glaze, but they are clearly indicated by the XRD pattern. The nanoparticles exhibit
significant elongation of the boulder shape, attributed to the strong development of the
ferritic core following annealing at 800 ◦C, as illustrated in Figure 3r, resulting in a size
of approximately 50 nm and a crystallite core measuring 35.4 nm. The substitution of Fe
atoms with La appears to be facilitated by higher annealing temperatures, promoting the
formation of topographically anisotropic nanoparticles. This distinctive assembly at the
nanostructural level suggests the potential for special properties.

By examining the three-dimensional profiles of the resulting thin films in Figure 4, one
can observe that nanoparticles annealed at 200 ◦C produce smooth, uniform, and compact
layers characterized by low heights and minimal surface roughness, as indicated in Table 1.
As the annealing temperature rises, the nanoparticle diameter expands, and the thin film
becomes more agglomerated, resulting in localized unevenness that increases both height
and surface roughness. Notably, nanoparticles obtained after annealing at 800 ◦C exhibit
excellent individualization, and the adsorbed thin film is less compact. This phenomenon
is linked to the augmented diameter, leading to a notable increase in surface roughness.
These findings hold potential for the future application of customized surfaces through
thin film deposition. Achieving desired properties may involve adjusting the nanoparticle
range appropriately.

The morphological characteristics of NiLaxFe2−xO4/SiO2 samples annealed at 800 ◦C
(xLa = 0.1, 0.3, 0.5, 0.7, 0.9, 1.1) were investigated using transmission electron microscopy
(TEM), as illustrated in Figure 5. TEM images clearly reveal the spherical nature and
uniform size distribution of particles. Also, the mean size of particles increases from 26 nm
to 47 nm with rising La3+ content, which is likely influenced by higher surface tension in
smaller nanoparticles, driving increased agglomeration [1–3,6,9]. Spherical particle shapes
may be attributed to the synthesis method and surface properties, while agglomeration
could result from interfacial surface tension phenomena [1–3,6,9]. Discrepancies between
crystallite size (DXRD), particle size from AFM data (DAFM), and TEM-derived particle
size (DTEM) may be explained by interference from the amorphous SiO2 matrix and large
nanoparticles in diffraction patterns [11–14]. Agglomeration could be explained by the
influence of thermal treatment temperature and potential surface defects [3].

The sonophotocatalytic performance of the samples was examined when exposed to
visible irradiation using a RhB synthetic solution. Prior to the irradiation, the samples were
subjected to 60 min of darkness to achieve the adsorption equilibrium. The results of this
investigation are depicted in Figure 6.

For samples subjected to annealing at 500 ◦C, the adsorption capacity falls within the range
of 12% to 22%, except for NiLa0.5Fe2.5O4/SiO2, which exhibits a notably higher adsorption
capacity at around 45%. An interesting observation is the fact that this sample has the smallest
specific surface area. The adsorption capacity increases for samples annealed at 800 ◦C, ranging
from 22% to 45%, excluding NiLa1.1Fe0.9O4/SiO2 nanocomposites with an adsorption capacity
of less than 5%. As expected, all samples annealed at 800 ◦C, with the exception of that with
xLa = 1.1, have lower specific surface area and still have higher adsorption capacity. Based on
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this observation, it can be concluded that the adsorption capacity of these samples might be
attributed to interactions between the surface functional groups of the prepared ferrites and
the active functional groups of RhB [31]. Figure 6 illustrates the removal rates of the samples
after 5 h of irradiation. Among samples annealed at 500 ◦C, NiLa0.5Fe1.5O4/SiO2 demonstrates
the most effective removal rate at approximately 60%. However, as the annealing temperature
rises to 800 ◦C, the removal rate of this sample decreases to 53%, which is attributed to its larger
crystallite size dimension (DC) and lower specific surface area (SSA). Notably, in the samples
annealed at 800 ◦C, NiLa0.5Fe1.5O4/SiO2 is surpassed in removal rate by NiLa0.3Fe1.5O4/SiO2,
reaching a maximum removal rate of 73%. This value is higher than the previously reported
removal rate of Ni-ferrite of about 39% [32]. To assess the impact of ultrasound, this sample
was kept in the dark for an additional 300 min, and the results are incorporated in Figure 6. It
can be observed that ultrasound does not have a significant effect on the sample removal rate.
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Figure 5. TEM images of NiLaxFe2−xO4/SiO2 annealed at 800 ◦C. (a) xLa = 0.1; (b) xLa = 0.3;
(c) xLa = 0.5; (d) xLa = 0.7; (e) xLa = 0.9; (f) xLa = 1.1.
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The first-order kinetic model was applied to describe the photocatalytic process (1):

−ln
At

A*
0
= k × t, (1)

where At represents RhB absorbance at t time; A*
0 is the absorbance of RhB after dark

adsorption; t—irradiation time; and k—apparent kinetic constant.
The experimental data were fitted using the rate equation, and the resulting plots,

demonstrating a linear correlation with irradiation time, are showcased in Figure 7.
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The inset of Figure 7 displays the rate constant values derived from the fitting process.
Upon analyzing the obtained results, it is evident that the NiLa0.3Fe1.7O4/SiO2 sample,
annealed at 800 ◦C, exhibited the most superior photocatalytic activity.

The photocatalytic activity is influenced by various factors, and one key factor is the
band gap energy. To assess this, we determined the band gap energy using Tauc’s equation
based on the UV-Vis absorption spectra. In Figure 8a, the UV-Vis absorption profiles of all
samples annealed at 800 ◦C are presented. The significant absorption is a result of electron
excitation from the valence band to the conduction band. The variation in absorbance
band edge is attributed to the presence of interface defects, point defects, and interactions
involving photogenerated electrons [1]. The UV–visible spectrum results from electronic
transitions, moving from a lower energy band to a higher energy band. In the case of nickel
ferrite, this transition is attributed to electrons moving from the O 2p level to the Fe 3d level.
This is explained by considering the O 2p orbital as the valence band and the Fe 3d orbital
as the conduction band, as the band structure is primarily defined in this manner [33].
Through a substitution with La ions, the maximum absorption and the absorption edge
vary; however, all samples exhibit a broad response across the entire visible range.
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Figure 8b shows the Tauc plot of (αhv)2 versus hv for the direct allowed transition
of all samples. The extrapolation of this plot by linear region to the point = 0 gives the
corresponding values of the direct band gap. The optical band gaps were calculated
and are inserted in the inset of Figure 8b. The calculated values indicate a significant
decrease in the band gap energies of NiLa0.5Fe1.5O4/SiO2 and NiLa0.9Fe1.1O4/SiO2 when
compared with the 1.45 eV band gap of Ni-ferrite reported in a previous study [34]. This
reduction is likely attributed to the introduction of additional dopant levels into the band
gap of Ni ferrite. In accordance with Rajeshwari et al. [34], the band gap values for the
prepared Lanthanum-doped manganese nanoferrite range from 1.89 to 2.35 eV, showing
improvement compared with the 1.25–1.38 eV band gap values of Mn nanoferrite, owing
to the influence of La3+ ions. The photocatalytic mechanism could be explained through
the generation of electron–hole pairs when the ferrite surface is exposed to an energy
equal to or greater than the band gap energy. Consequently, the photoexcited electron
moves from the valence band to the conduction band, creating a hole in the valence band.
Effective photocatalysis occurs when these generated pairs remain uncombined. In this
scenario, the electrons engage with the adsorbed O2 on the photocatalyst’s surface, yielding
superoxide radicals, while the holes interact with H2O, forming hydroxyl radicals. Both
types of radicals are classified as reactive oxygen species capable of breaking down organic
pollutant molecules. A significant challenge in this process is the recombination of electron–
hole pairs, which hampers the production of reactive oxygen species, thereby impeding
the photodegradation process. In our study, the energy levels of dopants, derived from
the Ni-ferrite band gap, effectively capture the generated electrons, thereby hindering the
recombination of electron–hole pairs. More precisely, part of the photogenerated electrons
undergo excitation and reach defect levels, while simultaneously, the photogenerated holes
participate in photo-oxidation reactions. The enhanced photocatalytic activity observed
in the NiLa0.3Fe1.7O4/SiO2 sample can be attributed to its increased adsorption capacity
and the introduction of dopant energy levels into the band gap of Ni-ferrite through
La substitution. These dopant energy levels serve as mediators for interfacial charge
transfer [35], resulting in a high separation rate of photogenerated charge carriers. However,
with a higher doping level, La ions become recombination centers, leading to the quenching
of photocatalytic activity.

To confirm the generation of reactive oxygen species (ROS) by the NiLa0.3Fe1.7O4/SiO2
sample under visible irradiation, we utilized EPR spectroscopy coupled with the spin
trapping technique. DMPO was employed as the spin trapping agent, and the resulting
spectrum is depicted in Figure 9.
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To discern the species accountable for this signal, a simulation was performed. The
experimental spectrum fitted closely with the spectrum of the •DMPO-O−

2 spin adduct
having the following spin Hamiltonian parameters g = 2.0098, ∆H = 1.38 G, aN = 13.2474 G,
aβH = 8.0109 G, and aγH = 1.6051 G. Unexpectedly, the sample generates only O−

2 , meaning
that the maximum valence band position has a lower potential than the oxidation one of
the OH-/•OH and H2O/•OH redox pair; consequently, these reactions cannot occur [36].
The photocatalytic activity of the sample is exclusively attributed to the generation of
superoxide radicals when exposed to visible light.

The obtained photocatalytic performance results (removal rate and the first-order
rate constant, k) for NiLa0.3Fe1.5O4/SiO2 annealed at 800 ◦C are in the same range with
other Ni-ferrites previously reported in the literature. Table 3 provides a comparison of
various Ni-ferrites, considering both reported work and the current study, with respect to
the first-order rate constant.

Table 3. Comparison of various Ni-ferrite samples with respect to the reported first-order rate
constant values.

Sample Lights Dyes k × 10−3 (min−1) Reference

NiFe2O4 Visible Methylene blue 3.4 [4]
NiFe2O4 Visible Methyl Orange 2.4 [37]
NiFe2O4 Visible Methylene blue 2.3 [38]
NiFe2O4 Visible Methylene blue 2.4 [39]

ZnO-NiFe2O4 Visible RhB 2.5 [40]
ZnO/NiFe2O4 Visible Methylene blue 1.7 [4]

NixZn1−xFe2O4 Sun Fluorescein 2.7 [41]
NixCu(1−x)Fe2O4 Visible RhB 3.6 [42]
Ni0.5Zn0.5Fe2O4 Sun Methylene blue 6.5 [43]

TiO2−xNx/SiO2/NiFe2O4 Visible Methyl Orange 4.7 [44]
NiLa0.3Fe1.5O4/SiO2 Visible RhB 2.3 This work

The photostability of the NiLa0.3Fe1.7O4/SiO2 sample (annealed at 800 ◦C) was
verified via reutilization tests in three consecutive trials. The results are depicted
in Figure 10. The sample, extracted from the solution using a magnet, underwent a
washing with water and ethyl alcohol before each run, followed by an overnight drying.
As could be observed from the results, the removal rate shows minimal variation,
signifying the robust stability of the photocatalyst.
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4. Conclusions

Nickel nanoferrite samples doped with La3+ ions, featuring various compositions, were
synthesized using a sol–gel method. Single-phase nanostructures in the form of an inverse
spinel were achieved for Ni-La ferrites across all concentrations at both 500 and 800 ◦C. The
substitution of iron with lanthanum ions within the lattice revealed an expansion of the
lattice parameter. This is attributed to the considerable difference in ionic radii between
La3+ and Fe3+, influencing both crystallite size and the fraction of A sites occupied by ferrite
cations. Consequently, the degree of the inverse spinel structure experienced an increase.
The crystallite size of the mixed Ni-La ferrites increases with the increase in La content
and increased temperature, from 19.5 nm to 35.4 nm at 800 ◦C, from 10.4 nm to 22.6 nm at
500 ◦C, and from 1.2 nm to 9.8 nm at 200 ◦C. The particles have an asymmetric spherical
shape. The results affirm that the preparation method effectively provided a straightforward
means of achieving the desired morphology and microstructure for the ferrite nanocrystals.
The specific surface area (SSA) values exhibit variation in accordance with the lanthanum
content, showing a decrease as the heat treatment temperature increases. This decline is
attributed to the augmentation of grain sizes and crystallinity during the heating process. All
nanocomposites present pores in the mesoporous region, with narrow pore size dispersion.
All samples show good optical response in the visible range. The best sonophotocatalytic
performance was registered for NiLa0.3Fe1.7O4/SiO2; this result is most likely because of the
La additional levels inserted in the band gap of Ni-ferrite and the equilibrium between La
and Fe in Ni-La ferrite.
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Polycrystalline and Nano-Manganites Pr0.65Sr(0.35−x)CaxMnO3
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Abstract: Here we report investigations of bulk and nano-sized Pr0.65Sr(0.35−x)CaxMnO3 compounds
(x≤ 0.3). Solid-state reaction was implemented for polycrystalline compounds and a modified sol–gel
method was used for nanocrystalline compounds. X-ray diffraction disclosed diminishing cell volume
with increasing Ca substitution in Pbnm space group for all samples. Optical microscopy was used for
bulk surface morphology and transmission electron microscopy was utilized for nano-sized samples.
Iodometric titration showed oxygen deficiency for bulk compounds and oxygen excess for nano-sized
particles. Measurements of resistivity of bulk samples revealed features at temperatures associated
with grain boundary condition and with ferromagnetic (FM)/paramagnetic (PM) transition. All
samples exhibited negative magnetoresistivity. Magnetic critical behavior analysis suggested the
polycrystalline samples are governed by a tricritical mean field model while nanocrystalline samples
are governed by a mean field model. Curie temperatures values lower with increasing Ca substitution
from 295 K for the parent compound to 201 K for x = 0.2. Bulk compounds exhibit high entropy
change, with the highest value of 9.21 J/kgK for x = 0.2. Magnetocaloric effect and the possibility of
tuning the Curie temperature by Ca substitution of Sr make the investigated bulk polycrystalline
compounds promising for application in magnetic refrigeration. Nano-sized samples possess wider
effective entropy change temperature (∆Tfwhm) and lower entropy changes of around 4 J/kgK which,
however, puts in doubt their straightforward potential for applications as magnetocaloric materials.

Keywords: manganites; nanoparticle perovskites; crystallography; magnetic behavior; phase transition;
critical behavior; magnetocaloric effect

1. Introduction

Organic life is possible in a certain range of temperature because chemical exchange is
destroyed above and below that range [1]. Throughout history, while artists were driven by
the need to stay “cool”, the engineering part of the human brain kept searching for more
practical solutions [2]. It is obvious that the best method for cooling our environment is the
one that does not harm it. As such, magnetocaloric materials present a viable alternative to
harmful gasses [3,4].

Magnetocaloric effect was reported in 1881 [5], but only recently has its potential
for everyday use been discussed. Gadolinium Gd has been a forerunner in excellent
magnetocaloric effect for a while, until its alloys were found to have higher values of
entropy change [3]. They are expensive and require fields of over 5 T for operational use [4],
and so the search for even more effective compounds has begun.

Compounds of the type A1−xBxMnO3 (where A is a trivalent rare earth cation and B is
a divalent alkaline earth cation [6] (pp. 1–153) have a perovskite structure. They allow for
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Mn3+-O-Mn4+ interaction where an electron from Mn3+ can hop to Mn4+, thus aligning the
magnetic moments. Such interaction is named “double exchange” and is the main reason
for their electric and magnetic properties [7] (pp. 18–21), [8] (pp. 167–293).

Recent work has shown that compounds such as La1−xSrxMnO3 and Pr1−xBaxMnO3 [9,10]
exhibit large magnetic entropy change. Structurally, a divalent Sr2+ and Ba2+ are doped in
place of trivalent La3+ and Pr3+. The strongest “double exchange” interaction results are
achieved at the doping level of about x = 0.3 [8]. Further introduction of divalent elements
leads to antiferromagnetic (AFM) arrangement and can cause localization of charge—the
so-called charge ordered (CO) state [11]. Because of this, further substitution of trivalent or
divalent ions with different size ions can change the structure, volume and the magnetic
properties.

In this work, we have prepared polycrystalline and nanocrystalline samples of Pr0.65
Sr0.35−xCaxMnO3 (x = 0.02, 0.05, 0.1, 0.2, 0.3). Magnetic properties of the parent bulk
compound Pr0.65Sr0.35MnO3 have been reported previously in the literature [12]. Ca2+ ions
act as the substitute for divalent Sr2+ ions in order to bring TC down from 295 K of the
parent compound Pr0.65Sr0.35MnO3 [12] in bulk and TC = 257 K of nano-sized compounds.
Systems were crystallographically and morphologically investigated by X-ray diffraction
(XRD), optical microscopy and transmission electron microscopy (TEM), and Rietlveld
refinement analysis of XRD. Stoichiometry [13] and structure [8,9] of the samples greatly
affects properties. Preparation method can affect stoichiometry of the compounds, some-
times causing accidental vacancies in Pr3+ ions. Some changes in magnetic and electrical
behavior, therefore, could be observed, but are unquantifiable by this experiment. Addition-
ally, oxygenation plays an important role in final measurements. Oxygen deficiency and
excess change stoichiometry of the compounds by changing Mn3+/Mn4+ ratio electrical
conductivity and overall magnetization. In our work, oxygen content was investigated
by chemical analysis of Iodometry. Critical behavior was analyzed by construction of
modified Arrott plots (MAP), which was also confirmed by the Kouvel–Fisher (KF) method.
Nanocrystalline compounds have lower maximum entropy change values but much wider
effective temperature range. Electrical measurements, in the bulk samples, revealed colossal
magnetoresistance behavior [11,14,15].

This paper is organized as follows: in Section 2 we describe the preparation methods,
as well as all the characterization methods we used in structural, morphological, oxygen
stoichiometric, electrical, and magnetic investigation. In Section 3 we present the results of
our investigation, analysis of data, and we discuss the magnetic critical behavior, electrical
and magnetic properties of our samples. Finally, we summarize our results in Section 4.

2. Materials and Methods

Polycrystalline samples were prepared by conventional solid-state reaction. High
purity oxides of principal elements Pr6O11, SrO, MnO2, and carbonate CaCO3 were pur-
chased from Alfa Aesar (Heysham, UK). After being mixed by hand in a mortar for 3 h, the
powders were calcinated at 1100 ◦C for 24 h in air. Later, the powder was pressed into a
pellet at 3 tons and sintered in air at 1350 ◦C for 30 h.

Nanocrystalline samples were prepared by sucrose sol-gel method. Nitrates Pr(NO3)3 ·
6H2O, Sr(NO3)2, Ca(NO3)2 · 4H2O, and Mn(NO3)2 · 6H2O were dissolved in pure water
(18.2 MΩ × cm at 25 ◦C) for up to 1 h at 60 ◦C after which, 10 g of sucrose was added. This
enables positive ions to attach themselves to OH hubs of the sucrose chain. After stirring
for 45–60 min temperature was turn down to room temperature. Two grams of pectin was
added to expand the xero-gel and mixed for further 20 min. Solutions were dried at 200 ◦C
for 24 h or until all water evaporated. Finally, gels were burned at 1000 ◦C for 2 h to obtain
the nano-sized particles. If the reaction does not happen, as was the case in this experiment,
some small amount of Acetic acid can be added to the mix at the last stage before drying in
order to bring the chains closer together. However, such action usually results in somewhat
bigger particles.
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X-ray diffraction (XRD) was implemented for structural categorization of all samples.
Optical microscopy was used on bulk samples for grain size determination and surface
defects. Transmission electron microscopy (TEM) allowed for nanocrystalline particle size
determination. Analysis of XRD data was performed by Rietveld refinement method, as
well as Williamson–Hall (W-H) method.

Iodometric analytical titration was applied in order to detect deficiency or excess of
oxygen in the samples. A small amount of a sample was placed in a closed vessel containing
hydrochloric acid (HCl) where positive Mn+ ions react with Cl− to produce Cl2. An inert
gas pushes Cl2 into another vessel containing potassium iodine (KI) where it reacts to
produce I2. This mixture was titrated with sodium thiosulfate and the ratio of Mn3+ to
Mn4+ was calculated by the stoichiometry of balanced chemical equations [16].

Electrical properties were found using the four-point technique in a cryogen-free
superconducting setup. Four-point chips, measuring voltage and current separately were
placed in applied magnetic fields of up to 5 T with a varied temperature between 10 K and
300 K. Resistance of the samples was recorded, resistivity was calculated using sample
dimensions.

Magnetic measurements were made using a Vibrating Sample Magnetometer (VSM)
in the temperature range of 4–300 K in external magnetic fields of up to 4 T.

3. Results
3.1. Structural Analysis

Visual inspection of stack XRD patterns, as shown in Figure 1, suggests possible
decrease in cell dimensions due to the shift to the right of patterns with increasing Ca
content. All samples are single phase with less than 5% levels of impurities. Wider peaks
for nanocrystalline samples are indicative of smaller crystallites size in the compounds [17]
which is further confirmed by Rietveld refinement analysis and Williamson–Hall method
in Tables 1 and 2.
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Figure 1. X-ray diffraction patterns for (a) Pr0.65Sr0.35−xCaxMnO3 polycrystalline bulk samples and
(b) Pr0.65Sr0.35−xCaxMnO3 nano-sized samples.

Table 1. Calculated tolerance factors, Mn-O lengths, and crystallite sizes for polycrystalline sam-
ples using the Williamson–Hall and Rietveld methods and including particle diameters by optical
microscopy.

Ca Content
(Bulk)

t (Tolerance
Factor) Mn-O (Å)

Mn-O-Mn Average Particle
Diameter (µm)

Williamson–Hall
Size (nm)

Average Rietveld
Size (nm) Strain(◦)

x = 0.02 0.925 1.964 157.73 15 111.33 96.67 0.0022

x = 0.05 0.924 1.962 157.74 11 156.63 113.68 0.0019

x = 0.1 0.921 1.961 157.73 13 132.88 192.59 0.0024

x = 0.2 0.917 1.956 157.69 10 144.85 125.64 0.0023

x = 0.3 0.912 1.954 157.72 11 123.56 86.79 0.0021
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Table 2. Calculated Mn-O lengths and crystallite sizes for nanocrystalline samples using the
Williamson–Hall and Rietveld methods and including grain diameters from TEM.

Ca Content
(Nano) Mn-O (Å)

Mn-O-Mn Average Particle
Diameter (nm)

Williamson–Hall
Size (nm)

Average Rietveld
Size (nm) Strain(◦)

x = 0 1.972 157.74 68.1 72.45 54.33 0.0018

x = 0.02 1.964 157.75 64.8 71.15 45.64 0.0019

x = 0.05 1.958 157.69 78.2 84.59 57.21 0.0016

x = 0.1 1.957 157.69 87.5 82.95 39.75 0.0019

x = 0.2 1.955 157.7 71.5 66.73 45.62 0.0017

x = 0.3 1.951 157.71 65.7 69.69 51.11 0.002

Investigation of XRD data by Rietveld refinement analysis established orthorhombic
(Pbnm) space group no. 62 for all samples, with decreasing cell dimensions and volume for
each subsequent substitution of Sr. The results are illustrated in Figure 2. Stability of the
structure in orthorhombic perovskite materials is assessed by the Goldschmidt tolerance
factor. It was calculated using following relation [18,19]:

t =
RA + R0√
2(RB + R0)

, (1)

where RA is the radius of A cation, RB is the radius of B cation, and R0 is the radius of the
anion. All samples fall within orthorhombic/rhombohedral tolerance range of 0.7–1 [20]
(pp. 707–714).
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Figure 2. Plot of cell volume change for polycrystalline and nanocrystalline samples.

An addition of smaller crystal radius Ca2+ (1.32 Å) atoms in place of Sr2+ (1.45 Å) into
the structure increases disorder [8,19] and decreases average Mn–O bond length, as seen in
Tables 1 and 2, which plays a crucial role in “double exchange” interaction [8]. The average
angle between Mn–O–Mn stays relatively the same throughout the range of substitutions
at 157.72(3)◦.

The Williamson–Hall (W-H) method is advantageous in that it takes into account strain
between crystallites, as opposed to the Scherrer method, which does not [21]. Thus, results
form W-H analysis are expected to be closer to the real values. A comparison between
Rietveld refinement analysis and Williamson–Hall method for approximation of crystallite
size can be performed by contrasting them with TEM and optical microscopy results. As
can be observed in Table 1 for bulk samples, W-H and Rietveld results are similar, but are
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two orders of magnitude different from real values. This can be attributed to each grain
containing many crystallites. In Table 2, for nano-sized samples, it can be seen that values
from W-H calculations are on average larger than those performed by Rietveld analysis and
closer to values from TEM. Real sizes for nanocrystalline particles are in the upper limit
of nano dimensions at approximately 70–80 nm. Selected samples of optical microscope
pictures are presented in Figure 3 and selected TEM pictures in Figure 4.
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3.2. Oxygen Content

Implementation of iodometric titration analysis for samples is a reliable method for
determining deficiency or excess of oxygen in manganites [13,16]. All results are presented
in Table 3.

Titration of bulk compounds revealed oxygen deficiency for all samples. An average
of O2.93±0.02 for x = 0.02, similar to other samples, shows larger than expected deficiency
of approximately O2.98 [22]. This is attributed to preparation methods and difficulty
in oxygenating the sample during calcination and sintering. Lower levels of oxygen
would affect magnetic and electrical properties as it affects the stoichiometry and changes
Mn3+/Mn4+ ratio which would lower the amount of “double exchange” interaction [13].

All nanocrystalline compounds exhibited small excess of oxygen stoichiometry. The
level of excess did not exceed O3.02±0.01 as is with x = 0.02 sample. We suggest that the
culprit for such result should be found in the high surface to volume ratio of nano-sized
particle. Broken bonds on the surface will increase the ratio of Mn4+ to Mn3+ by attracting
oxygen in the air. This, in turn, can create vacancies and affect its magnetic and electrical
properties.
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Table 3. Average oxygen content calculated using iodometry for bulk and nanocrystalline samples.

Ca Content
Average

Mn3+/Mn4+

Ratio

Standard
Deviation

Relative
Standard

Deviation (%)

Average
Oxygen
Content

x = 0.02 bulk 0.788 0.0167 2.12 O2.93±0.02

x = 0.05 bulk 0.783 0.0121 1.55 O2.93±0.01

x = 0.1 bulk 0.778 0.0139 1.79 O2.94±0.02

x = 0.2 bulk 0.781 0.0182 2.33 O2.94±0.02

x = 0.3 bulk 0.765 0.0226 2.95 O2.94±0.02

x = 0 nano 0.624 0.008 1.28 O3.01±0.01

x = 0.02 nano 0.612 0.009 1.47 O3.02±0.01

x = 0.05 nano 0.622 0.011 1.33 O3.01±0.01

x = 0.1 nano 0.615 0.009 1.77 O3.02±0.01

x = 0.2 nano 0.633 0.008 1.26 O3.01±0.01

x = 0.3 nano 0.638 0.012 1.88 O3.01±0.01

Finally, it can be observed that standard deviation, or deviation from the “mean”, is
larger for bulk samples than the nano-sized samples. This is explained by the variation of
oxygenation within the bulk. Nevertheless, all relative standard deviations do not exceed
3% and can be considered reliable.

3.3. Electrical Measurements

An investigation of electrical behavior for polycrystalline samples x = 0.02; 0.05; 0.1
and 0.2 was performed using the four-point probe method in external fields of µ0H = 0 T;
1 T; 2 T in temperature range of 10–290 K. For the sample with x = 0.3 fields of up to 5 T
were used. Data were used to estimate metal–insulator transition temperature Tp and
magnetoresistivity MR according to the following equation [23]:

MR% = [($(H) − $(0))/$(0)] × 100, (2)

The first observation to be made is that all samples, except x = 0.3, exhibit a transition
temperature Tp1 typically associated with grain boundary conditions [23–25]. Visual in-
spection shows that it is a wide and smooth transition, different from the usual sharp peaks
associated with ferromagnetic–paramagnetic transition (and consequently metal-insulator)
at Tp2 (inside of the grains). The addition of Ca ions increases disorder, which tends to
spread itself toward the edges of the grains in order to conserve energy [26,27]. Boundaries
act as insulators or semi-conductors [27,28]. As can be seen in Figure 5, the application
of external field shifts Tp to the right. This is caused by lowering spin fluctuations and
delocalization of charge carriers [19].

A separation between Tp1 and Tp2 (which is associated with TC) is reported when grain
boundary conditions are strong enough due to mismatch in ionic radius at the A-site [26].
Samples x = 0.02 and 0.05 do not show a peak Tp2 because it is beyond the temperature
range. Starting with x = 0.1 a sharp peak appears which lies higher in temperature than TC
value. With application of a field, Tp2 tends to smooth out, as can be seen with the sample
x = 0.2 in Figure 5b.

Special attention should be paid to the sample with x = 0.3. Its graph is presented
in Figure 5c. Magnetic fields of up to 5 T were applied. For µ0H = 0 T; 1 T the sample
conductivity is below the detection level for temperatures below 50 K. With the application
of 2 T resistivity drops significantly. Its curve can be seen in the main portion of the
figure. Curves for fields of 3–5 T can be seen in the inset and show further drop in
resistivity and a shift to higher temperatures for the peak. This suggests that higher
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field overcomes intergrain resistance and further increase in the field induces a parallel
alignment of manganese ions. In higher applied magnetic fields, the magnetic moments
of the neighboring grains tend to be parallel, enhancing the tunneling of the conduction
electrons similarly with a giant magnetoresistance effect (GMR) [26].
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Figure 5. Graphs of resistivity vs. temperature for bulk samples: (a) x = 0.02, (b) x = 0.2, (c) x = 0.3;
The inset shows plot of resistivity at higher fields which are not visible in the main plot.

Magnetoresistivity is negative in all samples. Table 4 shows an increasing value of MR
with increasing level of Ca substitution. The highest MRMax (2 T) is 51.96% and 29.08% for
1 T for x = 0.2 at 217 K. Sample with x = 0.02 exhibits the lowest MRMax of 11.9% and 4.45%
for 2 T and 1 T at 289 K, respectively. A sample with x = 0.3 has MR of 77.62% between 3 T
and 4 T at 118 K and 99.99% for 2–3 T at 130 K (shown in brackets in Table 4). In order to
calculate MR, both the peak value of resistivity from the lower field data and an isothermal
value from the higher field data are taken and then inserted into Equation (2). The highest
peak resistivity $peak of about 3 Ωcm at 275 K is observed in sample x = 0.05. The lowest
$peak for x = 0.3 at 5 T is 73 Ωcm (in brackets) at 174 K. All relevant data, including TC and
Tp, are presented in Table 4.

Table 4. Experimental values for Pr0.65Sr0.35−xCaxMnO3 bulk materials: electrical properties.

Compound (Bulk) TC (K) Tp1 (K)
(Tp2 (K))

$peak (Ωcm)
in 0 T

MRMax (%)
(1 T)

MRMax (%)
(2 T)

Pr0.65Sr0.33Ca0.02MnO3 273 274 0.213 4.45 11.99

Pr0.65Sr0.3Ca0.05MnO3 261 273 3.094 12.28 22.75

Pr0.65Sr0.25Ca0.1MnO3 244 256 (258) 1.602 23.28 33.27

Pr0.65Sr0.15Ca0.2MnO3 201 210 (217) 0.341 29.08 51.96

Pr0.65Sr0.05Ca0.3MnO3 - >100 × 108 (72.985 in 5 T) 77.62 (between 3 and 4 T) 99.99 (between 2 and 3 T)

60



Nanomaterials 2023, 13, 1373

3.4. Magnetic Properties

Investigation of magnetization vs. temperature (M vs. T), with the samples cooled in
zero and in an applied magnetic field of µ0H = 0.05 T (ZFC-FC) was carried out in a vibrating
sample magnetometer (VSM). All samples except x = 0.3 exhibit strong ferromagnetic
behavior. Samples with x = 0.3 for both systems exhibit antiferromagnetic charge-exchange-
type (CE-AFM) and charged ordered (CO) state. In CE-AFM structure, Mn3+ and Mn4+ are
arranged like a checkerboard in the ab-plane (Mn-O2); exchange interaction causes Mn3+

eg electron to occupy either d3×2−r2 or d3y2−r2 orbital. As a result, there are FM zig-zag
chain arrangements which are AFM to each other and also stack antiferromagnetically
in the c-plane. Figure 6 presents selected graphs of M vs. T with insets representing
a derivative dM/dT of the plots for which the minimum is associated with TC. The
addition of Ca2+ ions causes smaller cell dimensions; increased disorder and it lowers
the Curie temperature [17]. The increase in Ca substitution lowers TC further. Nano-
sized particles show lower values of TC than their bulk counterpart due to their size and
surface effect, including broken bonds, canted spins, and reduced magnetization [29,30]. In
addition, the curves for nano-sized samples are “smoother”, covering a wider temperature
range in their ferromagnetic–paramagnetic change but have lower maximum value of
magnetization M(T).
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Figure 6. ZFC-FC plots in external field of 0.05 T (a) ZFC-FC curves and derivative of magnetization
(inset) for the bulk sample Pr0.65Sr0.25Ca0.1MnO3; (b) ZFC-FC curves and derivative (inset) for
nanocrystalline sample Pr0.65Sr0.25Ca0.1MnO3. (c) ZFC-FC curves and derivative shown as inset, for
polycrystalline sample Pr0.65Sr0.05Ca0.3MnO3; (d) ZFC-FC curves and derivative shown in the inset
for nanocrystalline sample Pr0.65Sr0.05Ca0.3MnO3.

An observation of ZFC-FC curves, especially for bulk samples, reveals an upturn
in magnetization at lower temperatures at around 70–100 K, an example of which is in
Figure 6a. This can be attributed to the magnetization of praseodymium Pr ions [10].
Samples with x = 0.3 also exhibit increased magnetization at low temperatures starting
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at around 100 K, seen in Figure 6c,d. Maximum value is not as high as for the rest of
the samples, approximately 0.04 µB/f.u. for x = 0.3 vs. 1 µB/f.u. for x = 0.1. Other CO
compounds, such as La0.4Ca0.6Mn0.9Ga0.1O3 [11] and Pr0.75Na0.25MnO3 [14] have been
reported with similar increase in magnetization due to suppression of CO state. The dif-
ference between La3+ and Pr3+ is their crystal ionic size (1.356 Å for La3+ and 1.319 Å for
Pr3+ [20]) and their electron configuration: La3+ has no 4f electrons while Pr3+ has the con-
figuration = [Xe]4f 2. The size difference affects the bandwidth, with Pr-based manganites
being referred to as narrow bandwidth manganites. Appearance of the charged ordered
state is influenced by Mn3+/Mn4+ ratio as well as the bandwidth [31], therefore Pr based
manganites enter CO state more easily. The low temperature increase in magnetization is
associated with phase separation (PS), i.e., existence of FM clusters, forming among AFM
matrix [11]. The graphs for x = 0.3 at higher temperatures show behavior typical of charged
ordered state. A small feature at around 170 K represents Neél temperature, TN (most
visible in the bulk sample), and the peak at around 210 K representing the onset of the
charge ordering phase, TCO. Such a behavior was revealed in several manganites systems
such as La0.250Pr0.375Ca0.375MnO3 [32], Pr0.7Ca0.3MnO3 [33], La0.3Ca0.7Mn0.8Cr0.2O3 [34],
Pr0.57Ca0.41Ba0.02MnO3 [35], Nd0.5Ca0.5MnO3 [36], and La0.4Ca0.6MnO3 [37], and it arises
as a result of doping and/or due to the reducing of the sizes of the particles to the range of
nanometers.

The feature from 45 K, in bulk sample, could be the signature of the blocking of isolated
spins between FM clusters as seen in spin glass materials [38,39].

According to Landau’s mean field theory [40], Gibbs free energy of the system around
a critical point can be expanded in a Taylor series as:

G (T,M) = G_0 + MH + aM2 + bM4 + . . . , (3)

where coefficients a and b depend on temperature. A derivative of the energy with respect
to magnetization, to find the minima, results in an expression:

H/M = 2a + 4bM2, (4)

An easy way to confirm the correctness of the mean field theory approach for given
samples is the Arrott plot, i.e., M2 vs. H/M [41]. If isotherms are straight and parallel to
each other around TC then the assumption is correct. Observation of Arrott plots for our
samples reveals curved, non-parallel lines for bulk compounds (Figure 7a,c) and almost
straight lines for nano-sized compounds (Figure 7b,d). Furthermore, Banerjee criterion is a
useful tool for determining the order of the phase transition [42]. According to the criterion,
positive slope represents second order phase transition and negative slope corresponds to
first order transition. Samples with x = 0, 0.02, 0.05, 0.1 show only positive slope. As can
be seen in Figure 7c,d, samples with x = 0.2 show negative slope in the first stage of the
magnetization at temperatures above TC suggesting first order transition. Samples with
x = 0.3, not pictured, show mostly negative slope plots.

Inexactness of the exponents in the Equation (4) can be solved by constructing an
Arrott–Noakes plot, i.e., M1/β vs. µ0H/M1/γ [43] with proper exponents β and γ. The
exponent β relates to the spontaneous magnetization below TC and γ relates to the inverse
susceptibility above TC [44] (pp. 7–10). An additional exponent δ relates magnetization
and external field at TC. In mean field model: β = 0.5 and γ = 1, but there exist more
models with different exponent values. The value of the exponents relates to the system
dimensionality, spin, and range of the interaction J(r). In renormalization group theory [45],
exchange interaction is defined as J(r) = 1/rd+σ where d—dimensionality of the system
and σ—range of interaction. For σ greater than 2: β = 0.355, γ = 1.366 and δ = 4.8—is
the case of the 3D Heisenberg model. If σ < 3/2, long-range interactions occur, according
to mean field theory. For the tricritical point, the critical exponents are: β = 0.25, γ = 1,
and δ = 5 [46]. The tricritical point sets a boundary between two different ranges of order
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phase transitions (first order and second order). These exponents can be generalized into
following equations [43]:

MS(T) = M0 (−ε)β, T < TC, (5)

χ−1(T) =

(
h0

M0

)
εγ, T > TC, (6)

M = D (µ0H1/δ), T = TC, (7)

where ε is the reduced temperature (T− TC)/TC and M0, h0/M0, and D are critical amplitudes.

Nanomaterials 2023, 13, x FOR PEER REVIEW 10 of 19 
 

 

a useful tool for determining the order of the phase transition [42]. According to the crite-
rion, positive slope represents second order phase transition and negative slope corre-
sponds to first order transition. Samples with x = 0, 0.02, 0.05, 0.1 show only positive slope. 
As can be seen in Figure 7c,d, samples with x = 0.2 show negative slope in the first stage 
of the magnetization at temperatures above Tc suggesting first order transition. Samples 
with x = 0.3, not pictured, show mostly negative slope plots.  

  

  
Figure 7. Arrott plot (M2 vs. H/M) for (a) the bulk sample with x = 0.02; (b) the nanocrystalline sam-
ple with x = 0.02; (c) bulk sample with x = 0.2; (d) nanocrystalline sample x = 0.2. 

Inexactness of the exponents in the Equation (4) can be solved by constructing an 
Arrott–Noakes plot, i.e., M1/β vs. μ0H/M1/γ [43] with proper exponents β and γ. The expo-
nent β relates to the spontaneous magnetization below Tc and γ relates to the inverse sus-
ceptibility above Tc [44] (pp. 7–10). An additional exponent δ relates magnetization and 
external field at Tc. In mean field model: β = 0.5 and γ = 1, but there exist more models 
with different exponent values. The value of the exponents relates to the system dimen-
sionality, spin, and range of the interaction J(r). In renormalization group theory [45], ex-
change interaction is defined as J(r) = 1/rd+σ where d—dimensionality of the system and 
σ—range of interaction. For σ greater than 2: β = 0.355, γ = 1.366 and δ = 4.8—is the case of 
the 3D Heisenberg model. If σ < 3/2, long-range interactions occur, according to mean field 
theory. For the tricritical point, the critical exponents are: β = 0.25, γ = 1, and δ = 5 [46]. The 
tricritical point sets a boundary between two different ranges of order phase transitions 
(first order and second order). These exponents can be generalized into following equa-
tions [43]:  

MS(T) = M0 (−ε)β, T < TC, (5) 

0 1 2 3 4
0

2

4

6

8
Pr0.65Sr0.33Ca0.02MnO3
bulk 

 

 

M
2  (μ

2 B
/f.

u.
2 )

μ0H/M (Τ/μB/f.u.)

220K

300K

(a)

0 2 4 6 8 10
0

2

4 Pr0.65Sr0.33Ca0.02MnO3
nano 

 

 

M
2  (μ

2 B
/f.

u.
2 )

μ0H/M (Τ/μB/f.u.)

200K

300K

(b)

0 1 2 3
0

2

4

6

8

10

12
Pr0.65Sr0.15Ca0.2MnO3

bulk 

 

 

M
2  (μ

2 B
/f.

u.
2 )

μ0H/M(Τ/μB/f.u.)

170K

230K

(c)

0 2 4 6 8
0

2

4

6

8

Pr0.65Sr0.15Ca0.2MnO3

nano 

 

 

M
2  (μ

2 B
/f.

u.
2 )

μ0H/M (Τ/μB/f.u.)

155K

250K

(d)

Figure 7. Arrott plot (M2 vs. H/M) for (a) the bulk sample with x = 0.02; (b) the nanocrystalline
sample with x = 0.02; (c) bulk sample with x = 0.2; (d) nanocrystalline sample x = 0.2.

To find the proper exponents, we constructed Arrott–Noakes plots by implementing
the Modified Arrott plot (MAP) method [43]. It is an iterative method. It includes, at
first, construction of Arrott–Noakes plots by choosing exponents which produce straight
parallel lines, with the line at TC crossing at the origin. Secondly, we find intercepts of lines
around TC; on the abscissa, above Curie temperature, to obtain the values of χ0

−1 and on
the ordinate, below TC, to find the values of Ms. Finally, these values are plugged into the
Equations (5) and (6) to obtain new values of β and γ. This process is repeated until results
stabilize. The exponent δ is found using the Widom relation: β + γ = β δ [10]. Selected
MAP graphs are shown in Figure 8. Full results for MAP are presented in Table 5.

Remarkably, polycrystalline samples are more closely governed by tricritical mean
field model (β = 0.212, γ = 1.057, δ = 5.986 for x = 0.02), rather than 3D Heisenberg model
as reported for other manganites in the literature [10,47]. Sample x = 0.3 does not exhibit
ferromagnetic behavior in the high temperature range, only showing small magnetization at
low temperatures due to FM clusters and Praseodymium ions, therefore, no critical values
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are presented in this work. Alternatively, all critical exponents for nano-sized particles fall
within the mean field model values (β = 0.541, γ = 1.01, δ = 2.867 for x = 0.02) which is
comparable to reported values in La0.7Ba0.3−xCaxMnO3 compounds [22]. Similarly, to the
bulk, critical values for nano-sized sample x = 0.3 are not presented.

Nanomaterials 2023, 13, x FOR PEER REVIEW 11 of 19 
 

 

𝜒ିଵ(𝑇) = ቀ௛బெబቁ 𝜀ఊ, T > TC, (6) 

M = D (μ0H1/δ), T = TC, (7) 

where ε is the reduced temperature (T − Tc)/Tc and M0, h0/M0, and D are critical amplitudes. 
To find the proper exponents, we constructed Arrott–Noakes plots by implementing 

the Modified Arrott plot (MAP) method [43]. It is an iterative method. It includes, at first, 
construction of Arrott–Noakes plots by choosing exponents which produce straight par-
allel lines, with the line at Tc crossing at the origin. Secondly, we find intercepts of lines 
around Tc; on the abscissa, above Curie temperature, to obtain the values of χ0−1 and on 
the ordinate, below Tc, to find the values of Ms. Finally, these values are plugged into the 
Equations (5) and (6) to obtain new values of β and γ. This process is repeated until results 
stabilize. The exponent δ is found using the Widom relation: β + γ = β δ [10]. Selected MAP 
graphs are shown in Figure 8. Full results for MAP are presented in Table 5. 

Table 5. Critical exponent values for all samples from modified Arott plot method. 

Compound γ β δ Tc (K) 
x = 0.02 bulk 1.057 0.212 5.986 273 
x = 0.05 bulk 0.981 0.232 5.228 261 
x = 0.1 bulk 0.985 0.25 4.94 244 
x = 0.2 bulk 1.036 0.217 5.774 201 
x = 0.3 bulk - - - - 
x = 0 nano 1.023 0.552 2.853 257 

x= 0.02 nano 1.01 0.541 2.867 252 
x = 0.05 nano 0.986 0.508 2.941 249 
x = 0.1 nano 0.977 0.512 2.908 239 
x = 0.2 nano 0.967 0.531 2.821 191 
x = 0.3 nano - - - - 

Mean field model 1 0.5 3  

3D Heisenberg model 1.366 0.355 4.8  

Ising model 1.24 0.325 4.82  

Tricritical mean field model 1 0.25 5  

 

  

Figure 8. Modified Arrott plots for (a) the bulk sample x = 0.02 with β = 0.212, γ = 1.057, δ = 5.986 
and for (b) the nanocrystalline sample x = 0.02 with β = 0.541, γ = 1.01, δ = 2.867. 

Remarkably, polycrystalline samples are more closely governed by tricritical mean 
field model (β = 0.212, γ = 1.057, δ = 5.986 for x = 0.02), rather than 3D Heisenberg model 

0 1 2 3 4
0

40

80

120
Pr0.65Sr0.33Ca0.02MnO3

bulk 
M

1/
β (μ

β/f
.u

.)1/
β

μοH/M)1/γ(T/μβ/f.u.)1/γ

220K

300K

(a)

0 2 4 6 8 10
0

1

2

3

4

M
1/

β (μ
β/f

.u
.)1/

β

μοH/M)1/γ(T/μβ/f.u.)1/γ

200K

300K

Pr0.65Sr0.33Ca0.02MnO3
nano 

(b)

Figure 8. Modified Arrott plots for (a) the bulk sample x = 0.02 with β = 0.212, γ = 1.057, δ = 5.986
and for (b) the nanocrystalline sample x = 0.02 with β = 0.541, γ = 1.01, δ = 2.867.

Table 5. Critical exponent values for all samples from modified Arott plot method.

Compound γ β δ TC (K)

x = 0.02 bulk 1.057 0.212 5.986 273

x = 0.05 bulk 0.981 0.232 5.228 261

x = 0.1 bulk 0.985 0.25 4.94 244

x = 0.2 bulk 1.036 0.217 5.774 201

x = 0.3 bulk - - - -

x = 0 nano 1.023 0.552 2.853 257

x= 0.02 nano 1.01 0.541 2.867 252

x = 0.05 nano 0.986 0.508 2.941 249

x = 0.1 nano 0.977 0.512 2.908 239

x = 0.2 nano 0.967 0.531 2.821 191

x = 0.3 nano - - - -

Mean field model 1 0.5 3

3D Heisenberg model 1.366 0.355 4.8

Ising model 1.24 0.325 4.82

Tricritical mean field model 1 0.25 5

The Kouvel–Fisher (KF) method for determining critical exponents is a widely imple-
mented tool for ferromagnetic materials [47–49]. We used KF to confirm the results from
MAP as the two methods are regarded to be very accurate and reliable [47]. Akin to MAP,
it is also an iterative method. It requires the construction of Arrott–Noakes plot, finding the
intercepts on ordinate and abscissa and fitting these values in the equations [47,49]:

Ms {dMs/dT}−1 = (T − TC)/β (8)

χ0
−1 {d χ0

−1/dT}−1 = (T − TC)/γ (9)

Ideally, plot of Ms {dMs/dT}−1 vs. T is a straight line with slope = 1/β and the
intercept giving TC/ β. Same logic applies to the plot of χ0

−1 {d χ0
−1/dT}−1 vs. T which

gives slope equal to 1/γ. We present, in Figure 9, selected examples of results from KF
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calculations compared to results from MAP for the same compounds. It is evident, that the
lines in KF plots are close to being straight and their slope values result in β and γ being
close to results from MAP.
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Figure 9. Calculated values for critical exponents for (a) MAP analysis for the bulk sample with
x = 0.02 (b) KF analysis for the bulk sample with x = 0.02. (c) MAP analysis for the nanocrystalline
sample x = 0.02 (d) KF analysis for nanocrystalline sample x = 0.02.

Magnetic entropy change was calculated using the following formula [50,51]:

∆Sm(T, H0) = Sm(T, H0)− Sm(T, 0) =
1

∆T

∫ H0

0
[M(T + ∆T, H)−M(T, H)]dH, (10)

where magnetization M(µ0H) is taken from isothermal data at fields of 1–4 T.
Plots of −∆SM vs. T (temperature) were constructed in order to better estimate

magnetocaloric effect of the compounds, including calculations of relative cooling power
RCP [51,52]:

RCP(S) = −∆Sm(T, H)× δTFWHM (11)

where δTFWHM is the range of temperature at full width half maximum.
Selected graphs of samples’ entropy change are presented in Figure 10. It is noteworthy

that, generally, polycrystalline samples exhibit higher maximum entropy change −∆SM
compared to their nano-sized counterparts, as seen in Figure 10a vs. 10b. Bulk compound
with x = 0.05 shows −∆SM (max) = 5.56 J/kgK at 4 T and nano-sized sample shows −∆SM
(max) = 3.25 J/kgK at 4 T. Bulk samples with x = 0.1 and x = 0.2 exhibit high maximum
entropy change at 6.9 J/kgK and 9.2 J/kgK respectively. For all samples, maximum
entropy change occurs at around their Curie temperature TC. It is also important to note
that nanocrystalline compounds exhibit wider range of effective temperature δTFWHM at
around 40–70 K while bulk samples show range of 20–30 K.
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Figure 10. Magnetic entropy change vs. temperature for selected samples: (a) x = 0.05 bulk; (b) x = 0.05
nanocrystalline sample; (c) x = 0.3 bulk at AFM-FM; (d) x = 0.3 nanocrystalline at low temperature.

Construction of cooling equipment should not be “blindly” reliant on reported values
of RCP [53]; nevertheless, for a long time it has been a useful tool in estimating the
applicability of the magnetic material. Although it is the width of the temperature change
in nano-sized compounds that is criticized as unreliable, in this work, nanocrystalline
compounds deserve attention for their satisfactory level of entropy change, greater or close
to 4 J/(kgK) for ∆µ0H = 4 T. Both nano-sized and bulk systems exhibit values of entropy
change and RCP comparable with other manganites reported in the literature [10,52,54,55].

Delving deeper, unfortunately, RCP tends to overestimate the merits of the materials
which have a large temperature range of magnetocaloric effect (δTFWHM) but small entropy
changes [55,56] in no small part because materials with same relative cooling power can
behave differently in a magnetic cooling simulation [57]. Moreover, one of the last printed
books about magnetic cooling ignores this figure of merit [58].

In order to be of use in magnetic refrigeration applications the chosen materials have
to show a large magnetocaloric effect—a large magnetic entropy change. Besides this,
there is a list of requirements related with heat transfer, heat capacity, heat conductivity,
chemical and mechanical stability, hysteresis losses, eddy currents losses, etc. Therefore,
magnetic measurements can be a trusted guide in deciding if a material deserves the effort
of complete characterization. Some compounds of the type A1−xBxMnO3 can be considered
to be of interest for magnetic refrigeration because some of these compounds show −∆Sm
values (−∆Sm ≈ 4–6 J·kg−1·K−1 for ∆H = 5 T) comparable to intermetallic alloys [56]. This
is the case of our investigated compounds.

The best way to decide the practicality of a material in magnetic cooling applications is
by testing directly in a magnetic refrigerator, working on the principle of the AMRR (Active
Magnetic Regenerative Refrigeration) cycle [12]. Recent investigations confirmed the
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magnetocaloric performance and the potential in magnetic refrigeration of the perovskite
oxide Pr0.65Sr0.35MnO3 [12,59], which has the stoichiometry of our parent compound.
When Ca substitutes for Sr in this compound, the magnetic parameters and magnetocaloric
effect can be tuned for various temperature applications without significant changes in the
magnitude of magnetic entropy change. Our investigations support the bulk polycrystalline
Pr0.65Sr(0.35−x)CaxMnO3 compounds to be promising for magnetic cooling technology,
while lower magnitude of magnetocaloric effect in nanocrystalline samples, unfortunately,
seems to somewhat hinder their direct practical applications [53,56,57].

Special mention should be made of some feature for samples with x = 0.3. Both bulk
(Figure 10c) and nano-sized (not pictured) compounds exhibit positive entropy change at
temperatures associated with antiferromagnetic (CO)/ferromagnetic/paramagnetic phase
transition. This phase transition can be observed in the ZFC-FC plots in Figure 6 at around
200–210 K for both samples. As can be observed in Figure 10c, bulk sample exhibits inverse
(materials cool down when a magnetic field is adiabatically applied) to normal MCE
change suggesting AFM/FM transition, but it seems the changes in the lattice parameters
can also modify the magnetic exchange interaction to give rise to a such behavior [60,61].
Additionally, Figure 10d shows a negative entropy change of 5.1 J/kgK at 4 T for nano-sized
samples at 75 K. Similar behavior and even higher entropy change is exhibited by the bulk
sample at around 40 K (not pictured) at the suppression of the AFM state. These materials
can be used to produce both cooling and heating when they are adiabatically demagnetized.
Unfortunately, the large values of the magnetic entropy changes can be reach only at low
temperatures, far from the range of domestic refrigeration, in the case of these samples.

Low coercivity is of utmost importance in application of cooling materials [51]. All
samples exhibit low coercive fields as measured in a hysteresis loop at external fields of
up to 4 T at 4 K. Largest coercive field exhibited by a bulk sample is of 190 Oe for x = 0.2;
with the smallest being 130 Oe for x = 0.05. Nanocrystalline samples carry larger coercive
field compared to polycrystalline samples. It increases with decreasing size of the particles
until single domain size. Particles become superparamagnetic with further decrease in
size [62]. Largest coercive field is produced by the parent nano-sized with x = 0 at 810 Oe.
All values for coercive field and magnetic saturation Ms are presented in Tables 6 and 7.
Nanocrystalline sample x = 0.3 does not reach saturation at 4 T.

Table 6. Experimental values for Pr0.65Sr0.35−xCaxMnO3 bulk materials: magnetic measurements.

Compound (Bulk) TC (K) Ms
(µB/f.u.)

Hci
(Oe)

|∆SM|
(J/kgK)

µ0∆H = 1 T

|∆SM|
(J/kgK)

µ0∆H = 4 T

RCP (S)
(J/kg)

µ0∆H = 1 T

RCP (S)
(J/kg)

µ0∆H = 4 T
Refs.

Pr0.65Sr0.35MnO3 295 2.3 [12]

Pr0.65Sr0.33Ca0.02MnO3 273 3.71 180 2.04 5.53 34 166 This work

Pr0.65Sr0.3Ca0.05MnO3 261 3.78 170 2.24 5.56 44 167 This work

Pr0.65Sr0.25Ca0.1MnO3 244 3.94 190 3.03 6.91 45 186 This work

Pr0.65Sr0.15Ca0.2MnO3 201 3.97 160 4.48 9.21 60 270 This work

Pr0.65Sr0.05Ca0.3MnO3 3.81 170 4.6 (40 K) 15.3 (40 K) 92 (40 K) 380 (40 K) This work

La0.7Ca0.3MnO3 256 1.38 41 [10]

La0.7Sr0.3MnO3 365 - 4.44 (5 T) 128 (5 T) [10]

La0.6Nd0.1Ca0.3MnO3 233 1.95 37 [10]

Gd5Si2Ge2 276 - 18 (5 T) - 535 (5 T) [10]

Gd 293 2.8 35 [10]
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Table 7. Experimental values for Pr0.65Sr0.35−xCaxMnO3 nano materials.

Compound (Nano) Tc
(K)

Ms
(µB/f.u.)

Hci
(Oe)

|∆SM|
(J/kgK)

µ0∆H = 1 T

|∆SM|
(J/kgK)

µ0∆H = 4 T

RCP(S)
(J/kg)

µ0∆H = 1 T

RCP(S)
(J/kg)

µ0∆H = 4 T
Refs.

Pr0.65Sr0.35MnO3 257 3.6 810 1.62 4.55 54 263 This work

Pr0.65Sr0.33Ca0.02MnO3 252 3.08 720 0.69 2.5 38 175 This work

Pr0.65Sr0.3Ca0.05MnO3 249 3.16 540 0.99 3.25 48 178 This work

Pr0.65Sr0.25Ca0.1MnO3 239 3.49 510 1.41 4.37 39 215 This work

Pr0.65Sr0.15Ca0.2MnO3 191 3.39 620 1.08 3.9 41 185 This work

Pr0.65Sr0.05Ca0.3MnO3 - 600 1.23(75 K) 5.12(75 K) 48(75 K) 204(75 K) This work

La0.67Ca0.33MnO3 260 0.97 (5 T) 27 (5 T) [63]

Pr0.65(Ca0.6Sr0.4)0.35MnO3 220 0.75 21.8 [64]

La0.6Sr0.4MnO3 365 1.5 66 [17]

4. Conclusions

Two sample systems of Pr0.65Sr0.35−xCaxMnO3 (x = 0.02, 0.05, 0.1, 0.2, 0.3) were pre-
pared. Solid state reaction as a method of preparation of polycrystalline compounds
resulted in samples with an average 12,000 nm grain size. Sucrose based sol–gel method
for production of nanocrystalline samples resulted in particles of an average size of approx-
imately 70 nm. X-ray diffraction measurements revealed a single crystallographic phase for
all samples. Rietveld refinement analysis confirmed single phase, orthorhombic (Pbnm)
symmetry, diminishing cell volume and Mn–O bond length with increasing Ca substitution.
Iodometric titration was implemented on both systems to determine their oxygen content.
All bulk samples show oxygen deficiency close to O2.93±0.02 attributed to the preparation
method. All nano-sized samples exhibit small oxygen excess of O3.02±0.01 or less, credited
to the effects of the surface/volume ratio of the particles. Bulk compounds were measured
for their electrical properties and revealed a feature at a temperature Tp1 associated with
high disorder at grain boundaries due to Ca substitution. Additionally, samples with Ca
levels x = 0.1, 0.2 exhibit a peak at a temperature Tp2 associated with the ferromagnetic-
paramagnetic transition. With the increase in applied magnetic field, Tp2 tends to become
higher and smooth out. The sample with x = 0.3 possesses “infinite” resistance for µ0H = 0 T
and 1 T at around 50 K. Further increase in applied field up to 5 T results in overcoming
intergrain resistance and shift in the resistance peak. Negative magnetoresistivity was
observed for all bulk samples. The smallest value of MR was 11.99% for x = 0.02 at 2 T
at Tp1, while the largest value of MR for x = 0.2 of 51.96% for Tp2. Zero-field cooled–field
cooled graphs reveal ferromagnetic behavior for x = 0.02, 0.05, 0.01, 0.2 samples. Both x = 0.3
show ferromagnetic-like behavior at low temperatures and antiferromagnetic behavior at
higher temperatures than 80 K, with transition to ferromagnetic to paramagnetic behavior
at 210 K. Curie temperature TC lowers with each Ca substitution: 273 K for bulk x = 0.02
compared to 295 K for parent compound; 252 K for nano-sized x = 0.02 vs. 257 K for parent
compound. Low coercivity was found for all samples. Nanocrystalline samples exhibiting
larger coercivity compared to their bulk counterparts: 720 Oe vs. 180 Oe for x = 0.02. Arrott
plots confirm second order phase transition for all samples except for x = 0.3. Modified
Arrott plot (MAP) analysis disclosed critical behavior. Critical exponents for polycrystalline
samples belong to tricritical mean field model while exponents for nano-sized particles
belong to mean field model. The Kouvel–Fisher (KF) method for analyzing critical expo-
nents confirmed MAP results. Bulk compounds reveal higher magnetic saturation Ms and
maximum entropy change ∆SM than nano-sized compounds. Bulk sample with x = 0.2
exhibits highest entropy change ∆SM = 9.21 J/kgK (4 T) at 204 K. Relative cooling powers
(RCP) for equivalent bulk and nano-sized compounds are comparable in value: 166 J/kg
vs. 175 J/kg (4 T) for bulk and nano-sized with x = 0.02 This is due to the wide effective
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temperature range of entropy change δTFWHM in nanocrystalline samples. All values of
RCP are high and comparable with relevant compounds reported in the literature. Bulk
samples with x = 0.3 exhibits positive entropy change at antiferromagnetic-ferromagnetic
transition temperature Magnetic entropy changes and magnetic parameters of the bulk
polycrystalline samples indicate them as potential candidates for magnetocaloric materials.
Possibly, they can be combined in construction of multistep refrigeration processes to in-
crease their temperature range and effectiveness. The nanocrystalline samples, which show
comparatively lower maximum entropy change are moved to the immediate background
of the picture of usable magnetocaloric compounds but could, possibly, be still useful in
future developments.
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Abstract: Photocatalyst performance is often limited by the poor separation and rapid recombination
of photoinduced charge carriers. A nanoheterojunction structure can facilitate the separation of
charge carrier, increase their lifetime, and induce photocatalytic activity. In this study, CeO2@ZnO
nanocomposites were produced by pyrolyzing Ce@Zn metal–organic frameworks prepared from
cerium and zinc nitrate precursors. The effects of the Zn:Ce ratio on the microstructure, morphology,
and optical properties of the nanocomposites were studied. In addition, the photocatalytic activity of
the nanocomposites under light irradiation was assessed using rhodamine B as a model pollutant, and
a mechanism for photodegradation was proposed. With the increase in the Zn:Ce ratio, the particle
size decreased, and surface area increased. Furthermore, transmission electron microscopy and X-ray
photoelectron spectroscopy analyses revealed the formation of a heterojunction interface, which
enhanced photocarrier separation. The prepared photocatalysts show a higher photocatalytic activity
than CeO2@ZnO nanocomposites previously reported in the literature. The proposed synthetic
method is simple and may produce highly active photocatalysts for environmental remediation.

Keywords: zinc oxide; cerium oxide; nanocomposites; photocatalysis; heterojunction

1. Introduction

The continued use of fossil fuels has resulted in a global energy crisis, environmental
pollution, and climate change [1,2], thus, more sustainable energy resources are essential to
combat these issues [3]. Photocatalytic technologies [4,5] for exploiting light energy have
drawn particular attention [6–8]. Such catalysts can be used to produce hydrogen from wa-
ter for energy storage and convert the excess carbon dioxide in the atmosphere to valuable
chemical feedstocks and fuels, such as methane and methanol [9–14]. Furthermore, photo-
catalytic materials can be used to degrade organic pollutants in contaminated water [15–17].
In particular, compared with traditional methods for water treatment, photocatalysis
requires less energy and can achieve a complete degradation of pollutants. Therefore, pho-
tocatalytic systems are highly promising for clean energy production and environmental
remediation. To achieve high photocatalytic activity, photoinduced charge carriers (i.e.,
electrons and holes) must be effectively generated and separated in the photocatalysts.

Several photocatalytic mechanisms for the degradation of organic pollutants such as
dyes have been reported. Briefly, upon irradiation with ultraviolet light, electrons in the
valence band (VB) are excited to the conduction band (CB); thus, holes are created in the
VB. The electrons in the CB react with adsorbed oxygen to form superoxide radicals (•O2

−),
whereas the holes in the VB react with water to form hydroxyl radicals (•OH), and these
two radicals react with organic pollutants and degrade them. To date, many photocatalysts
have been reported, including CdS [18,19], ZnO [20], CeO2 [21], TiO2 [22], WO3 [23], and
graphitic carbon nitride (g-C3N4) [24]. However, the charge carriers generated by these
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single-phase catalysts can easily recombine, resulting in short carrier lifetimes and low
catalytic efficiencies. To address this problem, multiphase catalysts, such as nanocomposites,
i.e., Fe2O3/Cu2O [25], ZnO/TiO2 [26], GQDs/NiSe-NiO [27], g-C3N4/Ni-ZnO [28], and
MoS2/TiO2 nanocomposites [29], have been prepared. These nanocomposites can increase
the lifetimes of the charge carriers by restricting the generated electrons and holes in
different phases and reducing their recombination.

Considering the matched band gaps of CeO2 and ZnO, we have reported on a
CeO2@ZnO nanocomposite as an efficient photocatalyst [30]. In our previous study, a
Ce@Zn-bimetallic metal–organic framework (Ce@Zn-MOF) precursor was prepared with a
Zn:Ce atomic ratio of 1; subsequently, the Ce@Zn-MOF precursor was subjected to thermal
decomposition to obtain photocatalytic CeO2@ZnO nanocomposites. The optimal pyrolysis
temperature was identified as 450 ◦C based on the structure, morphology, and photocat-
alytic degradation performance of the nanocomposites. However, the effects of the Zn:Ce
ratio have not been studied.

Therefore, in this study, we fabricated Ce/Zn-MOF precursors with various Zn:Ce
atomic ratios (0:10, 2:8, 4.5:5.5, 6.7:3.3, 8:2, and 10:0). CeO2@ZnO nanocomposites were
then obtained via thermal decomposition at the previously identified optimal temper-
ature (450 ◦C). The structure, morphology, and optical properties of CeO2, ZnO, and
the CeO2@ZnO nanocomposites were investigated via X-ray diffractometry (XRD), scan-
ning electron microscopy (SEM), transmission electron microscopy (TEM), and UV-vis
absorption spectroscopy. In addition, the prepared nanocomposites were employed for
photocatalytic water remediation using rhodamine B (RhB) as a model organic pollutant.
Finally, the photocatalytic degradation mechanism was determined.

2. Experimental Method
2.1. Precursor and Photocatalyst Synthesis

Ce-MOF, Zn-MOF, and Ce/Zn-MOF were prepared according to our previously re-
ported method. Briefly, Ce(NO3)2·6H2O (30 mmol) and 2-methylimidazole (63 mmol) were
dissolved in methanol (500 mL), and the mixture was stirred, precipitated, and centrifuged
to obtain Ce-MOF. To prepare the bimetallic Ce/Zn-MOF precursors Zn(NO3)2·6H2O and
Ce(NO3)2·6H2O in atomic ratios of 0:10, 2:8, 4.5:5.5, 6.7:3.3, 8:2, and 10:0 were added to
methanol. The samples with Zn:Ce ratios of 0:10 and 10:0 yielded Ce-MOF and Zn-MOF,
respectively. Ce-MOF, Zn-MOF, and Ce/Zn-MOF were obtained via sequential precipita-
tion, washing, centrifugation, and drying. Finally, the Ce-MOF, Zn-MOF, and Ce/Zn-MOF
precursors were pyrolyzed at 450 ◦C in a tubular sintering furnace for 3 h to produce the
CeO2, ZnO, and the CeO2@ZnO nanocomposites [30]. The annealed samples are denoted
as CeO2@ZnO-x, where x is the ratio of Zn to Ce; for example, the sample with a ratio of
2:8 is denoted as CeO2@ZnO-0.2.

2.2. Characterization

The effect of different ratios of ZnO and CeO2 on the lattice structure of the
CeO2@ZnO nanocomposites was determined using XRD (Dmax-rB, Rigaku; Tokyo,
Japan, Cu-Kαλ = 1.5418 Å) with a tube voltage and current of 40 kV and 80 mA, respec-
tively. The changes in the morphology, microstructure, and elemental distribution of the
CeO2@ZnO-x nanocomposites were observed using field emission SEM (ZEISS Gemini
500) and TEM (FEITecnai G2 F30). For TEM analysis, the CeO2@ZnO-x nanocomposites
were ultrasonically dispersed in ethanol for 10 min and then dropped onto a Cu grid,
and TEM observation was carried out at an acceleration voltage of 200 kV. The electronic
structures and valence states of the elements were characterized using X-ray photoelec-
tron spectroscopy (XPS). The optical band gaps of the nanocomposites were determined
using UV-vis spectroscopy (UH4150, Hitachi). The spectrometer was equipped with an
integrating sphere.

The photocatalytic activity of the prepared CeO2@ZnO nanocomposites was evaluated
by measuring the degradation of RhB as a model organic pollutant using a multi-channel
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photochemical reaction system (PCX-50C). The light source was ultraviolet light at 365 nm
with a real power density of 320 mWcm−2. For the degradation tests, the nanocomposites
(50 mg) were ultrasonically dispersed in an aqueous RhB solution (50 mL, 10 mg/L) for
10 min. The suspension was then placed in the dark for 60 min with continuous magnetic
agitation until it reached dynamic adsorption–desorption equilibrium. Before irradiation,
an aliquot (3 mL) of the degradation solution was extracted and centrifuged to determine
the degree of degradation. Subsequently, during light irradiation, aliquots (3 mL) were
collected every 5 min and analyzed. Note that no precious metal catalyst was added during
the degradation process. In addition, electron paramagnetic resonance (EPR, Bruker EMX-
plus) spectroscopy was used to identify the free radicals produced upon light irradiation to
investigate the degradation mechanism. For these measurements, the nanomaterials were
added to a 5,5-dimethyl-1-pyridine-N-oxide (DMPO) solution and mixed with deionized
water or CH3OH to detect the concentrations of hydroxyl(•OH) and superoxide (•O2

−) rad-
icals, respectively. The transient photocurrent and electrochemical impedance spectroscopy
(EIS) measurements were conducted on an electrochemical workstation (CHI660E) with
three electrodes. A Pt wire and Ag/AgCl were used as the counter and reference electrodes,
respectively. For the photocurrent measurement, indium tin oxide glass coated with the
photocatalyst was used as the working electrode, whereas a glass-carbon electrode coated
with the photocatalyst was the working electrode for the EIS measurement. A Na2SO4
solution (0.5 M) was used as the electrolyte. Photoluminescence (PL) spectra were recorded
on a spectrofluorometer (Hitachi F7000) equipped with a 250 nm excitation source.

3. Results and Discussion

Figure 1a shows the XRD patterns of the nanomaterials formed by the pyrolysis of the
MOF precursors at 450 ◦C. The diffraction peaks of the nanomaterial formed by pyrolyzing
Ce-MOF are indexed to cubic CeO2 (JCPDS Card No. 81-0792) [31]. When the Zn:Ce ratio
increases to 0.2, the intensity of the CeO2 diffraction peaks decreases slightly (Figure 1a,
CeO2@ZnO-0.2). With a further increase in the Zn:Ce ratio, these CeO2 peaks decrease in
intensity, and new diffraction peaks corresponding to hexagonal wurtzite ZnO (JCPDS
Card No. 36-1451) appear (Figure 1a, CeO2@ZnO-0.45) [32], suggesting the formation of a
CeO2@ZnO nanocomposite. When the Zn:Ce ratios are 0.67 and 0.8 (Figure 1a, CeO@ZnO-
0.67 and CeO@ZnO-0.8, respectively), the peaks corresponding to CeO2 disappear, and
those corresponding to ZnO increase in intensity. XPS analysis revealed that some CeO2 was
present in these two samples, and the lack of diffraction peaks is likely a result of the low
quantity of CeO2, which resulted in these peaks being X-ray invisible or obscured by those
of ZnO. Finally, the pyrolysis product of Zn-MOF displays the characteristic diffraction
peaks of ZnO. The phase evolution in the nanocomposites with respect to the Zn:Ce ratio
is more distinct from 2θ = 29◦ to 59◦ (Figure 1b), wherein the peaks corresponding to
CeO2 gradually disappear, whereas those related to ZnO gradually intensify. Notably, the
positions of the peaks corresponding to CeO2 and ZnO do not change with the Zn:Ce ratio,
indicating that Zn did not enter the CeO2 lattice and vice versa.

Figure 2 shows the morphologies of the CeO2, ZnO, and CeO2@ZnO nanocomposites.
As shown in Figure 2a, CeO2 has a smooth nanosphere morphology and uniform size dis-
tribution (approximate diameter ~800 nm). With an increase in the Zn:Ce ratio, additional
nanoparticles merge on the nanospheres (Figure 2b, CeO2@ZnO-0.2), and the surfaces
of the nanospheres become rough. For CeO2@ZnO-0.45 and CeO2@ZnO-0.67, the large
nanospheres disappear, and only small nanoparticles are observed in the nanocomposites.
With a further increase in the Zn:Ce ratio, the small nanoparticles aggregate, as shown in
Figure 2e,f. Thus, adding Zn converts the large spheres into small nanoparticles, but excess
Zn results in the aggregation of the small nanoparticles, which should decrease the specific
surface area of the nanocomposites.
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Figure 2. SEM images of (a) CeO2, (b) CeO2@ZnO-0.2, (c) CeO2@ZnO-0.45, (d) CeO2@ZnO-0.67,
(e) CeO2@ZnO-0.8, and (f) ZnO.

The microstructures of the CeO2, ZnO, and CeO2@ZnO nanocomposites were ob-
served using TEM. The nanospheres in Figure 3a are approximately 758 nm in diameter. In
addition, the high-resolution TEM (HRTEM) images reveal that the lattice fringes at the
edges of the nanospheres have interplanar distances of 0.313 and 0.269 nm, which corre-
spond to the (111) and (200) crystal planes of cubic CeO2, respectively. Consistent with the
SEM results, when the Zn:Ce ratio is 0.2, some nanoparticles are attached to the edges of the
CeO2 nanospheres, while the size of the CeO2 nanospheres does not change significantly.
These nanoparticles show lattice fringes corresponding to both cubic CeO2 and hexagonal
wurtzite ZnO; in particular, the 0.141 nm interplanar distance corresponds to the (200) plane
of ZnO. With a further increase in the Zn:Ce ratio, the number of hexagonal wurtzite ZnO
nanoparticles gradually increases, whereas the number of CeO2 spheres in the cubic phase
decreases. The diameter of the observed nanoparticles is approximately 10 nm. In addition,
two sets of diffraction rings are observed in the selected area electron diffraction (SAED)
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pattern (Figure 3d-1). Importantly, an obvious boundary is observed between the ZnO and
CeO2 phases, indicating the formation of a ZnO@CeO2 nanoheterojunction (Figure 3d-1).
For the ZnO formed by the pyrolysis of the Zn-MOF precursor (Figure 3f-1), the size of the
nanoparticles increases to approximately 25 nm, mainly because of the aggregation and
growth of the nanoparticles at high temperatures. Its lattice fringes are detected at 0.247
and 0.2827 nm, corresponding to the (101) and (100) crystal phases of hexagonal wurtzite
ZnO, respectively.
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The elemental distribution in CeO2@ZnO-0.67 was also characterized via EDS map-
ping. As shown in Figure 4, Zn, Ce, and O are distributed uniformly in the nanocomposite.
However, the distribution of Ce is sparser than those of Zn and O, which is consistent with
the high Zn content in CeO2@ZnO-0.67.
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XPS measurements were conducted to investigate the elemental composition and
surface chemical valence states. The C 1s peak is related to the adventitious carbon
introduced during pyrolysis. Therefore, the spectra were calibrated based on the C=C peak
at a binding energy of 285.0 eV. As expected, the XPS survey spectra of the CeO2@ZnO
nanocomposites contain peaks corresponding to Ce, Zn, and O. In the Ce 3d high-resolution
XPS spectra of CeO2 (black curve in Figure 5b), the Ce3+ and Ce4+ peaks are detected [33–35],
indicating the presence of CeO2 and Ce2O3. The Ce2O3 phase was not detected via XRD,
possibly because of its amorphous nature. In contrast, in the XPS spectra of the CeO2@ZnO
nanocomposites, the Ce3+ peaks are weakened until they disappear, indicating that Ce is
present exclusively in the CeO2 phase. The split peaks in the high-resolution Zn 2p spectra
correspond to Zn 2p3/2 and 2p1/2, respectively, indicating that Zn is present as Zn2+ [36].
Interestingly, the Zn peaks in the CeO2@ZnO nanocomposites are at lower binding energies
than those in ZnO, suggesting the formation of an interface between CeO2 and ZnO. In
the high-resolution O 1s spectra (Figure 5d), three peaks at 529.1, 530.2, and 531.6 eV can
be assigned to the oxygen bonded to Ce, Zn, and surface hydroxyl radicals [33,37,38],
respectively. Overall, the XPS and HRTEM results indicate that a heterojunction interface
between ZnO and CeO2 nanoparticles is formed via pyrolysis. The interface is crucial for
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photocatalytic applications because photoelectrons can migrate across the interface and be
effectively separated from the photogenerated holes.
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The optical properties of the CeO2, ZnO, and CeO2@ZnO nanocomposites were inves-
tigated using UV-vis absorption spectroscopy, and the results are shown in Figure 6a. With
an increase in the Zn:Ce ratio, the optical absorption edge shows a progressive blue shift.
The optical band gaps of the CeO2, ZnO, and CeO2@ZnO nanocomposites were obtained
using the Tauc formula [39]: αhν = A(hν − Eg)2, where α, h, ν, A, and Eg are the absorption
coefficient, Planck’s constant, the frequency of the incident light, a constant, and the optical
band gap, respectively. The fitting curves for (αhν)2 vs. hν are shown in Figure 6b. The
linear part of the curve is extrapolated, and the x intersection is the optical band gap. Thus,
the optical band gaps of the CeO2, CeO2@ZnO-0.2, CeO2@ZnO-0.45, CeO2@ZnO-0.67,
CeO2@ZnO-0.8, and ZnO nanomaterials are 2.789, 3.06, 3.164, 3.195, 3.20, and 3.214 eV,
respectively, showing an increasing trend with an increase in the Zn:Ce ratio. As the Zn:Ce
ratio is increased, a transformation from CeO2 to CeO2@ZnO to ZnO occurs, and the size of
the composite decreases from 800 nm to 10 nm. The quantum effects arising from particle
size limitations cause a blue-shift in the absorption edge and an increase in the band gap.
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Crucially, the band gap determines the range of light that can be absorbed and, thus, used
during photocatalytic degradation.
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The catalytic activity of the photocatalyst was evaluated by analyzing the degree of
photodegradation of RhB, as calculated using Equation (1) [19]:

Photodegradation efficiency (%) = (1 − C/C0) × 100%, (1)

where C0 and C represent the UV-vis light absorption coefficients of RhB at adsorption
equilibrium in the dark and upon light irradiation, respectively. Figure 7a shows the
photodegradation efficiency for RhB with respect to irradiation time. The photocatalytic
efficiency of CeO2 for RhB is very low. The smooth and large nanospheres of CeO2 have a
low specific surface area, leading to a small contact area between CeO2 and RhB. The pho-
todegradation efficiency of CeO2@ZnO-0.2 slightly increases, which can be attributed to the
nanoparticles attached to the CeO2 nanospheres. With a further increase in the Zn:Ce ratio,
the CeO2@ZnO-0.67 nanocomposite exhibits the best photocatalytic efficiency (approxi-
mately ~97% RhB degradation after 30 min of irradiation). However, the photocatalytic
efficiencies of CeO2@ZnO-0.8 and ZnO are lower than that of the CeO2@ZnO-0.67.

The experimental data were fitted using the pseudo-first-order kinetic model shown
in Equation (2) [30,34].

In(
C
C0

) = −kt (2)

Here, k (min−1) is the kinetic degradation rate constant, and t (min) is the reaction
time. As shown in Figure 7b, the plots of −In(C/C0) vs. t. approximately follow a linear
relationship, indicating that this model can be used to analyze the photodegradation rate.
The degradation rates over CeO2 and CeO2@ZnO-0.2 are very low and not reported here.
The kinetic degradation rate constant (k) values for the photodegradation of RhB over
CeO2@ZnO-0.45, CeO2@ZnO-0.67, CeO2@ZnO-0.8, and ZnO were calculated as 0.0955,
0.124, 0.0749, and 0.0669, respectively. The CeO2@ZnO-0.67 nanocomposite exhibits the
best photodegradation rate constant (0.124), which is superior to the highest photodegrada-
tion rate constant observed in our previous study on CeO2@ZnO photocatalysts (0.1096).
Therefore, the optimal Zn/Ce atomic ratio was 0.67 at the optimal pyrolysis temperature
(450 ◦C). We have summarized recent reports on the photodegradation performance of
CeO2@ZnO, which are listed in Table 1. As can be seen from Table 1, CeO2@ZnO-0.67,
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the nanocomposites prepared by the binary MOF pyrolysis method in this paper, show
better performance.
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Table 1. Summary of different synthetic methods of CeO2, ZnO, and CeO2@ZnO nanomaterials with
regard to photodegradation.

Photocatalyst Synthetic
Method Morphology Light Source Catalyst

Amount
Degraded

Object
Illumination

Time
Photodegradation

Efficiency Reference

CeO2@ZnO Hydrothermal
approach Ordered mesoporous 380 nm < λ

<780 nm 50 mg MB 150 min 97.4% [40]

CeO2@ZnO Electrospinning
technique Nanofibers 365 nm 10 mg RhB 180 min 98% [41]

CeO2@ZnO Sol–gel method Nanocomposites >420 nm 50 mg RhB 250 min 50% [42]

CeO2/ZnO@Au Hydrothermal
method

Hierarchical
heterojunction Xe lamp 10 mg RhB 20 min 99% [43]

CuO/CeO2/ZnO Two-step sol–gel
method Nanoparticles UV light 50 mg RhB 30 min 98% [44]

CeO2/ZnO
In situ

precipitation
method

Nanocomposites UV light 50 mg RhB 80 mn 42% [45]

CeO2/ZnO

Pyrolyzing
Ce@Zn

metal–organic
frameworks

Nanoheterojunction UV light 50 mg RhB 30 min 97% This work

The production of free radicals was investigated under dark and light conditions using
EPR spectroscopy. The peak intensities in the EPR spectra reflect the concentrations of
free radicals. As shown in Figure 8, no free radicals are detected in the dark, whereas two
types of free radicals are formed upon light irradiation. Furthermore, the concentration
of free radicals produced by the CeO2@ZnO-0.67 nanocomposite is the highest under
light irradiation, confirming that these free radicals are responsible for enhancing the
photodegradation efficiency.
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To investigate the separation ability of the photogenerated electrons and holes, the
transient photocurrent characteristics of the CeO, ZnO, and CeO2@ZnO-0.67 nanocompos-
ites were measured. As shown in Figure 9a, the CeO2@ZnO-0.67 nanocomposite produces
a stronger photocurrent than CeO2 and ZnO, indicating that has the highest number of
photogenerated charge carriers under illumination. In addition, the PL spectra of the
CeO2, ZnO, and CeO2@ZnO-0.67 were measured. As shown in Figure 9b, the intensity
of the luminescent peak for CeO2@ZnO-0.67 is significantly lower than that of CeO2 and
ZnO, which indicates that the electron–hole pairs generated by CeO2@ZnO-0.67 have a
low recombination rate. The efficiency of the direct electron transfer and separation of
photogenerated electrons was evaluated using EIS (Figure 9c). In the EIS spectra, the arc
radius determines the resistance of the interface layer, which affects the separation of elec-
trons. A small arc radius means that electrons can be transported quickly. Among the three
photocatalysts, CeO2@ZnO-0.67 exhibits the smallest arc radius, indicating its excellent
charge transfer ability. Cycling experiments were performed to evaluate the stability and
recyclability of CeO2@ZnO-0.67. Figure 9d shows that the high photodegradation efficiency
of CeO2@ZnO-0.67 is maintained after three cycles.

Based on the previously described analysis, the separation mechanism of the photo-
generated electron–hole pairs is shown in Figure 10. Generally, the photoexcited electrons
easily recombine with the holes in the VB. In CeO2 or ZnO pure phase materials, the
recombination of excited electrons in CB and holes in VB is dominant, which considerably
reduces the efficiency of photodegradation. Therefore, the inhibition of charge carrier
recombination is crucial for enhancing photocatalytic efficiency. Unlike CeO2 and ZnO, the
CeO2@ZnO nanocomposite contains a heterojunction interface, which prevents the recom-
bination of photogenerated charge carriers and ensures the production of free radicals for
Z-scheme catalytic photodegradation. In detail, the excited electrons in ZnO preferentially
recombine with the holes in CeO2, which enables the electrons in the CB of CeO2 and the
holes in the VB of ZnO to interact fully with oxygen and water to generate free radicals for
dye decomposition.
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4. Conclusions

In this study, CeO2@ZnO nanocomposites with various Zn:Ce ratios were prepared
via the pyrolysis of Ce/Zn-MOFs precursors. As the Zn:Ce ratio increases from zero to one,
pure CeO2, CeO2@ZnO nanocomposites, and pure ZnO are obtained. Pure CeO2 exists as
nanospheres with diameters of approximately 800 nm. With an increase in the Zn:Ce ratio,
the CeO2@ZnO nanocomposites gradually transform from nanospheres to nanoparticles
of approximately 10 nm diameter, increasing the specific surface area. In addition, a
heterojunction is formed, as evidenced by TEM and XPS analysis. The optical band gaps of
the nanocomposites widen with an increase in the Zn:Ce ratio owing to the heterojunction
interface and quantum size effects. Among the produced photocatalysts, the CeO2@ZnO
nanocomposite with a Zn:Ce ratio of 0.67 exhibits the best photocatalytic efficiency, which
is higher than that of a CeO2@ZnO nanocomposite with a Zn:Ce ratio of 1. In addition,
this work can be extended to the preparation of other metal oxide nanocomposites, and
excellent photocatalytic performance can be obtained.
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Abstract: Free cyanide is a highly dangerous compound for health and the environment, so treatment
of cyanide-contaminated water is extremely important. In the present study, TiO2, La/TiO2, Ce/TiO2,
and Eu/TiO2 nanoparticles were synthesized to assess their ability to remove free cyanide from aque-
ous solutions. Nanoparticles synthesized through the sol–gel method were characterized by X-ray
powder diffractometry (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spec-
troscopy (EDS), Fourier-transformed infrared spectroscopy (FTIR), diffuse reflectance spectroscopy
(DRS), and specific surface area (SSA). Langmuir and Freundlich isotherm models were utilized to
fit the adsorption equilibrium experimental data, and pseudo-first-order, pseudo-second-order, and
intraparticle diffusion models were used to fit the adsorption kinetics experimental data. Cyanide
photodegradation and the effect of reactive oxygen species (ROS) on the photocatalytic process
were investigated under simulated solar light. Finally, reuse of the nanoparticles in five consecutive
treatment cycles was determined. The results showed that La/TiO2 has the highest percentage of
cyanide removal (98%), followed by Ce/TiO2 (92%), Eu/TiO2 (90%), and TiO2 (88%). From these
results, it is suggested that La, Ce, and Eu dopants can improve the properties of TiO2 as well as its
ability to remove cyanide species from aqueous solutions.

Keywords: cyanide; adsorption; photocatalysis; anatase; lanthanide doping; nanoparticles

1. Introduction

Cyanides are highly toxic chemical compounds that can cause severe harm to health
and the environment [1]. The most common cyanide compounds in the environment are
present both in their free form, which comprises the cyanide ion itself (CN−) and hydrogen
cyanide (HCN), and as water-soluble inorganic salts, including sodium cyanide (NaCN)
and potassium cyanide (KCN) [2]. Some cyanide compounds are naturally produced by
microorganisms, although they can also be found in plants and some foods, as well as
in low concentrations in soil and water. On the other hand, generation of effluents by
industries is the main source of release into the environment of cyanide complexes, which
are formed by union of cyanide ions with metal ions [3].

All forms of cyanide can be lethal at high levels of exposure; however, free cyanide
(HCN + CN−) is the deadliest form of all [4]. This form of cyanide in a solution can be re-
moved and/or transformed to fewer toxic forms through various physicochemical methods,
such as acidification, photocatalysis, adsorption, coagulation, reverse osmosis, precipita-
tion, filtration, and AVR (acidification, volatilization, and reneutralization) process [5,6].
Among these methods, adsorption and photocatalysis have shown to be two promising
methodologies due to their high efficiency, simplicity of design, ease of handling, and low
operating cost [7,8]. The adsorption process can be carried out by different mechanisms,
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including electrostatic interaction, ion exchange, and complexation [9]. Unfortunately, this
process only allows for transfer of the contaminant from one medium to another without
completely removing it from the environment. However, complete degradation of the
adsorbed pollutant can be achieved through the series of oxidation–reduction reactions
that take place in the photocatalytic process [10–13].

Photocatalysis applied to aqueous or gaseous systems involves formation of reactive
oxygen species (ROS), such as superoxide (•O2

−), hydroxyl radical (•OH), and singlet
oxygen (1O2), which are produced by electron capture by oxygen or oxidation of water
molecules [2]. ROS are very effective oxidizing agents, capable of degrading recalcitrant
compounds, and can also be produced on the surface of semiconductor materials, such as
titanium dioxide (TiO2) [14]. TiO2 is widely used as a photocatalyst because it is cheap,
abundant, chemically inactive, and photostable to corrosion; it also has high thermal
stability, intense photocatalytic activity, strong oxidizing power, and is friendly to the
environment [15]. TiO2 can produce ROS when it accepts a minimum quantity of energy
(bandgap energy, Eg) that allows it to remove an electron from the valence band (VB) and
transport it to the conduction band (CB), thus generating an electron/hollow (e−/h+) [16].
Unfortunately, the bandgap energy (Eg = 3.2 eV) required by TiO2 for pair formation
(e−/h+) restricts use of this semiconductor to wavelengths in the UV region (≈ 390 nm),
which represents only 5% of solar light [17]. Another important limitation of TiO2 is its
high recombination of photogenerated charges, which diminishes formation of ROS and,
consequently, its photocatalytic efficiency [18].

In order to decrease recombination of the pairs (e−/h+) and shift the absorption wave-
length to the wanted visible region (>λ = 400 nm), several specific surface modifications
on TiO2 have been suggested, including doping with different elements, including lan-
thanides [19–23]. In fact, lanthanide metal ions (Ln3+) have been employed as TiO2 dopants
in numerous investigations since they can considerably modify the physicochemical proper-
ties of this photocatalyst [24]. Doping of TiO2 with lanthanide elements can occur through
two mechanisms. In one mechanism, elements can be incorporated in the TiO2 lattice
by direct bonding or substitution to produce a ≡Ti–O–Ln–O–Ti≡ arrangement, causing
lattice defects/distortions due to the difference in ionic radii of Ln3+ and Ti4+. In the other
mechanism, it is considered that there is not enough energy to promote ion substitution in
the lattice, so the lanthanide elements can disperse on the TiO2 surface, creating Ti–O–Ln
bonds [25]. Presence of lanthanides, scattered as surface impurities in the TiO2 structure,
causes vacancies and surface defects that enable capture of the electrons produced on
the surface of the photocatalyst, thus reducing recombination of photogenerated charge
carriers [26]. However, an excess of lanthanide dopants on the TiO2 surface can reduce
its photocatalytic capacity, possibly due to generation of elevated density of defects and
vacancies, which would behave as recombination centers and not as electron collectors [27].

Lanthanide elements have motivated numerous investigations due to their potential
industrial applications, derived from their exceptional optical, magnetic, and/or redox
properties. Lanthanides, in particular lanthanum (La), cerium (Ce), and europium (Eu),
when applied as TiO2 dopants, inhibit transition from the anatase phase to the rutile phase,
cause lattice distortions in the surface layer, generate defects that reduce crystallite size,
increase specific surface area, improve thermal stability, increase the number of oxygen
vacancies, readily react with organic compounds to mineralize them, and can also provide
luminescent properties to TiO2 [28,29]. Lanthanum, cerium, and europium have been
studied for their capacity to enhance the photocatalytic activity of TiO2, probably due to the
presence of two events: a decrease in their bandgap energy and generation of an imbalance
in their surface charges [30,31]. Both events lead to states that contribute to capture
of photogenerated electrons and reduce recombination of pairs (e−/h+), increasing the
probability of formation of hydroxyl radicals (•OH) that are essential for photodegradation
of organic molecules [32]. Presence of these elements on the TiO2 surface leads to generation
of Lewis acid sites that ensure catalytic stability of semiconductors in aqueous reaction
media [25,33]. Likewise, Lewis acid sites enable increasing the adsorption of contaminant
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molecules on the TiO2 surface, which improves transfer of electrons for direct degradation
of the pollutant and increases the possibility of interaction between contaminant molecules
and photogenerated radicals [34].

As can be seen, doping with lanthanide elements has demonstrated to be effective in
adapting the TiO2 surface to several applications [35]. However, almost surprisingly, no
investigations have been found in the literature on use of TiO2 doped with La, Ce, or Eu for
adsorption and photocatalytic degradation of total cyanide in aqueous systems. Therefore,
the objective of this comparative study is to evaluate the effect of La, Ce, and Eu ions on
the adsorbent and photocatalytic capacity of TiO2 for its application in removal of total
cyanide from aqueous solutions. Thus, in the present study, adsorption and photocatalysis
experiments were designed in batch reactors, where the amount of residual total cyanide
(HCN + CN−) in the solutions was determined by UV–visible spectrophotometry using
the picrate alkaline method. The adsorption capacity of the synthesized nanoparticles was
evaluated by modifying the composition of the doping element, the pH of the solutions,
the initial concentration of the adsorbate, and the contact time, while the photocatalytic
activity was determined by simulated solar irradiation (λ = 300–800 nm). The synthe-
sized nanoparticles (TiO2, La/TiO2, Ce/TiO2, and Eu/TiO2) were characterized by X-ray
powder diffractometry (XRD), Fourier-transformed infrared spectroscopy (FTIR), diffuse
reflectance spectroscopy (DRS), scanning electron microscopy (SEM), energy-dispersive
X-ray spectroscopy (EDS), and specific surface area (SSA) by the BET method.

The novelty of this comparative study lies in the fact that it was possible to demonstrate
that doping of TiO2 with lanthanide elements, particularly Lanthanum, enables efficient
removal of cyanide species from aqueous systems at neutral pH thanks to the effective
combination of the processes of adsorption and photocatalysis. The materials synthesized
in this study could represent an important innovation in environmental technology due
to their operability and reusability, thus providing a sustainable alternative with great
application potential in effluent treatment.

2. Materials and Methods
2.1. Materials

The following reagents (analytical grade) were used in the present investigation without
any further purification: Europium(III) nitrate pentahydrate (Eu(NO3)3·5H2O, Sigma Aldrich,
St. Louis, MO, USA, 99.9%), Cerium(III) nitrate hexahydrate (Ce(NO3)3·6H2O, Sigma Aldrich,
St. Louis, MO, USA, 99.9%), Lanthanum nitrate hexahydrate (La(NO3)3·6H2O, Sigma Aldrich,
St. Louis, MO, USA, 99.9%), Titanium (IV) isopropoxide (Ti(OC3H7)4, Sigma Aldrich,
St. Louis, MO, USA, 98.0%), Isopropyl alcohol (C3H8O, Sigma Aldrich, St. Louis, MO, USA,
≥99.5%), Hydrochloric acid (HCl, Sigma Aldrich, St. Louis, MO, USA, 37.0%), Sodium
hydroxide (NaOH, Sigma Aldrich, St. Louis, MO, USA, ≥85.0%), Potassium cyanide (KCN,
Sigma Aldrich, St. Louis, MO, USA, ≥97.0%), Picric acid ((O2N)3C6H2OH, Sigma Aldrich,
St. Louis, MO, USA, ≥99.0%), Sodium carbonate (Na2CO3, Sigma Aldrich, St. Louis,
MO, ≥99.0%), p-Benzoquinone (C6H4(=O)2, Sigma Aldrich, St. Louis, MO, USA, ≥98.0%),
Ethanol (CH3CH2OH, Sigma Aldrich, St. Louis, MO, USA, 95.0%).

2.2. Synthesis of the Nanoparticles

The TiO2 (TO), La/TiO2 (La/TO), Ce/TiO2 (Ce/TO), and Eu/TiO2 (Eu/TO) nanopar-
ticles were synthesized following an adapted sol–gel method explained in previous stud-
ies [36]. To obtain the TiO2 nanoparticles, a solution (Solution A) of titanium (IV) iso-
propoxide (TiPO) dissolved in isopropyl alcohol (iPrOH) at a TiPO/iPrOH ratio of 70% v/v
was prepared at room temperature. A solution (Solution B) of isopropyl alcohol (iPrOH),
iPrOH/water (50% v/v) was also prepared at room temperature. Solution B was gradu-
ally added dropwise to solution A, maintaining constant stirring and room temperature.
After formation of a white precipitate, the reaction system was stirred for 60 min at room
temperature. The precipitate was dried (60 ◦C) for 24 h and then calcined (500 ◦C) for
4 h. Finally, the obtained solids were cooled to room temperature. To achieve the La/TO,
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Ce/TO, and Eu/TO doped nanoparticles, the procedure described above was repeated,
adding the lanthanum, cerium, or europium salts to the aqueous solution (Solution B) to
achieve a final concentration of the doping element of ~1% per gram of TiO2.

2.3. Characterization of the Nanoparticles

Characterization of the nanoparticles was performed using the methodology described
in our previous study [36]. For X-ray diffraction (XRD) measurements, a Bruker-AXS D8-
Discover diffractometer (Bruker AXS, Karlsruhe, Germany) was used. For specific sur-
face area (SSA) determination, ChemiSorb 2720 equipment (Micromeritics, Norcross, GA,
USA) was used. Micrographs of the synthesized samples were obtained by field effect scan-
ning electron microscopy (SEM) on a Zeiss Gemini ULTRA plus electron microscope (Carl
Zeiss AG, Ober-kochen, Germany). A Phenom ProX (Phenom World BV, Eindhoven, The
Netherlands) was used to achieve energy-dispersive X-ray (EDS) spectra. In the present
study, quantification of the elements in the synthesized nanoparticles was also performed
by inductively coupled plasma (ICP) optical emission spectrometry (OES) in an Optima
8000 ICP-OES Spectrometer (PerkinElmer, Inc., Waltham, MA, USA). FTIR spectra were
recorded on a PerkinElmer GX2000-FTIR Spectrometer (PerkinElmer, Inc., Waltham, MA, USA).
The diffuse UV–vis reflectance spectra (DRS) were obtained using a Phenom DesNicolet
Evolution 201/220 Thermo UV–vis spectrophotometer (ThermoFisher, Waltham, MA, USA).
To simulate solar light and evaluate the photoactivity of the nanoparticles, a solar box AT-
LAS, SUNTEST CPS+ (Atlas Material Testing Technology, Mount Prospect, IL, USA) was
used. Finally, the amount of cyanide remaining in the solutions was quantified using
a Jenway 7350 spectrophotometer (Cole-Parmer, Staffordshire, UK). IBM SPSS (version
25.0; statistic software for Windows; IBM Corp.; Armonk, NY, USA, 2017) was used for
the ANOVA analysis. The crystalline phases were recognized using the ICDD database
(International Center for Diffraction Data, version 2018). Finally, the Chemisoft TPx system
(version 1.03; data analysis software; Micromeritics, Norcross, GA, USA, 2011) was used
to calculate the SSA by the single-point method using the Brunauer–Emmet–Teller (BET)
equation.

2.4. Adsorption Studies

Cyanide adsorption experiments from KCN aqueous solutions were designed to
evaluate the following aspects: (a) the effect of pH on cyanide adsorption, (b) maximum
cyanide adsorption capacity, (c) adsorption thermodynamics and (d) the kinetic behavior
of cyanide adsorption. The data obtained from the adsorption experiments were fitted to
isothermal and kinetic models using the least squares nonlinear regression method [37].
Experiments were performed with all nanoparticles using the methodology described in
our previous study [36]. Cyanide species adsorption experiments were performed using
a batch method at room temperature and keeping the pH of the solutions at 7.0 ± 0.1 by
adding 0.1 M solutions of hydrochloric acid or sodium hydroxide. The amount of catalyst
used in all the experiments was 0.2 g L−1. The maximum cyanide adsorption capacity
was investigated by varying the concentration of 500 mL of KCN solution from 0.20 to
40 mg L−1. The adsorption thermodynamics and kinetic behavior of cyanide adsorption
were investigated using 500 mL of water containing 20 mg L−1 of KCN [38]. The alkaline
picrate analytical method was used to quantify total cyanide in aqueous solutions [39–41].
To accomplish this, first, the alkaline picrate solution (PAS) was prepared, consisting of
1 g of picric acid ((O2N)3C6H2OH) and 5 g of sodium carbonate (Na2CO3) dissolved in
200 mL of HPLC water. A volume of 4 mL of this solution was added to 1 mL of cyanide or
blank solution (HPLC water) contained in a test tube. This tube was incubated for 5 min
in a 95 ◦C water bath. After this time, the absorbance at 490 nm was measured using a
UV–vis spectrophotometer. The concentration of the solutions was determined based on
the previously prepared calibration curve (R2 = 0.9996) according to the Lambert–Beer Law.
The tests were carried out in triplicate and the results were expressed as the average of
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three repetitions [38]. The amount of cyanide adsorbed (qe) on the nanoparticles expressed
in mg g−1 was estimated using the following equation [42]:

qe = (C0 −Ce)×
v
w

(1)

where C0 and Ce are expressed in mg L−1 and correspond to the initial and equilibrium
concentration, respectively. The mass (w) of the adsorbent is expressed in grams (g), and
the volume (v) of the solution is expressed in liters (L).

The equilibrium total cyanide adsorption was assessed based on the Langmuir and
Freundlich isotherm models. The expression of the Langmuir isotherm model can be
represented using the following equation [43]:

Ce

qe
=

1
KLqmax

+
Ce

qmax
(2)

where qmax is expressed in mg g−1 and corresponds to the maximum monolayer adsorption,
KL is expressed in L mg−1 and corresponds to the equilibrium Langmuir constant related to
the adsorption energy, and Ce is expressed in mg L−1 and corresponds to the concentration
of solute at equilibrium. Additionally, the RL separation factor values, which offer an idea
of the adsorption characteristics, can be represented using the following equation [43]:

RL =
1

(1 + KLCe)
(3)

The suitability of the adsorption treatment based on the RL value is given as follows:
0 < RL < 1; it denotes suitable adsorption, RL > 1 unsuitable adsorption, RL = 0 irreversible
adsorption, and RL = 1 linear adsorption [43].

Moreover, the Freundlich isotherm model can be represented by the following equa-
tion [43]:

qe = KFC1/n
e (4)

where KF is expressed in L mg−1 and corresponds to the Freundlich constant, which speci-
fies the adsorption affinity of the adsorbents, and 1/n is another constant that corresponds
to the adsorption intensity. For favorable adsorption, the value of the constant n should be
in the range of 1 to 10 [44].

For the thermodynamic studies, the experimental data were fitted according to the
parameters of the thermodynamic laws described by Gibbs free energy (∆G0, kJ mol−1), en-
thalpy (∆H0, kJ mol−1), and entropy (∆S0, kJ mol−1 K−1) conventionally used, represented
by the following equation [45]

∆G0 = −RTln kC (5)

The relationship between ∆G0, ∆H0, and ∆S0, is obtained by the well-known van ’t
Hoff equation [45]

ln kC =
−∆H0

R
× 1

T
+

∆S0

R
(6)

where kL (L mg−1) is the Langmuir constant and could be achieved as a dimensionless
parameter. T is the absolute temperature (K), and R is the universal gas constant (8.314 J
mol−1 K−1). kC is achieved as a dimensionless parameter by multiplying kL by a molecular
weight of an adsorbate (Mw, g mol−1) and then by factors 1000 and 55.5, which is the
number of moles of pure water contained in a liter, described by the following equation [46].

kC = kL ×Mw × 1000× 55.5 (7)

The absorption kinetics were estimated by applying pseudo-first-order and pseudo-
second-order models, as well as intraparticle diffusion, external-film diffusion, and internal-
pore diffusion models. The pseudo-first-order kinetic model is represented by the following
equation [44]:

ln
(
qe − qt

)
= ln

(
qe
)
− k1t (8)
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where k1 is the rate constant (min−1) and qe and qt are the cyanide adsorbed per unit
weight (mg g−1) at equilibrium and at any time t, respectively.

The pseudo-second-order kinetic is represented by the following equation [44]:

t
qt

=
1

k2q2
e
+

1
qe

t (9)

where k2 is the pseudo-second-order rate constant (g mg−1 min−1).
Finally, to obtain an appropriate understanding of the cyanide adsorption mechanism

on the nanoparticles surface, the rate-limiting step in the adsorption process was also
estimated. The intraparticle diffusion model supposes that intraparticle diffusion is gener-
ally the rate-controlling step in well-mixed solutions. The intraparticle-diffusion model is
represented by the following equation [44]:

qt = k3t1/2 + A (10)

where k3 (mg g−1 min−1/2) is the intraparticle diffusion rate constant and A (mg g−1) is a
constant indicating the width of the boundary layer; that is, the larger the value of A, the
greater the boundary layer effect. When the qt plot against the square root of time shows
multilinearity, it means that the diffusion occurs in several steps during the process.

The internal pore diffusion model was also utilized in this study to explain the kinetic
adsorption data. When the adsorption rate is controlled by particle diffusion, the adsorption
rate is represented using the following equation [44]:

− ln

(
1−

(
qt
qe

)2
)

=
2π2Dp

r2 t (11)

On the other hand, regarding external-film-diffusion controls, the adsorption rate is
expressed by the following equation [44]:

− ln
(

1−
(

qt
qe

))
=

DfCs

h r Cz
t (12)

where qe and qt represent the amount of solute that is taken up by the adsorbent phase
at equilibrium and at a specific time t (mg g−1), respectively. The ion concentration in
the solution and adsorbent are donated by Cs (mg L−1) and Cz (mg kg−1), respectively.
The variable t refers to the contact time (min), while r represents the average radius of
the adsorbent particles (1 × 10−7 m). The film thickness around the adsorbent particles is
denoted by h and is assumed to be 10−6 m in poorly stirred solutions. Finally, the diffusion
coefficient in the adsorbent phase is referred to as Dp (m2 min−1), while Df (m2 min−1)
represents the diffusion in the film phase surrounding the adsorbent particles.

2.5. Photodegradation Studies

Heterogeneous photocatalysis experiments were performed using the methodology
described in our previous study [36]. These experiments were performed in an air-cooled
solar box. The batch method was used, keeping the pH of the solution at 7.0 ± 0.1 by
adding 0.1 M solutions of hydrochloric acid or sodium hydroxide. Typically, 0.2 g L−1

of nanoparticles were magnetically stirred in 500 mL of water containing 20 mg L−1 of
KCN [38]. The photodegradation rate of cyanide species in the heterogeneous photocat-
alytic systems exposed to simulated solar light for the TO, La/TO, Ce/TO, and Eu/TO
nanoparticles was followed by the Langmuir–Hinshelwood equation [47], which can be
represented by the following equation [48]:

ln
Co

Ct
= k K t = kappt (13)
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where k (min−1) is the actual rate constant, K is the adsorption constant of the substrate
on the nanoparticles, C0 (mg L−1) represents the initial concentration of the substrate, and
Ct (mg L−1) represents the concentration at a specific time t (min), and kapp (min−1) is the
apparent rate constant. Plotting ln(C0/Ct) against time t provides the apparent rate constant
(kapp) for substrate degradation from the slope of the curve fit line, and the intercept is
equal to zero.

To determine the influence of several reactive oxygen species (ROS) on the reaction
system, the radical quenching experiment was performed using isopropanol (i-POH),
ethanol (EtOH), and p-benzoquinone (p-BQ). These radical quenchers inhibit h+, •OH, and
•O2

−, respectively. The experiments were carried out following the methodology described
for the heterogeneous photocatalysis experiments but each time incorporating the radical
quenchers (0.5 mM) in the reaction system [49].

2.6. Reuse of Nanoparticles

Finally, in order to verify the reusability of the nanoparticles in cyanide photodegrada-
tion, a recycling experiment was designed using the methodology described in our previous
study [36]. The recycling experiment was performed for five consecutive cycles. At the
end of each treatment cycle, the suspensions were precipitated by leaving them to stand
for at least 1 h. After this time, the supernatant liquid was removed and the nanoparticles
were carefully washed three times with HPLC water, avoiding loss of solid material. In
each treatment cycle, 100 mL of fresh KCN solution (20 mg L−1) was used. The amount of
nanoparticles used in this experiment was 0.2 g L−1 [38].

3. Results
3.1. Characterization of the Nanoparticles
3.1.1. XRD and SSA Analysis

Figure 1 shows the diffraction patterns of pristine TiO2 compared to TiO2 doped with
lanthanum (La/TO), cerium (Ce/TO), and europium (Eu/TO). These nanoparticles were
synthesized at 500 ◦C. The diffraction peaks of anatase phase (TiO2) at 2θ values of 25.30◦,
36.95◦, 37.79◦, 38.57◦, 48.04◦, 53.89◦, 55.06◦, 62.11◦, 62.69◦, 68.76◦, 70.29◦, 75.04◦, 76.03◦,
82.67◦, and 83.15◦ were assigned to planes (1 0 1), (1 0 3), (0 0 4), (1 1 2), (2 0 0), (1 0 5), (2 1 1),
(2 1 3), (2 0 4), (1 1 6), (2 2 0), (2 1 5), (3 0 1), (2 2 4), and (3 1 2), respectively. The TiO2 crystal
structure was indexed to tetragonal phase with unit cell parameters a = b = 3.79 Å and
c = 9.51 Å, α = β = γ = 90◦, unit cell volume = 136.30 Å3, and space group |41/amd(141)
according to standard card JCPDS card No. 01-073-1764. Due to the low concentration
of the doping elements, the maximum diffraction peaks reported in the literature are not
observed for La2O3 (2θ = 29.96◦) [50], Ce2O3 (2θ = 30.39◦) [51], CeO2 (2θ = 28.57◦) [52], nor
for europium oxide (2θ = 28.44◦) [53].
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The crystal sizes of the TO, La/TO, Ce/TO, and Eu/TO nanoparticles were calculated
considering the most intense diffraction peak. The Scherrer equation (Equation (14)) was
used for the respective calculation [54]

A =
Kλ

β cosθ
(14)

where A is the size of the crystals expressed in nm, λ = 0.15406 nm and K = 0.89 represent
the wavelength of the X-ray beam and the shape factor, respectively, θ represents the Bragg
angle, while β represents the full width at half peak height maximum (FWHM) of the
X-ray diffraction peak. The average crystal sizes of the TO, La/TO, Ce/TO, and Eu/TO
nanomaterials were calculated at 28.54 (±0.98), 19.24 (±0.65), 20.68 (±0.87), and 21.94
(±1.07) nm, respectively.

On the other hand, the specific surface area (SSA) was evaluated by the single-point
BET (Brunauer–Emmet–Teller) method. The SSA of the pristine TiO2 (TO) was measured
as 88 m2 g−1, which was slightly lower than that of the La/TO, Ce/TO, and Eu/TO
nanoparticles, with values of 126, 104, and 96 m2 g−1, respectively. From these results, it is
suggested that elements lanthanum (La), cerium (Ce), and europium (Eu) have a specific
effect on inhibition of growth of TiO2 crystallites, stabilization of this oxide in its anatase
phase, as well as increasing specific surface area (SSA).

3.1.2. FTIR Analysis

FTIR spectroscopy was used for chemical characterization of TO, La/TO, Ce/TO, and
Eu/TO nanoparticles. The FTIR spectra of all the synthesized nanoparticles are shown in
Figure 2a–d, respectively.
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The FTIR spectrum of TiO2 reveals the existence of a broad band in the region of
540–900 cm−1, which is assigned to Ti–O and Ti–O–Ti stretching vibrations [55,56]. After
doping, the main change was identified in this region, presenting new unresolved bands
around the 500–600 cm−1 region that could be attributed to Ln–O stretching modes of
vibrations. The results obtained in this analysis agree with those reported in the litera-
ture [57,58].
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On the other hand, the spectra in Figure 2 show that there is a tendency to increase the
vibrational frequencies as the ionic radius of the doping elements decreases. Evidence from
the literature indicates that Ln–O single-bond stretching frequencies and Ln–O single-bond
stretching force constants show a linear correlation with inverse ionic radii [59].

3.1.3. SEM and EDS Analysis

Figure 3a–d displays the SEM photomicrographs of TO, La/TO, Ce/TO, and Eu/TO
nanoparticles, respectively. In these figures, it is evident that all the nanoparticles appear
almost spherical and are highly agglomerated. These results are in agreement with those
informed by other authors [60]. Doped nanoparticles are smaller than pristine TO nanopar-
ticles. The average size of the TO nanoparticles was 32 nm, in contrast to La/TO, Ce/TO,
and Eu/TO nanoparticles, which had mean sizes of 26, 27, and 28 nm, respectively. The
size of the synthesized nanoparticles was measured using ImageJ2, which is public domain
software for scientific image processing and analysis [61,62]. The sizes of the nanoparticles
are within the range of values reported by other authors [63].

The SEM images presented in this study support the results of the XRD analysis
(Figure 1), demonstrating that doping elements lanthanum, cerium, and europium are
effective in preventing crystallite growth and stabilizing the structure of the TiO2 semicon-
ductor.

Likewise, Figure 3a–d displays the EDS spectra of TO, La/TO, Ce/TO, and Eu/TO
nanoparticles, respectively. These spectra support the results of the FTIR analysis (Figure 2),
thus confirming incorporation of lanthanide elements La (1.32 wt%), Ce (1.34 wt%), and Eu
(1.28 wt%) on the TiO2 structure.

3.1.4. Optical and Photoelectric Properties

The optical absorption capacity of the synthesized nanoparticles was determined by
UV–visible (UV–vis) DRS at room temperature in the range of 200 to 700 nm. Figure 4a
shows the DRS UV–vis spectrum of TO, La/TO, Ce/TO, and Eu/TO nanoparticles. Com-
paratively, the absorption behavior in the visible light spectrum (around 400 nm) was
slightly enhanced for La/TO, Ce/TO, and Eu/TO. Due to this bathochromic shift, it is
suggested that, compared to TO, doped nanoparticles have improved response to visible
light.

The Tauc formula was used to estimate the direct bandgap energy (Eg) for the nanopar-
ticles using the following equation [64]:

αhv = A
(
hv− Eg

)n/2 (15)

where α is the absorption coefficient, hv is photon energy, computed by hv = 1240/λ, A is a
constant that is correlated with the absorption brink width parameter, and n is the optical
transition phase. The value of n depends on the semiconductor transitions, that is, n = 1 for
direct transitions and n = 4 for indirect transitions [64].
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The relationship between (αhv)2 and photon energy (hv) shown in Figure 4b enabled
estimating the direct bandgap energy (Eg) [65]. Based on the data presented in this figure,
the direct Eg values achieved from the intersections of the straight line with the energy
axis [66] were 3.20, 3.10, 3.14, and 3.16 eV for TO, La/TO, Ce/TO, and Eu/TO, respectively.

3.2. Effect of Nanoparticles Composition

The effect of the composition of TO, La/TO, Ce/TO, and Eu/TO nanoparticles on their
total cyanide removal capacity qe (mg g−1) was evaluated in the absence of light (30 min)
and then under simulated solar light. The results of this experiment are shown in Figure 5.
For all the nanoparticles, it was found that, after 90 min of radiation exposure and under
the test conditions, it is possible to achieve maximum removal. This time was denoted as
the equilibrium time te (min).
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tion = 0.2 g L−1; cyanide concentration = 20 mg L−1; solution pH = 7.0 ± 0.1).

The findings of the analysis of variance (ANOVA) carried out at te (min) are summa-
rized in Table 1. The values in the same column that have been assigned different letters
(a–g) are significantly different from each other, with a high level of statistical significance
(p < 0.01). Based on these results, it is suggested that, for each dopant, the best composition
was 1.0 wt.%; therefore, the La/TO (1%), Ce/TO (1%), and Eu/TO (1%) nanoparticles
were selected to perform cyanide removal tests and evaluate the effectiveness of doping in
relation to non-doped TiO2.

Table 1. Effect of nanoparticles compositions on their cyanide adsorption capacity.

Nanoparticles Composition
HSD Tukey * Duncan *

qe (mg g−1) qe (mg g−1)

La/TO (1.0%) 1.18 ± 0.07 a 1.18 ± 0.07 a

Ce/TO (1.0%) 2.24 ± 0.11 b 2.24 ± 0.11 b

La/TO (0.5%) 2.43 ± 0.09 b 2.43 ± 0.09 b

Eu/TO (1.0%) 3.07 ± 0.02 c 3.07 ± 0.02 c

Ce/TO (0.5%) 3.22 ± 0.10 c 3.22 ± 0.10 c

La/TO (2.0%) 3.47 ± 0.23 c 3.47 ± 0.23 c

Eu/TO (0.5%) 4.28 ± 0.29 d 4.28 ± 0.29 d

Ce/TO (2.0%) 4.79 ± 0.31 d 4.79 ± 0.31 e

Eu/TO (2.0%) 5.73 ± 0.16 e 5.73 ± 0.16 f

TO 6.16 ± 0.07 e 6.16 ± 0.07 g

p-value <0.001 <0.001
Different letters (a–g) indicate different groups with a high level of statistical significance (p < 0.01). The means for
the groups in the homogeneous subsets are displayed. * Use the sample size of the harmonic mean = 3.0.
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3.3. Adsorption Studies
3.3.1. Effect of pH on Cyanide Adsorption

Figure 6 shows the results of the cyanide adsorption experiment as a function of
the pH of the solutions. Total cyanide adsorption capacity (HCN + CN−) remained un-
changed in the pH range 9 to 12 for pristine TO (pHPZC = 6.9) and for doped nanoparticles
(pHPZC = 7.1). The point of zero charge (PZC) corresponds to the pH value at which the
net surface charge of the solid is equal to zero under certain conditions of pressure, tem-
perature, and composition of the aqueous solution [67]. The point of zero charge (PZC)
for all nanoparticles was determined at room temperature (21 ± 2 ◦C) using the pH drift
procedure (∆pH = pHf − pHi = 0). The experiment was carried out in 50 mL tubes, in which
25 mL of a 0.1 M NaCl solution and 0.1 g of solid sample were placed. The pH values of
the solutions contained in the tubes were adjusted to values between 3 and 12 using 0.1 M
solutions of HCl or NaOH. These initial pH values were designated as pHi. The tubes were
shaken for 24 h at 230 rpm. After this time, the final pH of the supernatant liquid in each
tube was measured and designated as pHf. The PZC was determined from the graph of
∆pH (∆pH = pHf – pHi) vs. pHi. The procedure was repeated for all nanoparticle samples
using 0.01 and 0.05 M NaCl solutions. All experiments were carried out in triplicate, and,
for each sample, the average pHPZC value was reported [68].
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In this study, the pHPZC of all nanoparticles was on average 7.0. This implies that,
at pH > pHPZC = 7.0, the surface of the nanoparticles has a negative charge and, at
pH < pHPZC = 7.0, it has a positive charge.

The ability of ions to be adsorbed on a surface from a solution is greatly influenced
by the pH of the solution. This is because pH affects both the surface charge of the ion
adsorbent and the extent to which the ions ionize and exist in different forms. Therefore,
to better understand the adsorption mechanisms of cyanide species on the surface of
nanoparticles, it is important to consider the pH-dependent distribution of cyanide species
in solution (Equation (16)) [7].

HCN↔ CN− + H+ pKa = 9. 4 (16)

Inorganic cyanides, such as KCN and NaCN, are weak acids and hydrolyze to form
hydrocyanic acid (HCN), which has a pKa value of 9.4. At pH < 9.4, HCN is the predomi-
nant species in the aqueous solution, while, at pH > 9.4, HCN dissociates into H+ and CN−

ions [69]. CN− ions have nucleophilic characteristics and experience a strong electrostatic
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attraction in solutions at pH > 9.0, which is why several authors have informed higher
cyanide adsorption at pH values between 9 and 11 [42]. However, other authors have also
informed that inorganic cyanides can easily dissociate to form HCN and CN− species at a
neutral pH of 7.0 [70]. In fact, several investigations related to cyanide adsorption have
been carried out at pH values around 7.0 (pH < pKa), suggesting that the high adsorption
of HCN species is based on interactions with the existing Lewis acids sites on the adsorbent
surface [71,72]. Consequently, the adsorption experiments were performed at a pH of 7.0.

3.3.2. Maximum Cyanide Adsorption Capacity

In this study, the Langmuir and Freundlich isotherms were examined as equilibrium
models that rely on the initial concentration. The Langmuir isotherm represents a credible
theoretical framework for the process of adsorption occurring on a uniform and completely
homogeneous surface, whereby a finite quantity of identical and specific sites are available
for adsorption. In this model, there is minimal interaction among the molecules. The
Freundlich equation is a non-theoretical formula that does not assume uniformity in the
energy of surface sites, allows for unlimited adsorption capacity, and corresponds to an
exponential distribution of active sites that reflects a heterogeneous surface. Figure 7 shows
the cyanide adsorption isotherms of TO, La/TO, Ce/TO, and Eu/TO nanoparticles. This
figure clearly shows that, for all nanoparticles, the Langmuir model is a more suitable
description of the adsorption process compared to the Freundlich model.
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The values estimated at different temperatures for the constants of the Langmuir and
Freundlich models are given in Table 2. In this table, it is evident that the values of the RL
separation factor or equilibrium parameter were in the range of 0 to 1, while the values
of the coefficient n, which represents the intensity of adsorption, were in the range of 1 to
10. Consequently, it is suggested that adsorption of cyanide species on the surface of all
materials was satisfactory.
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Table 2. Isotherm parameters for cyanide sorption on nanoparticles at different temperatures.

Isotherm
Parameters

293.15 K 298.15 K 303.15 K
TO La/TO Ce/TO Eu/TO TO La/TO Ce/TO Eu/TO TO La/TO Ce/TO Eu/TO

Langmuir

qmax
(mg g−1)

46.48
(±4.10)

54.96
(±3.52)

51.39
(±2.11)

49.25
(±1.52)

51.13
(±2.56)

60.46
(±2.42)

56.53
(±3.18)

54.17
(±1.24)

55.78
(±2.32)

68.95
(±2.76)

61.67
(±3.01)

59.10
(±1.43)

KL
(L mg−1)

0.17
(±0.04)

0.22
(±0.04)

0.26
(±0.04)

0.31
(±0.03)

0.18
(±0.04)

0.24
(±0.03)

0.28
(±0.04)

0.33
(±0.04)

0.19
(±0.04)

0.27
(±0.03)

0.31
(±0.04)

0.37
(±0.03)

RL 0.23 0.18 0.16 0.14 0.22 0.17 0.15 0.13 0.21 0.16 0.14 0.12
χ2 2.89 3.21 3.97 2.45 2.67 3.30 3.78 2.36 3.64 2.41 2.81 3.65
R2 0.95 0.97 0.98 0.99 0.97 0.96 0.99 0.98 0.96 0.98 0.97 0.99

Freundlich

KF
(L mg−1)

9.35
(±2.24)

13.02
(±2.59)

13.65
(±2.25)

14.76
(±1.94)

10.28
(±2.62)

14.32
(±2.63)

15.02
(±2.41)

16.24
(±1.78)

11.22
(±2.12)

15.62
(±2.85)

16.38
(±2.34)

17.71
(±1.36)

n 2.25
(±0.44)

2.40
(±0.44)

2.56
(±0.41)

2.80
(±0.39)

2.48
(±0.47)

2.64
(±0.41)

2.82
(±0.44)

3.07
(±0.37)

2.70
(±0.41)

2.88
(±0.40)

3.08
(±0.39)

3.35
(±0.35)

1/n 0.44 0.42 0.39 0.36 0.40 0.38 0.35 0.33 0.37 0.35 0.33 0.30
χ2 3.95 3.15 2.96 2.70 4.20 3.02 3.12 2.81 3.56 3.42 3.15 2.15
R2 0.84 0.86 0.89 0.92 0.86 0.89 0.90 0.94 0.87 0.90 0.88 0.92

3.3.3. Adsorption Thermodynamics

The thermodynamic parameters provide information about the spontaneity and possi-
bility of a process. To determine these parameters, namely Gibbs free energy change (∆G◦),
enthalpy change (∆H◦), and surface entropy change (∆S◦), the equilibrium constant was
measured at different temperatures, as shown in Figure 8.
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Figure 8. Thermodynamic study of cyanide adsorption onto nanoparticles.

The results of the thermodynamic parameters are shown in Table 3. ∆G◦ indicates the
degree of spontaneity of the process; negative values reflect higher adsorption favorability.
Likewise, negative ∆H◦ values reflect that the process is exothermic, while negative ∆S◦

values indicate a decrease in randomness at the solution–solid interface during adsorption.

3.3.4. Kinetic Behavior of Cyanide Adsorption

To design and evaluate adsorbents for adsorption, it is important to determine the
rate of the time-dependent process. Two models, the pseudo-first-order (Lagergren) and
pseudo-second-order (Ho) models, were used to describe the adsorption kinetics, which are
commonly used as simplified models. Both models, as shown in Figure 9, exhibit a rapid
initial adsorption stage followed by a plateau stage. Table 4 indicates that the correlation
coefficient of the pseudo-second-order model is higher than that of the pseudo-first-order
model, suggesting a chemisorption process, according to previous literature [9].
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Table 3. Thermodynamic parameters of cyanide adsorption onto nanoparticles.

NPs Temperature
(K) ln kC

∆G◦

(kJ mol−1)
∆H◦

(kJ mol−1)
∆S◦

(kJ mol−1 K−1)

TO
293.15 12.45 −30.34

9.74 0.14298.15 12.50 −30.99
303.15 12.58 −31.70

La/TO
293.15 12.72 −31.01

13.43 0.15298.15 12.80 −31.72
303.15 12.91 −32.53

Ce/TO
293.15 12.89 −31.42

11.33 0.15298.15 12.95 −32.10
303.15 13.04 −32.87

Eu/TO
293.15 13.05 −31.80

12.94 0.15298.15 13.12 −35.52
303.15 13.22 −33.32
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On the other hand, the intraparticle diffusion model was utilized to explain the
adsorption rate, which is dependent on the rate at which the cyanide species transfer from
the aqueous solution to the adsorption sites on the nanoparticles. Figure 10 shows the
variation in the qt (mg g−1) curves as a function of time (t1/2) for the TO, La/TO, Ce/TO,
and Eu/ZTO nanoparticles.

Table 4 shows the total cyanide adsorption kinetic parameters estimated in this study
for all nanoparticles.

3.4. Photodegradation Studies
3.4.1. Kinetics of Cyanide Photodegradation

TiO2 is a widely used photocatalyst to efficiently degrade organic compounds due
to its strong oxidizing capacity, which is generated when subjected to the action of light.
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In this study, the photoactivity of pristine TiO2 nanoparticles and La/TiO2, Ce/TiO2, and
Eu/TiO2 nanoparticles was tested through model cyanide photodegradation reaction in
aqueous solutions under simulated solar radiation.

Table 4. Kinetic parameters for cyanide sorption on nanoparticles.

Kinetic Parameters TO La/TO Ce/TO Eu/TO

Pseudo-first-order

qmax
(mg g−1) 136.53 (±2.51) 143.85 (±1.69) 141.83 (±1.81) 137.82 (±2.94)

k1
(L mg−1)

0.04
(±2.29 × 10−3)

0.03
(±1.02 × 10−3)

0.03
(±1.56 × 10−3)

0.03
(±2.45 × 10−3)

χ2 8.94 8.48 7.69 7.13
R2 0.95 0.99 0.99 0.99

Pseudo-second-order

qmax
(mg g−1) 152.22 (±3.67) 175.08 (±6.36) 165.40 (±2.45) 160.69 (±3.99)

k2
(L mg−1)

3.19 × 10−4

(±2.75 × 10−5)
1.55 × 10−4

(±2.41 × 10−5)
2.37 × 10−4

(±1.70 × 10−5)
2.37 × 10−4

(±2.81 × 10−5)
χ2 2.82 3.03 3.67 2.64
R2 0.99 1.00 1.00 0.99

Intraparticle diffusion

k3
(mg g−1 min−1/2) 9.94 (±0.27) 10.80 (±0.17) 10.40 (±0.21) 9.89 (±0.16)

A 8.09 (±1.25) 9.99 (±1.05) 8.37 (±1.15) 9.12 (±1.17)
R2 0.91 0.92 0.90 0.92

External-film diffusion
Df (m2 min−1) 1.14 × 10−11 1.14 × 10−11 1.25 × 10−11 1.10 × 10−11

R2 0.98 0.99 0.98 0.99

Internal-pore diffusion Dp (m2 min−1) 1.40 × 10−17 1.42 × 10−17 1.60 × 10−17 1.40 × 10−17

R2 0.97 0.97 0.96 0.97
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The Langmuir–Hinshelwood equation showed a linear correlation between ln(C0/Ct)
and t, confirming that the photocatalytic degradation reaction proceeds via a pseudo-
first-order reaction. The calculated apparent rate constants (kapp) were calculated to be
0.016, 0.030, 0.018, and 0.017 min−1 for TO, La/TO, Ce/TO, and Eu/TO nanoparticles,
respectively. These results are in agreement with those reported by other authors [48,73].
The results obtained in the photocatalytic degradation test are shown in Figure 11. From
this figure, the maximum percentage of cyanide degradation for all nanoparticles is reached
around the first 90 min, after which photodegradation becomes almost constant. Evidence
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from the literature suggests that there is a limit to the efficacy of photocatalysis for complete
degradation of some pollutants [74]. In this study, maximum efficiency was reached by
La/TO (96.8%), followed by Ce/TO (88.9%), Eu/TO (86.5%), and TO (83.9%).
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3.4.2. Effect of the Photogenerated Radicals

It is widely known that photogenerated electrons (e−), photogenerated holes (h+),
hydroxyl radicals (•OH), and superoxide radicals (•O2

−) are the main reactive oxygen
species (ROS) in photocatalytic processes. Therefore, to establish the impact of various
ROS on the reaction system, a radical quenching experiment was performed incorpo-
rating different radical quenchers [75]. Figure 12 shows the results of this experiment.
From this figure, it is evident that, for all nanoparticles, the efficiency of photocatalytic
degradation of total cyanide decreased with introduction of isopropanol (i-PrOH) and
ethanol (EtOH), which are quenchers of h+ and •OH radicals, respectively. On average,
the nanoparticles decreased their cyanide removal efficiency by 9.0% and 5.0% when
introducing ethanol and isopropanol, respectively. On the other hand, introduction of
p-Benzoquinone (p-BQ) as a quencher of radials •O2

− did not affect the efficiency of the
nanoparticles for cyanide removal.

3.5. Total Efficiency and Reuse of Nanoparticles

The percentage of cyanide adsorbed and photodegraded by the synthesized nanopar-
ticles is shown comparatively in Figure 13. In this figure, for all the nanoparticles, the
photocatalysis process was more efficient for removal of cyanide species than the adsorption
process. From this figure, it can be inferred that, under the conditions tested in this study,
the highest adsorption and photodegradation capacity of cyanide species was achieved by
La/TO nanoparticles, followed by Ce/TO, Eu/TO, and finally by TO nanoparticles.

Finally, knowing that the stability and recyclability of materials with adsorbent and
photocatalytic applications are considered crucial aspects for their large-scale application,
in this study, reuse experiments were performed for five consecutive cyanide removal
cycles. Figure 14 shows the removal efficiency of the synthesized nanoparticles during the
five cycles.
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4. Discussion
4.1. Characterization of Nanoparticles
4.1.1. XRD and SSA Analysis

The results depicted in Figure 1 indicate that doping with lanthanide (Ln) can impact
the crystal structure of pure TiO2 (anatase), causing slight broadening and reduction
in intensity of its characteristic diffraction peaks. This suggests that the adsorbent and
photocatalytic properties of this semiconductor oxide can be affected by the presence of Ln
dopants [76]. According to the literature, it is very difficult for lanthanide ions to substitute
Ti4+ ions in the TiO2 crystal lattice. This is primarily due to the significant difference in
ionic radii between Ti4+ (0.068 nm) and the lanthanide ions, such as La3+ (0.116 nm), Ce3+

(0.114 nm), Ce4+ (0.101 nm), and Eu3+ (0.107 nm). Therefore, La3+, Ce3+/4+, and Eu3+ could
rather be uniformly dispersed on the TiO2 surface in the form of La2O3, Ce2O3/CeO2,
and Eu2O3 particles, respectively [77]. It should be noted that, even though the doping
elements were present in low concentration (1 wt%) and were evenly dispersed on the
TiO2 surface, Figure 1 does not exhibit identifiable diffraction peaks of the corresponding
lanthanide oxides [78]. Nevertheless, the reduction in crystallite size may be attributed
to the existence of La–O–Ti, Ce–O–Ti, or Eu–O–Ti bonds on the surface of TiO2. These
findings are consistent with those reported by other researchers, who have demonstrated a
decrease in crystallite size caused by formation of Ln–O–Ti bonds [79].

The results of the BET analysis would corroborate this appreciation since the doped
nanoparticles (La/TO, Ce/TO, and Eu/TO) show higher specific surface area related to
pristine TiO2. From the results of the BET analysis, it is suggested that La/TO, Ce/TO,
and Eu/TO nanoparticles could have better cyanide species removal capacity than TO due
to the greater accessibility of active sites on the increased surface area. Furthermore, the
high surface area of the doped nanoparticles could facilitate diffusion of cyanide species
and photogenerated ROS. In this way, photodegradation of cyanide could be improved
by allowing more energetic photons to be adsorbed on the surface of the photocatalytic
nanoparticles. Finally, the high surface area also facilitates contact between the nanoparti-
cles and the cyanide species present in the aqueous medium, which benefits the subsequent
photocatalytic reaction [48].
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4.1.2. FTIR Analysis

The FTIR spectra shown in Figure 2b–d allowed to demonstrate that, due to doping,
the broad band of the TiO2 semiconductor, shown in the region of 540–900 cm−1 in Figure 2a,
changes drastically. According to the literature, this change can be attributed to the presence
of Ln—O stretching modes of vibrations [24]. Unresolved bands suggest the existence of
uniform stresses in the lattice, which is generally associated with defects in the material
structure. These defects, probably derived from doping, can cause shortening of the Ti–O
bond, promoting vibrational mode changes observed in doped nanoparticles relative to
pristine TiO2 [80]. The results obtained in this analysis agree with those reported in the
literature [57,58].

4.1.3. SEM and EDS Analysis

Figure 3 shows a comparison of the SEM micrographs of the TO, La/TO, Ce/TO, and
Eu/TO nanoparticles. As evidenced in this figure, lanthanide elements La, Ce, and Eu,
by acting as TiO2 dopants, could promote reduction in size of semiconductor crystallites.
This is probably due to the fact that dispersion of dopant ions La3+, Ce3+/4+, and Eu3+

on the TiO2 surface could restrict direct contact between neighboring crystallites of this
semiconductor, thus inhibiting their growth [34]. According to the literature, restriction
of direct contact between neighboring crystallites is due to generation of large defects
in the crystal lattice of the material. These defects can change the interatomic distance
and, therefore, affect the stability of the bonds between TiO2 atoms. As a result, TiO2
microcrystals with different sizes and random orientations can be formed [81]. The results
of this study agree with those reported by other authors, who have shown that doping
enables stabilization of small particles [76]. Regarding EDS analysis, the results obtained
allowed us to confirm the presence of La (1.32 wt%), Ce (1.34 wt%), and Eu (1.28 wt%) on
the TiO2 structure. These results support the results obtained in the XRD and FTIR assays.

4.1.4. Optical and Photoelectric Properties

Figure 4a displays the UV–vis absorption spectra of TO, La/TO, Ce/TO, and Eu/TO
nanoparticles. In this study, the absorption threshold of the pristine TiO2 (TO) semiconduc-
tor was around 350 nm. The strong absorption band observed in this region for TO would
be associated with electronic transition from the valence band (VB) dominated by the 2p
orbital of O to the conduction band (CB) dominated by the 3d orbital of Ti [35]. In contrast
to the TO spectrum, the spectra of the nanoparticles that have been doped exhibit a red
shift. This phenomenon has been described in the literature as being caused by a charge
transfer transition between the f-electrons of the lanthanide ions and either the conduction
band or valence band of TiO2 [82]. As can be seen in Figure 4a, the shift of the absorption
edge towards a slightly longer wavelength depends on the lanthanide ions used as dopants;
however, it is evident that doping with these ions could improve the response of TO to
visible light.

On the other hand, to estimate the bandgap energy (Eg) of the synthesized nanoparti-
cles, the (UV–vis) DRS method was used, and the absorption data were fitted to equations
for direct bandgap transitions. Figure 4b shows a reduction in the Eg value for the doped
nanoparticles relative to the value calculated for the pristine TiO2. According to the litera-
ture, the reduction in the value of Eg is due to formation of impure energy levels (impure
orbitals) between the VB and the CB of the doped semiconductor [83]. Furthermore, due
to the presence of these impure orbitals, less energy is required to achieve the transfer of
electrons from the valence band to the impure orbital and/or from the latter to the conduc-
tion band. From these results, it is suggested that doping of the TiO2 semiconductor with
lanthanide elements La, Ce, and Eu allows to reduce the bandgap energy and, consequently,
to optimize the capacity of TiO2 to absorb wavelengths with less energy (including solar
radiation), as well as reduce recombination of photogenerated charges and modify the
adsorption capacity of the surface of this semiconductor [13].

105



Nanomaterials 2023, 13, 1068

4.2. Effect of Nanoparticles Composition

In this study, a preliminary experiment was developed in order to evaluate the best
concentration of elements La, Ce, and Eu as TiO2 dopants for effective removal of total
cyanide from aqueous systems. Figure 5 shows that the total cyanide removal capacity
of the doped nanoparticles increases when the percentage by weight of the dopant in the
semiconductor increases from 0.5 to 1%. However, the total cyanide removal capacity of
the doped nanoparticles decreases when the percentage by weight of the dopant in the
semiconductor increases from 1 to 2%. According to the literature, the reason for this is
that the presence of high concentrations of doping elements can lead to an increase in
the number of oxygen vacancies in the material, resulting in an increase in the number
of recombination centers for photoinduced charges [84]. Similarly, when the dopant
particles agglomerate and form clusters, they can obstruct the active sites on the surface
of the semiconductor, leading to a reduction in its photocatalytic efficiency. This has been
reported in the literature as well [85]. These findings align with previous studies conducted
by other researchers, who have shown that incorporating lanthanide elements at levels of
1–2 wt% can effectively enhance photoactivity of semiconductors across a broad range of
the electromagnetic spectrum [78].

4.3. Adsorption Studies
4.3.1. Effect of pH on Cyanide Adsorption

Due to the protonation–deprotonation balance of the surface hydroxyl groups, the
surface of titanium oxide (TiO2) has a pH-dependent charge, so this oxide presents a
positive charge under acidic conditions and a negative charge under basic conditions [67].
In the middle of these two regions is the point of zero charge (PZC), that is, the pH where
the total charge on the TiO2 surface is zero. As reported in the literature, adsorption of ionic
doping species, including lanthanides La, Ce, and Eu, could change the surface charge
density and position of PZC of TiO2 [86,87].

Several studies have reported that TiO2 behaves as a weak Brönsted acid and that,
when hydrated, it can form surface hydroxyl groups (Ti–OH) [88]. The hydroxyl groups
present can participate in chemical reactions involving association and dissociation of
protons, thus generating a pH-dependent surface charge:

TiOH + H+ ↔ TiOH+
2 at pH < pHPZC (17)

and
TiOH↔ TiO− + H+ + H2O at pH > pHPZC (18)

where the positive, neutral, and negative surface hydroxyl groups are represented by
TiOH2

+, TiOH, and TiO−, respectively [87].
From Figure 6, it can be inferred that, as the pH of the solution enhances, the amount

of total cyanide adsorbed also increases until reaching an adsorption maximum at pH = 9.
Above this value, cyanide adsorption remains constant for all nanoparticles. In this figure, it
is also observed that the doped nanoparticles have a higher total cyanide removal capacity
compared to pristine TiO2. This is probably because doping with lanthanum (La), cerium
(Ce), and europium (Eu) enables greater total number of available active sites on the surface
of TiO2 nanoparticles, thus driving favorable kinetics [34].

According to the literature, the pH level of a solution has an impact on the surface
charge of the adsorbents and the ionization and speciation of the adsorbate. Pristine and
doped TiO2 nanoparticles have a pHPZC of 6.9 and 7.1, respectively. This implies that,
at higher pH levels, there is a preference for an increase in negatively charged groups,
while, at lower pH levels, there is a preference for an increase in positively charged groups.
Regarding cyanide (pKa = 9.4), at pH values < pKa, this molecule in solution associates
in its molecular form (HCN), while, at pH > pKa, it dissociates mainly in its ionic form
(CN− + H+).
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Evidence from several studies indicates that, at pH < pHPZC, the specific adsorption of
HCN species on the OH groups present on the surface of hydrated nanoparticles is driven
through formation of N–H polar covalent bonds, as indicated below [69]

TiOH + HCN↔ TiOH · · ·NCH (19)

or
TiOH+

2 + HCN↔ TiOH+
2 · · ·NCH (20)

For pH < 7.0, the surface of the nanoparticles exhibits a positive charge and the degree
of HCN dissociation is negligible. Therefore, electrostatic forces of attraction between a
charged surface and a neutral molecule are unlikely to develop, especially at very low
pH values. At pH > 7.0, the negative charge on the surface of the nanoparticles increases,
but the dissociation of HCN into CN− ions is negligible until pH = pKa = 9.4 is reached.
However, in the pH range between 7.0 and 9.4, an increase in the forces of electrostatic
attraction is expected and, therefore, an increase in the adsorption of HCN species on the
negative surface of the nanoparticles. At pH > pKa = 9.4, the proportion of CN− species
in the solution increases, but, in parallel, the surface of the nanoparticles becomes more
negative since pH > pHPZC. This generates an augment in the repulsive forces between
the negative surface sites of the nanoparticles and the negative CN− ions, which causes
a reduction in the adsorption capacity of these ions at very high pH values, as shown in
Figure 6.

The strong dependence between the pH of the solution and the adsorption capacity
of the nanoparticles is a clear indication that, in this study, the total cyanide adsorption
mechanism was mainly driven by electrostatic interactions, although other types of in-
teractions cannot be excluded (van der Waals and/or specific interactions). In fact, it is
suggested that adsorption of CN− species on La/TO, Ce/TO, and Eu/TO nanoparticles
could occur predominantly by chemical adsorption instead of physical adsorption (outer
sphere complex), although the presence of physical adsorption is not ruled out completely.
The results of this study are consistent with those reported in the literature [44]. When
CN− is in contact with active cationic sites on the adsorbent surface, it forms a bond with
them. According to the literature, lanthanum, cerium, and europium ions show strong
electron withdrawal effect [25,33], so the presence of these lanthanides on the surface of
TiO2 nanoparticles contributes to generation of Lewis acids sites [28,29,89]. It should be
mentioned that these active cationic sites could certainly improve cyanide adsorption on
the TiO2 surface [34], in addition to providing this semiconductor with catalytic stability in
an aqueous reaction system [90].

4.3.2. Maximum Cyanide Adsorption Capacity

Figure 7 shows the adsorption isotherms obtained for the synthesized nanoparticles.
This figure displays that, at low concentrations of cyanide species (HCN + CN−), the
adsorption rate increases; instead, at high concentrations of these species, the adsorption
rate reaches a maximum where it stabilizes. One possible reason for this phenomenon is
the excessive presence of cyanide compounds that compete for the available active sites on
the surface of the adsorbent nanoparticles. Evidence from these results suggests that the
initial concentration of cyanide species in solution could generate a significant driving force
to allow these species to migrate from the liquid phase to the nanoparticle surface [91].

The adsorption data obtained in this study for TO, La/TO, Ce/TO, and Eu/TO
nanoparticles were fitted to the Langmuir and Freundlich isotherm models. Table 2 de-
scribes the parameters corresponding to adjustment of the experimental data. As shown
in this table, given the values of the correlation coefficient (R2), it is concluded that the
Langmuir model is the most suitable to describe the equilibrium adsorption behavior. Con-
sequently, it is suggested that monolayer adsorption of cyanide species on the synthesized
nanoparticles proceeds as a phenomenon of electrostatic attraction. This attraction takes
place in regions with homogeneous surfaces, where the strongest binding sites are initially
filled, and, as the saturation level increases, the binding strength decreases [44]. Finally, the
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values of the Langmuir and Freundlich constants (RL and n) shown in Table 2 confirm the
favorable adsorption of cyanide species on the nanoparticles synthesized in this study.

4.3.3. Adsorption Thermodynamics

As mentioned above, thermodynamic parameters offer the most reliable indications
for effective implementation of a process in practice. Table 3 shows the thermodynamic
parameters obtained in this study for removal of cyanide species. Negative ∆G◦ values
suggest the feasibility and thermodynamic spontaneity of total cyanide adsorption on TO,
La/TO, Ce/TO, and Eu/TO nanoparticles. Furthermore, the decrease in negative values of
∆G◦ with increasing temperature reveals an increase in the effectiveness of the adsorption
process at high temperatures. On the other hand, the positive values of ∆H◦ and ∆S◦ shown
in Table 3 suggest that adsorption of cyanide species on the nanoparticles occurred as an
endothermic process. Finally, the positive ∆S◦ also suggests an increase in randomness
at the solution/solid interface, with several structural alterations in the active sites of the
nanoparticles during cyanide fixation. These results are in agreement with those informed
by other authors [43].

4.3.4. Kinetic Behavior of Cyanide Adsorption

The kinetic models of adsorption allow to determine the contact time necessary for
the whole adsorption of the chemical species. Figure 9 shows the fit of the experimental
data obtained in this investigation with the pseudo-first-order and pseudo-second-order
kinetic models. In this figure, for all nanoparticles (TO, La/TO, Ce/TO, and Eu/TO),
the concentration of cyanide species decreases very fast at the beginning of the process
and tends to be constant after ~90 min. The rapid adsorption that occurs in the initial
stage could be due to the high concentration gradient, as well as the presence of vacant
adsorption sites. Table 4 shows the kinetic parameters of adsorption obtained for all the
nanoparticles. From the values shown in this table for the correlation coefficient (R2), it can
be concluded that the experimental data fit the pseudo-second-order model more than the
pseudo-first-order model, suggesting chemical adsorption of cyanide species on the surface
of nanoparticles [43].

On the other hand, Figure 10 shows the fit of the experimental data to the intraparticle
diffusion model. From this figure, the adsorption of total cyanide on the nanoparticles
occurs conceptually in two stages (linear regions), after which intrinsic adsorption occurs,
either by chemical binding on the active sites on the nanoparticles or by physical processes.
The initial stage of fast speed that is observed in Figure 10 could be described as a process
of diffusion of cyanide particles through the stationary film that surrounds each adsorbent
nanoparticle; therefore, it corresponds to the mass transfer from the aqueous solution to the
surface of the adsorbent. In contrast, the slow-rate second stage corresponds to intraparticle
mass transfer and describes the process of diffusion of cyanide particles through the pores
of adsorbent nanoparticles. The linear regression analysis for the diffusion kinetic models
is displayed in Table 4. From the relatively high values of A reported in this table, it
is suggested that surface adsorption could be the rate-limiting step for all synthesized
nanoparticles [44].

4.4. Photodegradation Studies
4.4.1. Kinetics of Cyanide Photodegradation

Regarding the photocatalytic behavior of TO, La/TO, Ce/TO, and Eu/TO, in this
study, it was possible to demonstrate that these nanoparticles achieved effective removal
of total cyanide in the aqueous solution. Possibly, this occurred because the doping of
TiO2 with lanthanide elements La, Ce, and Eu not only provided greater quantity of
active centers for adsorption of cyanide species but also the presence of these lanthanide
elements on the surface of TiO2 promoted decrease in bandgap energy, which definitely
enhanced the photoactivity of the doped nanoparticles. It is widely known that magnitude
of bandgap energy is fundamental in photoactivity of semiconductors since it determines
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the recombination rate of the electron/hole pairs (e−/h+). Moreover, the recombination
rate may depend on other factors, such as carrier concentration, carrier mobility, and
semiconductor structure [81]. Therefore, the evidence from this study suggests that the
presence of La, Ce, and Eu ions on the TiO2 surface enhanced the photoactivity of this
semiconductor, probably by modifying the recombination rate of the pair (e−/h+). In
addition, in this study, it was shown that the nanoparticles doped with La/TO, Ce/TO,
and Eu/TO had lower bandgap energy than TO, so it is suggested that, given the smaller
separation between the valence bands (VB) and conduction (CB), doped nanoparticles
could easily transfer photoinduced electrons from the bulk to the surface and be more
active than TO nanoparticles under simulated solar light [92].

The photocatalytic route involving the doped nanoparticles (La/TO, Ce/TO, and
Eu/TO) begins with electronic excitation under simulated solar light. The photoexcited
electrons (e−) are transferred from the VB (e−VB) to the CB (e−CB), leaving holes (h+) in the
VB (h+

VB) of the photocatalyst (Equation (21)). Due to this electronic transfer, electron/hole
pairs (e−/h+) are photogenerated that migrate to the surface of the photocatalyst to react
directly with the adsorbed species, such as H2O ((H 2 O)ads), OH− (OH−ads), O2 ((O2)ads),
and other molecules. These (e−/h+) pairs can also recombine immediately after their
formation (Equation (22)). On the other hand, the photogenerated holes (h+) in the VB of
TiO2 promote oxidation of both adsorbed water molecules and hydroxyl ions to produce
highly reactive hydroxyl radicals (Equations (23) and (24)). Furthermore, the holes (h+)
can migrate towards the surface of the photocatalyst to create more reactive radicals and
oxidize the molecules adsorbed on the surface. Lanthanide ions (Lnn+) have empty 5d
orbitals, so they can trap photoexcited electrons in the CB of TiO2 (Equation (25)); however,
these electrons are very unstable, so they are quickly transferred to oxygenated molecules
adsorbed on the surface of the photocatalyst. Due to this transfer, radical superoxide
anions (•O2

−) and hydroxyl radicals (•OH) are generated through a series of sequential
reactions (Equations (26)–(29)). The following reactions suggest the likely pathway for ROS
photogeneration on the surface of Ln(n+)/TiO2 (Ln(n+) = La(3+), Ce (3+/4+), or Eu(3+)) [73,89]:

Lnn+/TiO2
hv→ Lnn+/TiO2 + e−CB + h+

VB (21)

e−CB + h+
VB → heat (22)

(H 2 O)ads + h+
VB 


(
H+ + OH−

)
ads + h+

VB → OH•ads (23)

OH−ads + h+
VB → OH•ads (24)

Ln(n+) + e−CB → Ln(n+)−1 (25)

Ln(n+)−1 + (O2)ads → Ln(n+) + O•−2 (26)

O•−2 + H+ → HO•2 (27)

2HO•2 → H2O2 + O2 (28)

H2O2 + e−CB → OH• + OH− (29)

Cyanide photodegradation occurs at the surface of the photocatalyst as a complex pro-
cess involving transfer of multiple electrons and protons from the catalyst to cyanide species.
Therefore, one of the key steps in photocatalytic degradation of cyanide is adsorption of
cyanide ions on the surface of the photocatalyst [93].

Photocatalytic degradation of cyanide involves various reactive oxygen species (ROS),
such as hydroxyl radicals (•OH), superoxide radicals (•O2

−), and singlet oxygen (1O2),
among others. As is well-known, the hydroxyl radical (•OH) is the most reactive species
and can oxidize a wide range of contaminants, including cyanide. Oxidation of cyanide
by hydroxyl radicals (•OH) can proceed through several pathways. In the biocatalytic
pathway, the hydroxyl radical attacks the carbon atom of the cyanide ion to form formamide
(NH2CHO), which can then react with the hydroxyl radicals to form formic acid (HCOOH)
and ammonia (NH3) [94].
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In the photocatalytic pathway, the hydroxyl radical attacks the nitrogen atom of the
cyanide ion to form cyanate (CNO−) (Equation (30)), which can be oxidized to produce nitro-
gen gas, carbon dioxide gas, nitrate, or nitrite, and bicarbonate (Equations (31)–(34)) [95–98].
It is worth mentioning that hydrolysis of cyanate to bicarbonate and ammonium ions
(Equation (35)) is more favored under acidic conditions (pH < 7) [99]. On the other hand,
direct oxidation of cyanide can also occur if the molecule reacts directly with the photogen-
erated holes [79].

CN− + 2 OH•ads → CNO− + H2O (30)

OCN− + OH•ads → CO2(g) + 1/2N2(g) + H+ (31)

OCN− + 3 OH•ads → HCO−3 + 1/2N2(g) + H2O (32)

OCN− + 6 OH•ads → HCO−3 + NO−2 + H+ + 2H2O (33)

OCN− + 8 OH•ads → HCO−3 + NO−3 + H+ + 3H2O (34)

OCN− + H+ + 2 H2O→ HCO−3 + NH+
4 (35)

In addition to oxidation of cyanide by hydroxyl radicals, electrons in the conduction
band of the photocatalyst may also participate in the degradation process. Electrons can
reduce oxidized species (CNO−, CO2, N2) to less harmful and more stable forms, such as
formate (HCOO−) or bicarbonate (HCO3

−). The reduction process is driven by transfer of
electrons from the photocatalyst to the oxidized species [94].

In summary, photocatalytic cyanide degradation is a process that can reduce cyanide
toxicity in wastewater by generating reactive species through light absorption by a pho-
tocatalyst. The photodegradation mechanism of cyanide in an aqueous solution involves
a series of reactions that depend on the type of photocatalyst used and the reaction con-
ditions, including the initial cyanide concentration, light intensity, and the presence of
other contaminants in the solution [91]. Although there are many factors that can affect
the effectiveness of the cyanide photocatalysis process, the process has great potential as a
treatment strategy for cyanide-contaminated wastewater.

4.4.2. Effect of the Photogenerated Radicals

As shown in Figure 12, the efficiency of nanoparticles for photodegradation of cyanide
species decreased with incorporation of i-POH and EtOH. This probably occurs due to
quenching of h+ and •OH, suggesting that these play a crucial role in photocatalytic
degradation of cyanide species. However, Figure 12 did not show a significant effect on
efficiency of photodegradation using p-BQ, probably because the presence of the radical
•O2

− is not essential for photocatalytic degradation of cyanide species under the conditions
evaluated in this study. These results are in agreement with those informed by other
authors [100].

4.5. Total Efficiency and Reuse of Nanoparticles

In this study, it was shown that photodegradation of cyanide species is more efficient
than adsorption of these species under the test conditions (Figure 13). As is known,
adsorption is a process that can be affected by a series of parameters, such as sorbent
properties, sorbate properties, solution conditions, among others. In fact, in this study, it
was shown that the pH of the solution had an important effect on adsorption capacity of
cyanide species on the surface of nanoparticles. Thus, Figure 6 shows that the maximum
adsorption capacity of cyanide species occurs at pH values > 9. However, since the
adsorption tests were performed at pH = 7, it is possible that the relatively low adsorption
percentages shown in Figure 13 were due to the limited electrostatic attraction between
cyanide species (pKa = 9.4) and nanoparticle surface (pHZPC = 7). Although adsorption of
cyanide species was limited by the pH of the solution, in this study, it was also possible to
demonstrate that incorporation of lanthanide elements, particularly lanthanum, in the TiO2
structure is a good alternative to improve adsorption of these species on the semiconductor
surface. Possibly, this was because incorporation of lanthanide elements as dopants enables
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generation of Lewis acid sites on the TiO2 surface, which undoubtedly contributes to
improving the adsorption capacity of a semiconductor.

Likewise, in this study, it was demonstrated that the combination of the adsorption
and photocatalysis processes enables improvement in the efficiency of removal of cyanide
species from aqueous solutions. This is probably because the cyanide species that first
adsorbed and accumulated on the nanoparticle surface at the beginning of photocatalytic
degradation are the ones that first degraded under simulated solar light. Consequently, the
constant migration and successive photocatalytic oxidation on the surface of the nanoparti-
cles certainly contribute to improving the removal efficiency at the solid–liquid interface.
This is due to generation of a concentration gradient, which acts as the main driving force
of the removal process of cyanide species from an aqueous solution. From these results, it
is suggested that, in this study, removal of cyanide species is due to the cooperative effect
between both adsorption and photocatalysis processes. Thus, the synthesized nanoparticles
are effective for removal of cyanide from aqueous systems because they have coupled
“adsorption–photodegradation” performances [88].

On the other hand, it is well-known that both the useful life of a material and its
potential applications are closely related to its structural and chemical stability. In this
study, an experiment was designed to evaluate reuse of synthesized nanoparticles in order
to estimate their effectiveness after five cycles of consecutive use. The results of this
experiment are shown in Figure 14. From this figure, it could be inferred that percentage
of cyanide removal decreases with each treatment cycle. However, after five consecutive
cycles, loss of cyanide removal capacity of the nanoparticles did not exceed 20% on average.
In fact, in this study, it was found that La/TO nanoparticles had a lower loss of effectiveness
(15.3%) at the end of the fifth reuse cycle compared to Ce/TO (16.6%) and Eu/TO (17.8%)
nanoparticles. The loss in effectiveness was probably due to chemical adsorption of cyanide
species on the surface of the nanoparticles since the possible formation of covalent bonds
and complexes could decrease the availability of active sites on the surface. At the end of
the fifth cycle, the chemical composition of the nanoparticles was verified by ICP analysis,
confirming that there was no lanthanide leakage into the solution. Consequently, the
synthesized nanoparticles (TO, La/TO, Ce/TO, and Eu/TO) are stable and maintain
adequate activity until the fifth treatment cycle, being able to effectively remove cyanide
species in aqueous solution.

Finally, Table 5 compares the maximum adsorption capacity (mg g−1) of the present
nanoparticles and some adsorbents used for cyanide removal from aqueous solutions.

Table 5. Comparison of adsorption capacity (mg g−1) of various materials for cyanide removal.

Adsorbent qmax (mg g−1) Isotherm Model Kinetic Model Reference

ZnO 275.00 Langmuir Pseudo-second-order [43]
NiO 185.00 Langmuir Pseudo-first-order [43]

ZnO-NiO 320.00 Langmuir Pseudo-second-order [43]
LTA zeolite modified

with HDMTMAB 24.09 Langmuir - [44]

Activated Carbon (AC) 78.10 Redlich-Peterson Pseudo-second-order [48]
Fe2O3/AC 86.20 Redlich-Peterson Pseudo-second-order [48]
TiO2/AC 90.90 Redlich-Peterson Pseudo-second-order [48]
ZnO/AC 91.70 Redlich-Peterson Pseudo-second-order [48]

TiO2/Fe2O3/AC 96.20 Langmuir Pseudo-second-order [48]
ZnO/Fe2O3/AC 101.00 Langmuir Pseudo-second-order [48]

Clay-K 253.98 - Pseudo-second-order [91]
TiO2/Fe2O3 124.87 - Pseudo-second-order [91]

Fe-MFI zeolite 33.98 Langmuir Pseudo-second-order [101]
Activated Periwinkle
Shell Carbon (APSC) 2.85 Langmuir Pseudo-second-order [102]
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Table 5. Cont.

Adsorbent qmax (mg g−1) Isotherm Model Kinetic Model Reference

SiO2/TiO2 39.79 Temkin Pseudo-second-order [103]
Activated Carbon (AC) 1.66 Freundlich Pseudo-second-order [104]

LDH loaded MMB 80 Langmuir - [105]
Corncob biochar 2.57 Langmuir - [106]

TiO2 46.48 Langmuir Pseudo-second-order In this study
La/TiO2 54.96 Langmuir Pseudo-second-order In this study
Ce/TiO2 51.39 Langmuir Pseudo-second-order In this study
Eu/TiO2 49.25 Langmuir Pseudo-second-order In this study

Likewise, Table 6 compares the photodegradation efficiency (%) of the present nanopar-
ticles and some photocatalysts used for cyanide removal from aqueous solutions.

Table 6. Comparison of photodegradation efficiency (%) of various materials for cyanide removal.

Material [CN] (mg L−1] [Catalyst] (g L−1] Time (min) Efficiency (%) Reference

TiO2/Fe2O3/zeolite 200 1.4 160 89 [48]
TiO2/Fe2O3/PAC 300 1.4 170 97 [48]

Blast furnace sludge (BFS) 750 2.0 120 97 [91]
Cts-Ag 71.6 2.5 180 98 [100]

SiO2/TiO2 61.54 3.5 30 96 [103]
Fe2+ 10 0.14 30 86 [107]
TiO2 30 0.05 60 72 [108]

Co/TiO2/SiO2 100 2.0 60 55 [109]
TiO2/SiO2 100 1.7 180 93 [110]
Ce/ZnO 250 4.0 180 84 [111]

Degussa P25 TiO2 13.2 0.1 60 73 [112]
Cu(II)-cryptate, complex 1 6.07 0.5–1.0 180 77 [113]

S–TiO2@rGO-FeTCPP 100 1.6 120 75 [114]
N-rGO-ZnO-CoPc(COOH)8 25 2.0 120 91 [115]

TiO2/ZSM-5 71.55 2.5 240 94 [116]
Me (Fe, Mn)-N/TiO2/SiO2 75 2.5 120 97 [117]

Carbon/nano-TiO2 61.53 3.0 180 98 [118]
rGO/TiO2 P25 50 1.0 180 100 [119]

TiO2 20 0.2 90 84 In this study
La/TiO2 20 0.2 90 97 In this study
Ce/TiO2 20 0.2 90 89 In this study
Eu/TiO2 20 0.2 90 86 In this study

As can be seen in Tables 5 and 6, among the nanoparticles synthesized in this study,
La/TiO2 showed the highest capacity for adsorption and photodegradation of cyanide
species in aqueous solutions. However, compared to other materials based on metal
oxides (ZnO, NiO, Fe2O3) reported in the literature, La/TiO2 (qmax = 54.96 mg g−1) has
a lower adsorption capacity for cyanide species under the tested conditions, although
it turned out to be a better adsorbent material for cyanide species than certain zeolitic
materials and biochar. On the other hand, La/TiO2 also proved to be more efficient for
cyanide photodegradation than the other nanoparticles synthesized in this study. Likewise,
La/TiO2 proved to be the same and even more efficient for cyanide photodegradation than
other TiO2-based photocatalytic materials recently reported in the literature, reaching an
efficiency of 97% after 90 min of reaction, with a catalyst load of 0.2 g L−1 and a cyanide
concentration in the solution of 20 mg L−1.

Based on the adsorption and photodegradation results obtained in this study and
comparing them with those reported in the literature cited above, it is suggested that
La/TO, Ce/TO, Eu/TO, and TO nanoparticles, in that order, are effective for removal
of cyanide species from aqueous solutions. Furthermore, the evidence from this study
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suggests that the removal of cyanide species was governed by a combination of electrostatic
interactions, complex formation by coordinate covalent bonds, and photo-oxidation on
the surface of the synthesized nanoparticles when the reaction systems were exposed to
simulated solar light.

5. Conclusions

The evidence from this study indicates that the adsorption and photodegradation
capacity of the nanoparticles synthesized in the present study (TiO2, La/TiO2, Ce/TiO2,
and Eu/TiO2) were influenced by several factors. Some of these were dependent on
material properties (chemical composition, bandgap energy, crystal structure, morphology,
particle size, specific surface area, and pHPZC), as well as the operating conditions (initial
concentration of adsorbate, contact time, system temperature, and pH of the solution)
of the removal processes used. These results are in agreement with those reported by
other authors [120]. Investigation of these parameters enabled us to obtain valuable
information on the mechanisms of adsorption and photocatalysis, which was fundamental
to determining the best operational conditions for efficient removal of cyanide species
from aqueous solutions at neutral pH. Likewise, synergistic coupling of the adsorption
and photocatalysis processes enabled significant improvement in the capacity of the TiO2
semiconductor for effective removal of cyanide species from aqueous solutions.

Our results showed that doping of the TiO2 semiconductor with lanthanide elements
La, Ce, and Eu represents a promising alternative to improve the adsorption capacity of the
TiO2 semiconductor and extend its photoresponse to the visible light region. Among the
doped nanoparticles, La/TO was more efficient than Ce/TO and Eu/TO for total cyanide
removal, probably because the La/TO nanoparticles had a higher specific surface area
(126 m2 g−1) in comparison with the specific surface area of Ce/TO (104 m2 g−1) and
Eu/TO (96 m2 g−1). Regarding cyanide photodegradation, it was also influenced by type of
doping lanthanide ion. La/TO nanoparticles were slightly more effective under simulated
solar light than Ce/TO and Eu/TO nanoparticles, possibly because the La/TO bandgap
energy (Eg = 3.10 eV) was lower than that of Ce/TO (Eg = 3.14 eV) and Eu/TO (Eg = 3.16 eV),
which is essential for absorption of light and generation of pairs of electrons and voids for
photodegradation of pollutants. On the other hand, reuse of doped nanoparticles was also
affected by type of lanthanide element. In this study, it was found that La/TO nanoparticles
had lower loss of effectiveness (15.3%) at the end of the fifth reuse cycle compared to
Ce/TO (16.6%) and Eu/TO (17.8%) nanoparticles, probably due to the smaller particle
size of La/TO compared to Ce/TO and Eu/TO, which could provide greater structural
stability to the photocatalyst in aqueous reaction systems. Therefore, the evidence from
this comparative study suggests that each doping element has an intrinsic effect on the
properties of TiO2, making it essential to understand these effects in the design of effective
materials for wastewater treatment.

In summary, this study provides information on the potential capacity of doping TiO2
nanoparticles with lanthanides (La, Ce, and Eu) as an innovative and effective approach
to improve the adsorption and photocatalysis properties of a semiconductor. In addition,
it highlights the synergistic effect of combining both techniques, adsorption and photo-
catalysis, to achieve complete and efficient removal of cyanide in wastewater, which is
valuable for development of new technologies that contribute to treatment and recovery
of hydric resources. Finally, it supports use of solar energy as a lighting source during
removal of cyanide in aqueous systems, contributing to generation of beneficial effects in
terms of environmental impact, energy efficiency, and remediation costs, thus promoting
sustainable practices.
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Abstract: We investigated solution-grown single crystals of multidimensional 2D–3D hybrid lead
bromide perovskites using spatially resolved photocurrent and photoluminescence. Scanning pho-
tocurrent microscopy (SPCM) measurements where the electrodes consisted of a dip probe contact
and a back contact. The crystals revealed significant differences between 3D and multidimensional
2D–3D perovskites under biased detection, not only in terms of photocarrier decay length values but
also in the spatial dynamics across the crystal. In general, the photocurrent maps indicate that the
closer the border proximity, the shorter the effective decay length, thus suggesting a determinant
role of the border recombination centers in monocrystalline samples. In this case, multidimensional
2D–3D perovskites exhibited a simple fitting model consisting of a single exponential, while 3D
perovskites demonstrated two distinct charge carrier migration dynamics within the crystal: fast and
slow. Although the first one matches that of the 2D–3D perovskite, the long decay of the 3D sample
exhibits a value two orders of magnitude larger. This difference could be attributed to the presence of
interlayer screening and a larger exciton binding energy of the multidimensional 2D–3D perovskites
with respect to their 3D counterparts.

Keywords: perovskite; diffusion length; multidimensional; dynamic; SPCM; single crystal

1. Introduction

Hybrid halide perovskites are highly promising materials, not only for the next-
generation photovoltaics but also in many other fields where optoelectronics plays a
key role. These applications include light-emitting diodes (LEDs), photodetectors, lasers,
sensors, and field-effect transistors [1]. Their tunable bandgap, defect tolerance, long carrier
diffusion length and high carrier mobility are noteworthy. In addition, they can be easily
processed with a low fabrication cost. On the other hand, the huge amount of possibilities
that these materials offer in terms of composition [2], morphology and synthetic methods
makes a deep understanding of their intrinsic properties mandatory in order to know their
potential advantages in commercial applications.

Typically, hybrid perovskites are based on a structural base such as ABX3 in the three
dimensions, where A and B correspond to monovalent and divalent cations, respectively,
with different sizes, and X are halides. However, these perovskites have certain limitations,
mainly related to the stability to moisture. The reduction of the perovskite dimension in the
form of a 2D layered structure, analogous to a conventional van der Waals material, has been
shown to attenuate such an undesirable effect by providing hydrophobic shielding. This is
achieved, for instance, by introducing a large organic cation (M) between [PbX6]4− layers as
a spacer. In addition, 2D structures yield other effects related to quantum confinement, band
alignment, passivation of trap states and inhibition of ion movement [3–5]. On the other
hand, the quantum confinement confers a strong exciton binding energy, which hinders
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their suitability for use in solar cells because the free carrier generation is significantly
suppressed. In this regard, multidimensional perovskites that combine 2D–3D structures
have proven to be a promising alternative, because they represent a tradeoff between
stability and performance. The general formula of these perovskites is M2(n)An−1BnX3n+1,
where n represents the number of metal halide interlayers, estimated from the stichometry
of the precursors [6,7]. Therefore, the n value defines the bulk-like block and thus the
3D-like behavior inside the van der Waals stacking.

One of the most important parameters employed in the evaluation of various per-
ovskite structures and compositions in terms of charge transport is the diffusion length [8].
This parameter corresponds to the average distance an excited charge carrier can travel
towards a collecting electrode before recombining through mechanisms such as radiative
recombination or trap-assisted recombination [9]. It has already been demonstrated that
large single crystals of perovskites containing iodine in their structure can achieve diffu-
sion lengths ranging from several to even thousands of micrometers [10,11]. Furthermore,
hybrid perovskite materials containing iodide ions in their structure have been observed to
exhibit longer electron and hole diffusion lengths compared to bromide perovskites [12].
However, it is worth noting that MAPbBr3 perovskite materials are significantly more stable
under ambient conditions than MAPbI3 perovskite materials [13], making this composition
preferable for studying intrinsic electronic properties. The introduction of a large cation
tends to reduce the diffusion length of the photogenerated carriers, although it remains
within the same order of magnitude as that of 3D perovskites [10]. However, different
values have been reported in the literature and depend on the experimental tool used
for evaluating it. For instance, optical probing methods based on photoluminescence or
transient absorption do not monitor all the possible charges produced, such as those ther-
mally emitted from traps states [14]. Furthermore, various types of charge carrier transport
have been studied. For example, Guo et al. [14] proposed different transport regimes,
including quasiballistic transport where charge carriers can travel long distances without
significant scattering or collisions, nonequilibrium transport depending on conditions and
energy input, and diffusive transport characterized by random scattering events, leading
to a random walk-like behavior [14,15]. Keeping in mind that the transport is strongly
influenced by defects and the grain boundaries the interfaces present in polycrystalline
films could be a determinant in their photocarrier response. Furthermore, the generation
of hot carriers with excess energy, as well as the formation of excitons and free charges in
hybrid perovskites, have implications for the transport processes [16].

A versatile technique for studying the carriers’ generation and transport in semicon-
ductors during the excitation is the use of a scanning confocal photocurrent microscopy
(SCPM) [17–23], which allows the current generated in different regions of the sample by op-
tical excitation to be mapped. Additionally, fluorescence information can be simultaneously
acquired, which makes it possible to analyze the radiative processes of the samples being
studied. This technique has been widely employed to investigate the morphology and
photocurrent generation in a wide range of semiconducting materials, including silicon [24],
cadmium telluride [25], lead selenide [26], organic heterojunctions [27] and others [28]. In
this context, we developed a confocal microscopy tool that allowed us to demonstrate the
behavior of hybrid perovskites and octahedral molybdenum clusters as Fabry–Pérot cavi-
ties [29,30], as well as the behavior of perovskite nanowires as photonic waveguides [31],
and to measure the enhanced photoresponse of perovskites containing subphthalocya-
nines [32]. In all the cases, the studies were realized on micrometer-size single crystals
because they allow perturbing factors which are present in a poly-crystalline sample such as
the grain boundaries to be disregarded. Parameters such as size, shape, crystal orientation
and composition can have a significant influence, but generally, single crystals exhibit much
better optoelectronic properties than their polycrystalline counterparts [33,34].

In this work, we take a step further by introducing a scanning excitation system and a
punctual electrical probe that can be positioned freely on the sample area with micrometer
precision in a top (and back) contact configuration (Figure 1). This approach is similar to the

120



Nanomaterials 2023, 13, 2570

widely used technique of SCPM (all back contact) that allows estimating the photocarrier
decay lengths under a certain bias. This decay length corresponds to the diffusion length
(Ld) evaluating the sample region without the influence of the external electric field or
under low bias [35,36]. This method offers advantages over other types of experiments
where LD is deduced from a combination of carrier diffusion (D) and lifetime measurements
(τ), (Ld =

√
Dτ).
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There are some examples reported in the literature that study the diffusion length
over single crystals using an SCPM system. For instance, Shreetu et al. demonstrated on
millimeter-sized crystals that hybrid perovskites having iodine in the structure show a long
in-plane charge carrier diffusion length of above 7–15 µm depending on the n value in
the structure [10]. Regarding single crystals of perovskites containing bromide halide in
their structure, Ganesh et al. reported diffusion length values of 13.3 µm and 13.8 µm for
electrons and holes, respectively [37]. In addition, Zhang et al. studied the role of chlorine
incorporation in the perovskite structure, resulting in diffusion lengths of several hundreds
of micrometers [38]. In any case, the direct extraction of Ld requires several conditions
to be fulfilled. For a 1D system, Ld must be much larger than the cross section and the
distance between contacts is chosen to be larger than Ld [39] or the region to characterize is
placed out of the electrode gap [35]. In this way, Ld from lithographically patterned strips,
synthetized nanotubes or fibers could be extracted. In addition, other effects or parameters
such as the influence of a bias voltage, the charge drift length, or the determination of the
minority carriers have being studied [35]. In principle, this single exponential decay model
of Ld could be directly extended to planar schemes by changing the electrode shape from
an ideal single point to an infinite line [28]. This is a difficult condition to fulfill. However,
assuming that the sample thickness is smaller than Ld, it has been proven that Ld could
be extracted (employing a single exponential decay) regardless of the width of the planar
sample [40]. On the other hand, this technique permits evaluating the inhomogeneity of
different sections when a back-contact planar scheme is used [36]. In fact, it simplifies the
study methodology because the sample is directly sensitized on the electrodes, formed
by transparent conductive contacts with micrometer gaps, thus eliminating the need for a
sample transfer process [35].

Herein, we present a comparative study of the photocurrent decay length in 3D and
multidimensional 2D–3D perovskites planar micrometer-size single crystals that have
bromide in their structure. Our aim is to compare various azimuth sections, focusing
particularly on their possible dependency with the outer border distance. Our scheme
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does not fulfill the requirements of the single exponential Ld extraction, because the contact
is a mixture of a point contact and a planar surface and our sample thickness (tens of
µm) surpass Ld values (for the case of the multidimensional sample) in the literature;
thus, it could not be assumed to be a 2D sample/measurement scheme. Nevertheless,
our point probe scheme makes it possible to measure the photocurrent decay at various
azimuthal angles. Since the Ld conditions are not fulfilled, a certain bias has been chosen
(−1.25V) to acquire low-noise signals from samples with low photocurrent efficiency, such
as multidimensional 2D–3D perovskites.

2. Experiment
2.1. Perovskite Synthesis

For the preparation of the single crystal hybrid perovskite, the antisolvent method was
employed. Firstly, this method consists of dissolving the precursors in a small amount of
DMF (1 mL). For 3D perovskites (MAPbBr3), the composition consisted of 0.5 M methyl am-
monium bromide (MABr) and 0.5 M lead bromide (PbBr2), while for the 2D–3D perovskite
((PEA)2(MA)n−1PbnBr3n+1, n = 10), it was 0.4 M MABr, 0.5 M PbBr2 and 0.2 M phenylethyl
ammonium bromide (PEABr). This mixture (20 µL) was placed on a conductive substrate
(ITO on glass, supplied by Ossila (Sheffield, UK)) on a Teflon stage inside a sealed vial, and
THF was used as the antisolvent (5 mL) (see Figure S6). The vessel was completely sealed
and kept in the dark until small orange-pinkish crystals were observed. At least 24 h are
required to obtain good-quality crystals larger than 20 µm. The crystals were manually
selected using Gel-Pack (Hayward, CA, USA) and a micromanipulator Narishige (Tokyo,
Japan) MMN-1 coupled to a Nikon (Tokyo, Japan) Eclipse LV100 microscope to perform the
corresponding characterization. MABr and PbBr2 were purchased from ABCR (Karlsruhe,
Germany). THF and DMF were purchased from Sigma-Aldrich (St. Luis, MO, USA) and
PEABr.

2.2. Experimental Set-Up for SCPC Measurements

With the purpose of studying the photoresponse of both 3D and multidimensional
2D–3D perovskites, we placed a selected crystal onto a glass substrate coated with indium-
tin oxide (ITO), which served as the back-contact electrode (Figure 1). Then an electronic
probe was positioned on the crystal. This established the top contact. The light of a laser
with λ = 405 nm and P = 350 µW was chopped and focused onto the sample through the
back-contact transparent electrode by means of a microscope objective that was mounted
on a piezo system. The photocurrent signal from the sample was acquired with a lock-in
amplifier through a transimpedance amplifier that provides the bias voltage as well. The
photocurrent response was mapped by varying the objective position with the help of the
piezo system. At the same time, the photoluminescence signal was acquired employing a
photodiode connected to a second lock-in amplifier. This measurement makes it possible to
check the crystal stability condition. With the aim of limiting the sample degradation and
minimizing possible fluctuations in the response [41], the scanning time was minimized
by setting the position control of the piezo system to the open-loop mode. In this case,
the signals that drive the piezo actuator are not continuously corrected according to the
sensed position (closed-loop scheme). As a result, the elapsed time for the characterization
(scanning area of 80 µm × 80 µm) is reduced about three times, from 791.7 s (open loop) to
243.2 s (closed loop), acquiring only the forward scan direction of zig-zag paths. Despite the
non-linear response of the piezo system, which may introduce some non-linear deviations
in position, this technique is widely used due to its speed and the absence of (reliable)
position sensors [42].

2.3. Characterization Techniques

XRD patterns of the powders were recorded on a Philips X’PERT diffractometer
(Amsterdam, The Netherlands) that was equipped with a proportional detector and a
secondary graphite monochromator. The data were collected stepwise over the range
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2θ = 2–20◦, at steps of 0.02◦, an accumulation time of 20 s per step, using the Cu Kα

radiation (λ = 1.54178 Å).
UV–Vis optical spectroscopy of the perovskite powders was carried out using a Cary

5G spectrophotometer (Santa Clara, CA, USA) and CaSO4 as reference.
Field-emission scanning electron microscopy (FESEM) images were recorded with a

Zeiss (Jena, Germany) Ultra 55 field FESEM apparatus.
Lifetime photoluminescence measurements on the single crystals were carried out

using an inverted microscope, Nikon (Tokyo, Japan) Ti2-U, equipped with an XY motor-
ized stage. The emission signal was transmitted through optical fibers to an Edinburgh
Instruments (Livingston, UK) FLS1100 spectrofluorometer, which was coupled to a cooled
photomultiplier (PMT-980). The measurements were performed at room temperature, utiliz-
ing a 405 nm excitation wavelength provided by a picosecond (ps) laser diode incorporated
into the microscope. The lifetimes (τ) were calculated from the best fitting of the signal to a
single-exponential decay (I(t) = I(0)exp(−t/τ)).

3. Results and Discussion
3.1. Crystal Characterization

The studied single crystals were characterized by XRD. In Figure 2A, the X-ray pat-
terns correspond to the 3D structure perovskite, exhibiting characteristic peaks at 14.77,
29.95, and 45.74 degrees, which are assigned to the (100), (200), and (300) crystal planes,
respectively [43–45]. This high-intensity XRD diffraction pattern confirms a high phase
purity, indicating a preferred orientation in the (001) plane. For the 2D–3D perovskite,
additional lower-angle diffraction peaks at 5.10, 10.51, 15.93, 21.17, 26.73, 32.26, 37.7, and
42.9 degrees are observed, corresponding to (001), (002), (003), (004), (005), (006), (007), and
(008), respectively. These peaks are characteristic of the 2D phase within these multidimen-
sional 2D–3D structures. Furthermore, they also indicate preferential growth in the (001)
plane, suggesting that the 2D phase predominantly grows along the organic or inorganic
layer planes [46–49].
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Figure 2. X-ray diffraction patterns for 3D (A) and 2D–3D perovskite (B). The inset shows a magnifi-
cation of the low angles region that is characteristic of the layered phase. Red peaks correspond to
the 3D phase and blue peaks to the 2D phase (PbBr4)2−.

The samples were also characterized by electron microscopy (see Figure 3). In both
cases, cubic-shaped crystals with a size of approximately 50–100 µm can be observed. In

123



Nanomaterials 2023, 13, 2570

the case of mixed 2D–3D structure (Figure 3B), the crystals exhibit a more random shape
and size distribution, with the formation of lateral heterostructures attributed to the 2D
phase. This effect is associated with the presence of the long-chain PEA cation during the
crystal growth, which is consistent with previous studies [50].
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Figure 3. FESEM image of crystalline 3D (A) and 2D–3D Perovskite (B).

The optical properties of the 3D and 2D–3D perovskites were first obtained by mea-
suring the UV–Vis diffuse reflectance spectra and the photoluminescence in polycrystalline
samples. The optical bandgap was calculated to be 2.18 and 2.22 eV for the 3D and 2D–3D,
respectively, (Figure S1, ESI) through their corresponding Tauc Plots, which agrees with the
previous reported values [49]. It should be noted that the bandgap of the 2D–3D perovskite
presents a slight shift at a high energy value due dielectric quantum confinement effects
corresponding to the 2D phase (see inset in Figure 4B) [51].
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Figure 4. (A) Photoluminescence (PL) emission spectra of polycrystalline samples 3D (a) and 2D–3D (b).
(B) Diffuse reflectance UV–Vis absorption spectra (plotted on the Kubelka–Munk function of the
reflectance) F(R) of (a) 3D and (b) mixed 2D–3D perovskite; the inset shows a magnification of the
absorption edge of both samples. (C) PL emission of single crystals measured with our SCPM and
(D) transmittance spectrum of the single crystals of (a) 3D and (b) mixed 2D–3D perovskite. They
have a thickness of 4 and 13 µm, respectively.
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The steady-state luminescence on polycrystalline films shows the characteristic peak
emission located at 545 and 535 nm for the 3D and 2D–3D perovskites, respectively
(Figure 4A). It should be noted that these samples exhibit a broad emission band compared
to the emission observed in selected single crystals, where the emission peaks are well
defined (Figure 4C); this is one reason why single crystals are preferred for optoelectronic
applications. The broadness of the emission band in polycrystalline films is generally
attributed to the scattering of the light by the particles and the defects on the surface and
interphases [32]. In addition, comparative temporal profiles of fluorescence decays for
both 3D and 2D–3D perovskite single crystals (Figure S5, ESI) allow us to study changes
in carrier lifetimes of these perovskites, resulting in values of 9.70 ns for 3D and 18.39 ns
for 2D–3D perovskite, respectively. The longer fluorescence lifetime observed in 2D–3D
perovskite, compared to 3D perovskite, can be attributed to the reduced nonradiative
recombination due to the defect passivation effect of PEABr, which is consistent with
previous reports. [52,53]. Nonetheless, and likely due to the limited carrier mobility in a
screened layered structure, the prolonged lifetime of 2D–3D perovskite does not lead to
greater effective decay length extraction when compared to 3D perovskites, as we will
show in point 3.2.

The transmission spectra of the single crystals were also investigated (Figure 4D).
The sharp transition from low to high transmittance values corresponds to the band
gap and it is in good agreement with diffuse reflectance measurements (Figure 4B). The
spectral oscillations in the transparency window are produced by Fabry–Pérot-type optical
resonances occurring between opposite crystal faces in the measurement direction. This
behavior, known as an optical cavity in hybrid perovskites, has already been reported [54].
We took a step forward by developing a model capable of determining optical properties,
such as the refractive index and dielectric constant, as a function of the crystal size, PL
and transmission [29,30,55]. According to this model, one of the main factors influencing
the amplitude and periodicity of the oscillations associated with optical resonances is
the crystal thickness. This way, the 3D crystal, with a thickness (measured by optical
profilometry means) of 4 µm gives rise to oscillations with much longer periodicity than
those of the 2D crystal, which has a thickness of 13 µm. Deviations in the refractive index
between both crystals could additionally influence this phenomenon, but we considered
them negligible in comparison with the thickness effect. In any case, the appearance of
oscillations in the spectra is a sign of the good quality of the crystals, since they are very
sensitive to defects.

3.2. Scanning Photocurrent Microscopy

Single perovskite crystals were measured and analyzed with an SPCM technique.
Figure 5 shows the photoluminescence (PL) and photocurrent (ISC) maps for a multidi-
mensional 2D–3D perovskite crystal (panels (a) and (b)) and for a 3D perovskite crystal
(panels (c) and (d)), respectively. The sample limits (panels (e) and (f), corresponding to
2D–3D and 3D samples, respectively) were extracted directly from the image scans. For that
purpose, a quadrilateral geometry was fitted to a set of points, extracted by evaluating the
derivative of the map signals. Then, we used those maps with best defined sample edges
(panels (a) and (d) for the multidimensional 2D–3D and 3D crystals, respectively). Panels
(g) and (h) show the photocurrent profiles extracted from the ISC maps through different
directions indicated by the colored lines in panels (e) and (f), respectively. The data cover
from short (SPED) to long probe-to-edge distances (LPED) and reveal notable differences
among the profile curves. Considering that the exponential decay value represents the
distance from the collection electrode at which the intensity decays a factor of e−1 ≈ 0.368
of the maximum value, we evaluated the intersection of e−1 with all the extracted profiles
[panels (g) and h] (see dashed horizontal lines). We employed this method for extracting
an effective-like photocurrent decay length (ELPD) among complex decay data that could
be influenced by several factors such as different material responses, proximity of sample
edges and the presence of defects and inhomogeneities. In fact, the ELPD values in panel (i)
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are represented against the distance from the collecting punctual probe to the sample border
in the direction of the corresponding decay profile. This makes it possible to establish an
interesting comparative evaluation. In general, the ELPD tendency is to rise with increasing
distance to the border, where recombination losses are more prominent. This tendency
seems to be modulated by the rest of the surrounding rims, which define the geometry of
the sample itself, because the growing tendency of ELPD is flattened at short distances for
both the 2D–3D and 3D crystals (pink to light blue dots) and at an intermediate distance
for the 3D crystal (yellow dots), and it is boosted at intermediate and long distances for
the 2D–3D and 3D crystal, respectively. This flatness/boost tendency of ELPD could be
explained, firstly, by the proximity/remoteness of the path to all the external borders, and
secondly, by the angle defined between the cross section to the path and the corresponding
intersected outer rim, the tangent/normal case being the worst/best scenario for a long
ELPD. Interestingly, in the 3D sample, under LPED conditions, a protuberance emerges,
creating an almost flat region, resulting in a giant boost. This effect shows a huge difference
between samples across all panels of the Figure 5, where the ELPD of the 3D is greater
than that of multidimensional 2D–3D, as expected. This may confirm the assumption of
the lower photon harvesting efficiency of the 2D–3D in contrast to the 3D counterparts,
attributed to the presence of interlayer screening and higher exciton binding energy.
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In order to extract more precise data from the photocurrent measurements and support
the previous analysis, two ISC profiles corresponding to SPED and LPED were fitted to
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phenomenological models for both crystal types. They correspond to pink and red dots
in Figure 5i, with edge distances of 6.02 and 26.42 µm for the 2D–3D case (red curves in
Figure 6a,b, respectively), and 7.78 and 46.02 µm for the 3D case (red curves in Figure 6c,d,
respectively). The fitting model of the 2D–3D sample consists of a single exponential
function in the form of J ∝ e

−x
D , where D is a fitting decay parameter. The fitted curves (black

lines) agree well with the experiment except for very low ISC values that were disregarded
(dashed lines), where the signal slightly oscillates due to some unmeaningful factors (e.g.,
the presence of scattered light). The results show that LD is clearly longer (in fact, it doubles
its magnitude) for the LPED (10.71 ± 0.08 µm) than for the SPED (4.08 ± 0.042 µm) profile,
which could be attributed to the large difference in the edge-to-tip distance.
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On the other hand, more complex models with additional parameters were required in
the 3D case (Figure 6c,d) because the experimental curves (red lines) display richer profiles.
Firstly, both SPED and LPED present a smooth peak at zero distance for which a simple
Gaussian function that extends from the origin (0 µm) to its half width was used. Secondly,

an exponential function accounting for the fast decay of ISC (J ∝ e
−x
D1 ) was added. Thirdly, a

small offset was summed to the SPED profile (Figure 6c), while a second, long exponential

decay (J ∝ e
−x
D2 ) was considered for the LPED profile (Figure 6d). Strictly speaking, such a

long decay should be present in all the profiles of the 3D crystal; however, we think it is
hidden when the sample borders are close to the collection probe because the borders may
deactivate the charge carriers. Finally, another half-Gaussian curve that accounts for the
sample edge was added for the LPED profile.

We hypothesize that the initial Gaussian peak at the origin is associated with the elec-
tric contact of the probe with the crystal surface. At the interface, the higher metal/perovskite
built-in potential allows for easier dissociation of excitons. The fits yielded values for the
gaussian half-width of 6.55 ± 0.41 µm and 2.92 ± 0.53 µm for the SPED and LPED profiles,
respectively. We attribute the presence/absence or differences in the symmetry of this peak
to experimental conditions related to the contact of the electronic probe. Indeed, the peak
at the origin is not present in the 2D–3D crystal, likely due to its fragility compared to the
3D perovskite [56,57].

The short exponential decays yielded quite similar D1 values for the SPED and LPED
profiles (3.06 ± 0.03 µm and 2.35 ± 0.05 µm, respectively), while the large exponential
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decay for LPED gave a D2 value of 328.88 ± 13.73 µm, and the center position of the
second Gaussian was fitted at 48.89 µm ± 0.53, which is quite similar to the assumed
border distance: 46.02 µm. With regard to the D1, in the proximity of both the source
and drain contacts, the current could be increased because the photogenerated electrons
and holes show the same probability to reach the contacts [35]. On the other hand, the
large D2 value could be the fingerprint of the higher-efficiency photocurrent harvesting
of the 3D perovskite with respect to the multidimensional one. Although the extracted
values of decay lengths could not be directly comparable to the diffusion lengths reported
in the literature because of the sample and experimental conditions in our scheme, the
relationship between the values of D1 and D2 exhibits significant differences, with the 3D
perovskite case clearly showing a larger value, as expected.

4. Conclusions

In summary, this study demonstrates the role of the composition of hybrid halide
perovskites in their optoelectronic properties, particularly the influence on the spatial
dynamics of the photogenerated transport charges along the microcrystals. Two types of
single crystals of perovskites were investigated based on the incorporated organic cation:
conventional 3D structures and multidimensional 2D–3D structures. A scanning photocur-
rent microscopy technique based on a probe tip shows different charge distributions over
the perovskite single crystals; the 3D perovskites exhibited two distinct carrier transport
regimes. In contrast, the transport of carriers in multidimensional 2D–3D structures was
primarily dominated by a unique regime. All of them are influenced by the presence of
the border as a recombination source. Overall, this study highlights the significance of
the dimensionality of perovskite materials in their optoelectronic and transport properties.
Furthermore, studying single crystals provides a valuable platform for exploring these
fundamental characteristics.
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Abstract: Surface-enhanced Raman scattering (SERS) is a highly sensitive technique for detecting
DNA, proteins, and single molecules. The design of SERS substrates plays a crucial role, with the
density of hotspots being a key factor in enhancing Raman spectra. In this study, we employed
carbon nanowall (CNW) as the nanostructure and embedded plasmonic nanoparticles (PNPs) to
increase hotspot density, resulting in robust Raman signals. To enhance the CNW’s performance, we
functionalized it via oxygen plasma and embedded silver nanoparticles (Ag NPs). The authors evalu-
ated the substrate using rhodamine 6G (R6G) as a model target molecule, ranging in concentration
from 10−6 M to 10−10 M for a 4 min exposure. Our analysis confirmed a proportional increase in
Raman signal intensity with an increase in concentration. The CNW’s large specific surface area and
graphene domains provide dense hotspots and high charge mobility, respectively, contributing to
both the electromagnetic mechanism (EM) and the chemical mechanism (CM) of SERS.

Keywords: surface-enhanced Raman scattering (SERS); plasmonic nanoparticles (PNPs); carbon
nanowall (CNW); silver nanoparticles (Ag NPs); rhodamine 6G (R6G)

1. Introduction

The phenomenon of surface-enhanced Raman scattering (SERS), initially by authors
including Fleischmann in 1974, has undergone extensive study over the past 5 decades [1].
It has found applications in various fields, including bio-analysis, chemical analysis,
and biomedical sciences. Traditional methods like enzyme-linked immunosorbent as-
say (ELISA), high-performance liquid chromatography (HPLC), and isotope dilution mass
spectrometry (IDMS), while reliable, are often expensive and time consuming. However, the
current era demands high-sensitivity, cost-effective, and rapid analytical methods. SERS, a
label-free detection method known for its high sensitivity, resolution, affordability, and user-
friendly interface, has emerged as a promising solution for bioanalytical applications. This
technique enables chemical fingerprinting through a specific spectral signature, making it
suitable for analytical methods requiring ultra-trace detection limits in parts per million
(ppm) and parts per billion (ppb) units [2]. SERS operates through two mechanisms: the
electromagnetic mechanism (EM) and the chemical mechanism (CM) [3]. EM is attributed
to the phenomenon of local surface plasmon resonance, which occurs when specific metal
nanostructures like plasmonic nanoparticles, nanospheres, and nanoshells are exposed to
light of a specific frequency [4,5]. Incident photons induce vibrations of free electrons on
the surface of these nanostructures, generating a local electromagnetic field known as a
“hot spot”. In contrast, CM is primarily related to the electron arrangement at the interface
between the detection material and plasmonic nanoparticles, involving electron transitions
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO). However, the influence of CM in SERS is relatively limited [6], with
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EM being the dominant factor. Given the critical role of providing high-density hotspots
in SERS, researchers have explored three-dimensional nano-architectures (3D NAs) like
nanopyramids and metal–organic frameworks. However, the fabrication of 3D NAs often
involves complex processes such as imprinting and lithography, and it may rely on specific
materials with limitations in terms of mechanical properties and reproducibility. In this
study, we propose the use of functionalized carbon nanowall (FCNW) as a scaffold for
silver nanoparticles (Ag NPs) in a 3D NA structure. FCNWs can be synthesized in a one-
step process using plasma-enhanced chemical vapor deposition (PECVD) [7]. The pristine
material, carbon nanowall (CNW), consists of vertically aligned graphene domains and has
demonstrated excellent performance in various applications, including gas sensors and
field-effect transistors, due to its high electron mobility, mechanical strength, and chemical
stability [8–10]. In a previous study, the synthesis of CNW and Ag NPs in a 3D lamellar
structure showed promise as a SERS substrate. Although the plasmons of graphene do-
mains in CNWs occur in the terahertz frequency range, they do not directly contribute
to localized surface plasmon resonance (LSPR) enhancement. However, they provide
high-density hot spots due to the large specific surface area of CNW [11]. Furthermore, as
reported in the literature, graphene and graphene oxide can enhance the CM, and the high
electron mobility of CNW contributes to a low CM ratio [12]. The combined enhancement
of EM and CM has a synergistic effect on SERS improvement. Compared to CNW, FCNW
offers significant enhancements in CNW-metal/molecule bonding, and the introduction of
oxygen groups through plasma functionalization results in more stable SERS substrates. In
this study, we successfully collected a sensitive SERS signal for rhodamine 6G (R6G) using
the proposed Ag NP-embedded FCNW substrate. This study demonstrates the potential of
Ag NP-embedded FCNWs as a SERS substrate for sensitive in situ detection of R6G.

2. Materials and Methods
2.1. Reagents and Materials

Trichloroethylene (EP grade) for wafer cleaning was purchased from Junsei Chemical
Co., Ltd. Methanol (Tokyo, Japan) (ACS grade) and acetone (ACS grade) was purchased
from Honeywell International, Inc. (Mecklenburg County, NC, USA) and used without
further purification. R6G, used as a model target molecule, was obtained from Sigma-
Aldrich (St. Louis, MO, USA).

2.2. Fabrication of Ag Nanoparticles–Embedded Functionalized Carbon Nanowall

To use CNW as a SERS substrate, first, CNW was grown on a Si substrate by microwave
plasma-enhanced chemical vapor deposition (ASTeX-type, MPECVD, Woosin CryoVac
(Uiwang-si, Republic of Korea), 2.45 GHz microwave). Hydrogen gas (purity 99.9999%)
was first injected into the chamber to form a hydrogen atmosphere, and then methane
gas (purity 99.999%), a precursor of CNW, was injected. The gas ratio in the chamber was
H2:CH4 = 40:40 sccm until 90 s (step of the carbon particulate formation and nanographene
sheets generation) into the process, and then H2:CH4 = 40:20 sccm. Manipulation of these
gas ratios is an important factor in determining the CNW growth rate and graphitization
properties. After CNW growth, it was cooled to room temperature at a high vacuum
(3 × 10−2 Torr). Secondly, functionalization was performed while maintaining a vacuum
in the chamber. This is an in situ process for the synthesis and functionalization of CNW. A
plasma ball was formed at 300 ◦C with 500 W of microwave power while injecting 20 sccm
of oxygen, which lasted for 20 s. In this case, oxygen radicals can cause destruction or
etching of CNW, and the process time is important because a short time reduces the CNW
branch removal rate. In the functionalization step, oxygen radicals remove the carbon
branches present in the CNW and simultaneously impart functional groups to the graphene
domains, thereby increasing the deposition rate of Ag NPs. The embedding of Ag NPs
into the FCNW was performed via a radio frequency (RF) magnetron sputtering system
(ITS, PG600A600W, Daejeon, Republic of Korea). At this time, 80 sccm of argon gas was
injected, and a Ag target (purity of 99.999%) was used. To help understand the process, a
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schematic diagram of the process is shown in Scheme 1. R6G was adopted as a model target
molecule for SERS signal detection to evaluate the performance of the Ag NPs-embedded
FCNW substrate. SERS substrates are prepared by soaking in a solution of R6G molecules
(10−6–10−10 M) for 1–5 min, followed by final drying with a nitrogen injection.
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2.3. Characterization and Analysis of Materials

All Raman spectra, including the SERS analysis, were analyzed using Raman spec-
troscopy (HORIBA, Osaka, Japan, LabRAM HR-800). The laser power was 3 mW, the
excitation wavelength was 532 nm, and a × 50 objective with NA = 0.5 was used. The
morphological characteristics were analyzed by using a field-emission scanning electron
microscopy (FE-SEM, HITACHI, Tokyo, Japan, S-4800) at 15 kV. Surface activation energy
analyses were performed by using a water contact angle (WCA) analyzer (SEO, Phoenix
MT, Seoul, Republic of Korea). Characterization of the pore distribution of the samples
was performed using mercury intrusion porosimetry (Micromeritics, Norcross, GA, USA,
AutoPore 9520).

3. Results and Discussion
3.1. Raman Shift of CNW and FCNW

The carbon molecules that constituted the graphene domains show the Raman active
bands in the spectrum. Representatively, there are D-peak, G-peak, and 2D-peak near 1350,
1570, and 2700 cm−1, respectively [13]. The D-peak is due to out-of-plane vibrations at
defects in carbon atoms, whereas the G-peak is due to in-plane vibrations attributed to sp2

bonding in carbon [14]. Figure 1a,c show the Raman spectrum of a pristine CNW and the
ID/IG ratio, respectively. CNW has many edges, a high D-peak is observed, and a sharp
G-peak is observed because it is a material composed of sp2 combined carbon atoms [13–15].
The 2D-peak can also be attributed to the double resonance of carbon atoms and is also
observed in CNW, confirming that CNW has a graphene-based 3D architecture [16]. In
this paper, the growth time varied from 300 to 900 s. Among them, the sharpest 2D-peak
was observed at 600 s, suggesting that the graphene sheets with the fewest number of
layers were vertically oriented [17,18]. In the Raman spectrum, FCNW increased the ratio
of D-peak, which may be due to the modification of the hexagonal carbon ring by oxygen
radicals or the multiple of functional groups. However, the highest 2D-peak was also
observed for the 600 s sample. Figure 2 shows that the scenarios in (b) and (d) can also
be known through the I2D/IG ratio [19]. Disorder and defects in carbon materials can be
evaluated easily through the ID/IG ratio, but they are not completely reliable considering
the ambiguity of the analysis due to the overlapping of the D-peak and G-peak.
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3.2. Morphological Characterization for Plasmonic Nanoparticles

CNWs have a bottom layer of approximately 20 or more layers of graphene, which
grows vertically at the interface of localized graphene islands [20]. In our study, if
nanographene is formed about 90 s after the start of the process and the methane gas
ratio is maintained at 40 sccm, it may be advantageous in terms of the growth rate, but the
yield of amorphous carbon branches also increases. To reduce the yield of carbon branches,
the methane gas flow rate was reduced by half after 90 s of the process, but it was not possi-
ble to completely control the growth of carbon branches. Figure 2a shows FE-SEM images
of the pristine CNW surface. The amorphous carbon branches, consisting of sp3 bonds,
significantly contribute to the increase in the D-peak in the Raman spectrum, and, in this
study, they were removed in the functionalization step using oxygen plasma [21]. It should
be noted that during the functionalization step, destruction of the nanowall occurred due to
the saturation of the oxygen functional groups. Figure 2b shows that physical destruction
of the nanowall did not occur, round edges were maintained, and FCNWs with carbon
branches removed were observed. The WCA of the CNW was 62.7 degrees, whereas the
FCNW decreased to 23.4 degrees (Figure 2c,f). The formation of functional groups by oxy-
gen plasma generates a Laplace pressure in the same direction as gravity due to an increase
in surface energy, thereby lowering the surface WCA [22–24]. Functional groups present
on the FCNW basal plane and edge create sites for potential interactions with Ag NPs. The
charged functional groups of the FCNW can cause electrostatic interactions or coordination
bonds with Ag NPs, which can consequently increase the rate of Ag NPs-embedding. The
functional group is not directly involved in SERS. Ag NPs were embedded into the FCNW
by RF-magnetron sputtering, and the corresponding images are shown in Figure 2g. The
increase in FCNW edge thickness is due to the insertion of Ag NPs, which can induce
changes in surface energy. The corresponding schematic illustration and WCA analysis
results are included in Figure 2h,i, respectively.

The surface morphological characteristics of CNW and FCNW are differentiated as
shown in Figure 3a, due to the removal of amorphous carbon branches by the oxygen
plasma ball in the functionalization step. Based on the interface, the left side is the FCNW
area and the right side is the CNW area. CNW has a variety of edge shapes. In previous
studies, shapes and patterns such as zigzags and rounds were found [25,26]. Although not
reported in the literature, the round shape contains the largest pores and is suitable for
nanoparticle embedding. The porosity distribution can be seen in Figure 3(b-1–b-3). Pores
exist on the surface of the CNW and the FCNW, and the porosity distribution is an essential
factor when embedding nanoparticles. The pore distribution of 100 to 200 nm is dominant,
but sometimes the pore diameter is smaller than 100 nm or larger than 200 nm. Pores with
a diameter of less than 100 nm are predominantly deposited only on CNW edges during
Ag NPs-embedding using sputtering. In addition, Ag NPs-embedding in pores with a
diameter exceeding 200 nm has a high probability of being inserted between pores to form
a thin film. In this paper, the authors have determined that a pore diameter within the
range of 100 to 200 nm is optimal for sputtering. Looking at the pore diameter distribution
in Figure 3c, it was confirmed that the overall diameter increased, which was due to the
removal of carbon branches. The decrease in pore diameter in Figure 3(b-3) is due to the
insertion of Ag NPs into the FCNW edge according to the distribution of pore diameters.
Nevertheless, it can be seen from the Gaussian fitting curves in Figure 3(b-1–b-3) that pores
with an average diameter of 100–200 nm dominate, as the authors intended.
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3.3. SERS Activation on the Ag NPs-Embedded FCNW

Figure 4a shows the molecular formula of R6G and the Raman spectrum of pristine
CNW exposed to high concentrations of R6G. SERS substrates using a pristine CNW are
capable of identifying high concentrations of R6G, but they exhibit low intensity. This can
be inferred to be due to the slight contribution of CM due to the high electron affinity [27],
which is a physical property of CNW, and molecular detection at low concentrations is
limited. The Ag NPs-embedded FCNW substrate shows an exposure time response of
1–5 min with R6G used as a model target molecule at a certain concentration (10−7 M), as
shown in Figure 4b. The peak around 616 cm−1 is due to C-C-C ring in-plane vibrations,
and the peak at 778 cm−1 is due to C-H out-of-plane vibrations [28,29]. In addition, the
peaks observed at near 1365, 1514, 1577, and 1654 cm−1 are aromatic stretching modes
present in the R6G molecule, and they are considered representative Raman spectra of
R6G [30]. The intensity of the peaks decreased according to the increased exposure time
described in Figure 4b, because the dynamic behavior of R6G molecules adsorbed on the
surface of Ag NPs was dependent on the exposure time [31].
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concentration R6G aqueous solution with exposure time increased by 1 min from 1 to 5 min.

Raman mapping is a robust tool for visualizing the heterogeneity in intensity differ-
ences across substrates. Figure 5c illustrates the Raman spectral mapping images corre-
sponding to various substrates. The exposure time for all experiments was fixed at 4 min
with a concentration of a 10−7 M R6G aqueous solution. Raman mapping images obtained
from pristine CNW exhibit high localization and limited intensity, potentially explaining
the remarkably low R6G detection limit. This observation is further supported by the
Raman spectrum in Figure 5a. And Table 1 shows samples corresponding to Figure 5a.
Although pristine CNWs do not directly affect the detection of model target molecules, they
can be used as architectures with a large specific surface area for providing a high density of
SERS active sites. Conversely, CNW embedded with Ag NPs, despite having a low density,
exhibits Raman mapping intensity capable of identifying R6G. This phenomenon can be
attributed to the high plasmonic activity of Ag NPs embedded within the extensive specific
surface area of CNW. Raman mapping images of Ag NPs-embedded FCNW substrates
display exceptionally high intensity. The presence of oxygen functional groups in FCNW
contributes significantly to increased Ag NPs embedding yield through enhanced van der
Waals bonds, hydrogen bonds, or other interactions with molecules [32–35]. The resulting
high-density plasmons, stemming from the increased Ag NPs embedding, emerge as the
dominant factor responsible for SERS enhancement. A schematic illustration to aid reader
comprehension is included in Figure 5b. Ag NPs-embedded FCNW (samples 1–5) showed
very strong SERS signals. Non-functionalized CNW (samples 6–10) with embedded Ag
NPs showed lower peaks than Ag NPs-embedded FCNW. It has been confirmed that
carbon branches are considered to be a very limiting factor for the embedding of Ag NPs.
Pristine CNW (samples 11–15) display minimal peaks, with the target molecule remaining
unidentified. This further suggests that the contribution of CNW’s CM is minimal, aligning
with the findings from Raman mapping. The SERS enhancement factor (EF) was calculated
using Equation (1) [36]:

EF =
ISERS/NSERS
IREF/NREF

(1)

Here, ISERS and IREF represent the intensity in the Raman spectrum at 1365 cm−1 for
R6G adsorbed on SERS and reference substrate, respectively. NSERS and NREF denote the
number of R6G molecules absorbed on SERS and reference substrates, respectively. The
SERS EF of Ag NPs-embedded FCNW was determined to be 6.817 × 107. These findings
highlight that, when compared to CNW and Ag NPs CNW, Ag NPs-embedded FCNW
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forms high-density plasmons, significantly influencing electromagnetic (EM) enhancement
and contributing to the SERS signal enhancement.
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(b) schematic diagram of SERS active mode of Ag NPs-embedded FCNW; Raman mapping images
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embedded FCNW.

Table 1. Samples numbering table corresponding to Figure 5a.

Samples 10−6 M 10−7 M 10−8 M 10−9 M 10−10 M

Ag@FCNW 1 2 3 4 5
Ag@CNW 6 7 8 9 10

CNW 11 12 13 14 15

4. Conclusions

Incorporating 3D nanoarchitectures (3D NA) with plasmonic nanoparticles (NPs) has
been shown to yield high-level surface-enhanced Raman scattering (SERS) signals, making
it a promising SERS substrate. The integration of nanoparticles into complex NA structures,
such as carbon nanowall (CNW), demands advanced processing techniques. Nonetheless,
our successful fabrication of Ag NPs-embedded FCNW using oxygen plasma underscores
the viability of this approach. Our study demonstrates that the combination of FCNW
and Ag NPs exhibits two synergistic effects as SERS substrates. Firstly, plasmonic NPs
can be densely deposited on the ample specific surface area of FCNW, resulting in the
distribution of dense hotspots. This, in turn, significantly contributes to electromagnetic
(EM) enhancement by promoting more plasmon formation. Secondly, the binding of Ag
NPs to R6G, a model target molecule, facilitates charge transfer with high probability,
making a slight but notable contribution to chemical (CM) enhancement. In conclusion,
the Raman peak of R6G exhibited a robust SERS activity signal on the Ag NPs-embedded
FCNW substrate. This innovative approach holds great potential for applications in the
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fields of bioanalysis and chemical analysis, paving the way for further SERS proof-of-
concept research.
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Abstract: Cancer is one of the leading causes of death worldwide. Because each person’s cancer may
be unique, diagnosing and treating cancer is challenging. Advances in nanomedicine have made it
possible to detect tumors and quickly investigate tumor cells at a cellular level in contrast to prior
diagnostic techniques. Quantum dots (QDs) are functional nanoparticles reported to be useful for
diagnosis. QDs are semiconducting tiny nanocrystals, 2–10 nm in diameter, with exceptional and
useful optoelectronic properties that can be tailored to sensitively report on their environment. This
review highlights these exceptional semiconducting QDs and their properties and synthesis methods
when used in cancer diagnostics. The conjugation of reporting or binding molecules to the QD surface
is discussed. This review summarizes the most recent advances in using QDs for in vitro imaging,
in vivo imaging, and targeted drug delivery platforms in cancer applications.

Keywords: quantum dots; functionalization; in vitro imaging; in vivo imaging; drug delivery

1. Introduction

Cancer is a group of diseases characterized by the rapid growth of abnormal cells
within the body. In most cancer cases, the mutations or changes in the expression of
proto-oncogenes, tumor suppressor genes, and DNA repair genes are responsible for cancer
development [1]. The majority of cancers are attributed to genetic (mutations, hormones,
immune conditions) or environmental (radiation, chemicals, pollutants) factors, in addition
to indicators of an unhealthy lifestyle (poor diet, tobacco smoking) [2,3]. Furthermore, the
risk of cancer increases significantly with increasing age.

Cancer is one of the leading causes of death worldwide. According to the World Health
Organisation (WHO), the number of cancer deaths was nearly 10 million in 2020 [4–6].
The number of new cases is estimated to be 28.4 million by 2040 [7]. The fight against
cancer remains one of the most significant issues facing the world. Current conventional
means to battle cancer have significant drawbacks, including but not limited to toxicity and
non-specificity of conventional chemotherapeutics [8]. Early detection and intervention
have a significant positive impact on patient outcomes.

In recent decades, research into and applications of nanomedicine have grown sig-
nificantly, especially in cancer diseases [9–14]. Such research has shown great potential to
overcome previous challenges relating to early tumor detection, accurate diagnoses, and
individualized treatment [15–17]. The primary benefit of nanomedicine in cancer therapy
is the tiny size of nanoparticles, which allows them to function at the molecular level,
thereby enhancing diagnosis and improving the chances of achieving innovative targeting
strategies at the molecular level [18–22]. For example, some nanoparticles work by binding
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to cancer biomarkers such as circulating tumor cells, circulating tumor DNA, exosomes,
and specific cancer-associated proteins [23–25].

Nanometer-scale materials (1–100 nm) display intriguing properties due to their
small size [26]. These novel properties are often due to the quantum confinement and
surface effects affected by their small size [27]. The quantum confinement effect confines
moving electrons within a small volume, producing unique optical and electronic effects.
As for surface effects, the chemical reactivity of the surface usually increases as the size
decreases, while the melting point usually decreases [28,29]. These novel optical and
thermal properties of nanomaterials can be useful for both in vivo and in vitro applications
via the active interaction with molecular components at the cellular level.

Several nanoparticles [30–33] have been investigated for cancer diagnosis and therapy.
Nowadays, quantum dots (QDs), often referred to as “artificial atoms”, are a hot topic in
cancer nanomedicine. They were first described in 1981 by Alexey Ekimov [34]. QDs are
made of a relatively small number of atoms (from 100–10,000 atoms) of semiconductor
materials of groups II–VI, III–IV, and IV–VI elements in the periodic table [35]. Their
tiny dimension leads to their characterization as “dots”, while “quantum” is due to their
properties and behavior being described extensively by quantum mechanics [36].

Quantum dots (QDs) are nanoscale nanomaterials that are said to be zero-dimensional
because charge carriers are confined so tightly in three directions [37,38]. Many of their
unique properties arise because semiconducting nanocrystals from 2–10 nm diameter are
smaller than or equal to their exciton Bohr radius [39–43].

The unique electronic properties of QDs result from the particle size and shape, which
can be manipulated for diagnostic purposes. When a QD is excited by an energy photon
hv (the absorption of light), electrons from the valence band (lower energy level) jump
to the conduction band (a higher energy level), resulting in an electron–hole pair called
an “exciton”. As they return to the lowest energy state (ground state), electrons and
holes recombine and release energy or light in the form of single photons [44,45]. The
crystal’s size, composition, and shape determine the wavelength (color) of light that will
be released [46]. The larger size QDs emit orange or red wavelengths, while smaller
QDs emit shorter blue or green wavelengths. Consequently, the specific tuning of these
optical properties (how the QD absorbs and emits energy) can be manipulated to produce
distinctive colors by changing the size and shape of the dot [47].

QD semiconducting nanocrystals have an intrinsic band gap, and when light is ab-
sorbed, electrons are bridged by excitation. They differ from bulk semiconducting materials
due to their inability to create continuous valence and conduction bands, due to the finite
number of atoms in a small cluster. Instead, an electronic structure is produced by QDs
that is analogous to the discrete electronic states seen in single atoms. Hence, they are also
called ‘artificial atoms’ because of their discrete electronic states. As a QD becomes smaller,
the band gap becomes larger. That is, there is an increase in the energy level between the
higher valence band and the lower conduction band. More energy is further required to
excite the dot, and correspondingly, more energy is released when it returns to the ground
state [48,49].

QDs are currently studied by many researchers looking to take advantage of their
unique optical properties, such as high fluorescence, excellent resistance to photobleaching,
small size, and biocompatibility. These properties make them preferable fluorophores
compared to conventional organic dyes with broad emission bands that can fade over
time [50]. They have generated considerable interest in bioimaging and fluorescence labeling
(in vitro and in vivo). Moreover, by adjusting their size and composition, their emission
wavelength can be tuned from visible to infrared wavelengths [51,52], which could be useful
for in vivo imaging, such as in sentinel lymph node mapping for image-guided surgery.

The surface modification of QDs gives them a potential tool in cancer imaging. The
attachment of certain biomolecules (e.g., peptides, antibodies, or small molecules) to
QDs can be used in cancer detection and bioimaging [51]. For example, Brunetti et al.
created near-infrared (NIR) QDs functionalized with NT4 cancer-selective tetra-branched
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peptides that were used to produce their specific uptake and selective accumulation at the
site of colon cancer [53]. Elsewhere, QDs were reported to aid in revealing in vivo drug
release and drug targeting [54,55]. The potential that QDs offer in the fight against cancer
is promising.

Inspired by the exceptional features of QDs and the extensive research on their poten-
tial and advancement in the field, this review presents basic insights into the properties
of QDs and summarizes the different synthesis methods for their production. Then, we
discuss the functionalization of QDs, their applications in cancer management, and their
cytotoxicity issues, emphasizing the recent research progress mainly in the last 6 years.
We guide the reader through the advancements of QDs as a potential cancer imaging and
therapy tool with the hope of bridging the gap and leading to novel discoveries in QDs
potential in the field of cancer.

2. Structural and Optical Properties of QDs

QDs have a structure comprising a core, shell, and sometimes a surface coating, which
provides high stability in photo and chemical behaviors, surface activation, and photolu-
minescence quantum yield. The core is comprised of semiconductor material (e.g., CdSe,
CdTe) in a crystal configuration upon which the excitation wavelengths and fluorescence
emission are dependent. That core is stabilized by the shell structure that surrounds it. The
shell affects the decay kinetics, photostability, and fluorescence quantum yield. A surface
layer that can include organic molecules regulates the stability, dispersibility, and potential
biological interactions. Initially, when prepared, QDs are generally hydrophobic because
they lack surface moieties that form hydrogen bonds; however, hydrophilic molecules or
polymers can be attached to confer dispersibility in water. For example, the stability of QDs
in water can be increased by the attachment or adsorption of amphiphilic polymers with
ionizable functional groups. Figure 1 shows a stylized illustration of a QD.
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Figure 1. Structure of a QD showing the core/shell/ligand.

As mentioned, the structures of typical QDs are core or core/shell structures. Examples
of core QD structures include cadmium telluride (CdTe), while core/shell QD structures
include CdSe/ZnS or CdTe/CdS, whose properties can be further enhanced via different
surface coatings. The electroluminescence and optical properties of the QD core can be
manipulated by altering the sizes of the QD core and shell. Furthermore, core/shell QDs
having a shell band gap larger than the core band gap give rise to the electroluminescence
properties related to exciton decay by radiative processes [56,57].
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Quantum Dots exhibit valuable optoelectronic properties due to the quantum confine-
ment effect. These properties include broad absorption spectra, high fluorescence, strong
photostability, and size-tunable emission. Larger QDs with large densities of states and
band-overlapping structures possess broad absorption spectra and high molar absorptivi-
ties. This particular QD property enables efficient excitation of multiple fluorophores using
a single light source. Yet, this broad absorption spectrum produces narrow emission spectra
due to transitions from a limited number of high energy to low energy levels, which emit
very specific photon energies (hν). Thus, a light source with a wavelength shorter than the
emission wavelength can lead to multiple excitations (and emissions) because of its broad
absorption band. These properties that QDs exhibit, broad excitation spectra and narrow
emission spectra [57], make them suitable for multiplexed imaging [58,59]. Figure 2 names
some optical properties of QDs.
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Unlike organic dyes (1–5 ns), the decay rates of the excited state are slower in QDs.
For example, after excitation, most QDs exhibit a relatively long fluorescence lifetime–10 to
50 ns–which is advantageous in differentiating QD signals from background fluorescence
and attaining more sensitive detection. Thus, time-gated imaging can eliminate background
autofluorescence. They also exhibit low photodegradation rates, which is often challenging
for organic fluorophores.

Unlike organic fluorophores, which, when exposed to light, bleach after a few seconds
of continuous exposure, QDs are quite photostable. Photostability is important in most
fluorescence applications. This lack of photobleaching allows continuous or long-term
monitoring of slow biological processes [59]. QDs can withstand hours of repeated excita-
tion and fluorescence cycles with high brightness levels and photobleaching thresholds.
It has been observed that QDs are more photostable than “stable” organic dyes such as
Alexa488 [60], and thus offer several advantages in diagnostic applications [61,62].

As mentioned, the size- and chemically-tunable properties are advantageous in select-
ing an emission wavelength suitable to a specific experiment. For example, the emission
wavelength of cadmium sulfide (CdS) and zinc selenide (ZnSe) dots can be tuned from
blue to near-ultraviolet light. Similarly, cadmium selenide (CdSe) QDs of different sizes
emit light across the visible spectrum. For far-infrared and near-infrared emissions, indium
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phosphide (InP) and indium arsenide (InAs) QDs can be used [63]. Table 1 lists the emission
ranges for some common QDs.

Table 1. Size of QDs and their emission wavelengths. Reprinted with permission from [64].

Quantum Dots Size Range (Diameter nm) Emission Range (nm)

Cadmium sulfide (CdS) 2.8–5.4 410–460
Cadmium telluride (CdTe) 3.1–9.1 520–750
Cadmium selenide (CdSe) 2–8 480–680

CdTe/CdSe 4–9.2 650–840
Indium phosphide (InP) 2.5–4.5 610–710
Indium arsenide (InAs) 3.2–6 860–1270

Lead selenide (PbSe) 3.2–4.1 1110–1310
1-Dodecanethiol silver sulfide

((Dt)-Ag2S) 5.4–10 1000–1300

These unique optical properties of QDs make them highly appealing to a wide array
of research and diagnostic applications in diagnostic bioimaging, drug delivery, and more.

3. Synthesis of QDs

QDs must be carefully synthesized to meet specific optical requirements. Their synthe-
sis can be divided into two general categories, the top-down method and the bottom-up
approach [56].

3.1. Top-Down Approach

In the top-down approach, QDs are formed by the ablation of bulk semiconductor
materials. This includes processes such as electron beam lithography, reactive ion etch-
ing, and focused ion beam. These processes synthesize QDs with diameters of around
30 nm. However, these processes have limitations, such as incorporating impurities
during synthesis.

3.1.1. Electron Beam Lithography (EBL)

In electron beam lithography (EBL), the surface of a resist (electron-sensitive mate-
rial) is patterned by scanning with a focused beam of electrons. The resist is made of a
polymeric compound, which can either be a negative resist (i.e., long-chain polymer) or
a positive resist (i.e., short-chain polymer). The solubility of the resist is altered by the
electron beam, allowing the selective removal of either exposed regions or non-exposed
regions of the resist when immersed in a solvent (called a developer). If the resist becomes
soluble when immersed, it is a positive resist; if it becomes insoluble (i.e., unexposed
parts removed), it is a negative resist. The purpose is to fabricate very small structures
in the resist whose pattern can then be transferred to the substrate by etching. Although
this technique can design patterns directly with sub-10 nm resolution, it is slow and
expensive [65,66]. Nandwana et al. [67] reported direct patterning of QD nanostructures
using EBL. In this example, functionalized CdSe/ZnS QDs were deposited onto a gold-
coated silicon substrate, followed by direct patterning using EBL in the QD film. The QD
film was washed using toluene, which removed the unexposed QDs, leaving the exposed
areas anchored to the substrate due to the electron beam. QDs were observed to retain
their optical properties after cross-linking. Similarly, Palankar et al. [68] reported using
EBL to generate QD micropattern arrays. The QDs fabricated were reported to retain their
fluorescence and bio-affinity during lithography.

3.1.2. Reactive Ion Etching

In dry etching, an etching chamber is used, where a reactive gas species is introduced,
and plasma is formed by applying radio frequency energy by which the gas molecules are
broken into reactive fragments. These high-energy species collide with the surface, reacting
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to form a volatile reaction product. Thus, the surface is slowly etched away. The surface can
be protected from etching with a mask pattern. This process is also referred to as reactive
ion etching [66,69,70]. Site- and dimension-controlled indium gallium nitride (InGaN)
QDs were fabricated by Lee et al. [71]. The QDs were disk-shaped and integrated into a
nanoscale pillar. They utilized inductively coupled plasma reactive ion etching to fabricate
arrays of nanopillars with different densities and nanopillar diameters from InGaN/GaN.
They observed single nanopillars that exhibited strong and distinct photoluminescence at
room temperature. The advantages of this process include reducing the amount of etchants
used, easy disposal, and eliminating the need to use dangerous liquid etchants. However,
the drawback of this process is that it is both time-consuming and expensive, as it requires
very specialized equipment [66].

3.1.3. Focused Ion Beam (FIB)

QDs can be fabricated with exceedingly high lateral precision through the focused
ion beam technique. The semiconductor substrate’s surface is sputtered using highly
focused beams from a source of metal ions (Au/Si, Ga). The size, shape, and inter-particle
distances of the QDs depend on the ion beam size. Furthermore, it has been reported that
a beam with a minimum diameter of 8–20 nm allows QDs to be etched to <100 nm [70].
Choi et al. [72] used focused ion beam luminescence quenching (FIB-LQ) to enhance the
single photon purity of the site-controlled QD emission. Optical quality was retained while
the SNR of the QD improved, and at increased temperatures, single photon properties
were maintained due to the improved signal-to-noise ratio (SNR). In a similar study,
Zhang et al. [73] combined focused ion beam (FIB) patterning and self-assembly quantum
dots to produce regular QD arrays. High resolution and high flexibility are the advantages
of this process. However, the technique is slow and utilizes expensive equipment.

3.2. Bottom-Up Approach

In the bottom-up approach, small units are assembled (precipitated) into the desired
structure’s shape and size. This process involves nucleation, growth, and chemical decom-
position [74]. QDs are synthesized with different techniques, which are further classified
into wet-chemical and vapor-phase methods. Wet-chemical methods processes include
sol–gel, and microemulsion, while vapor-phase methods processes include molecular
beam epitaxy, physical vapor deposition, and sputtering [70]. In wet-chemical methods,
conventional precipitation methods are followed by measured control of single solution
parameters or a mixture of solutions. The process of precipitation always involves both
nanoparticle nucleation and limited growth. Nucleation can involve homogenous, het-
erogenous, or secondary nucleation. QDs of the desired size, shape, and composition can
be acquired by varying factors such as stabilizers, temperature, electrostatic double-layer
thickness, and precursor concentration [70,75]. More details are given below.

3.2.1. Wet Chemical Methods
Sol–Gel

Sol–gel methods are commonly used to synthesize QDs [76,77]. The technique prepares
a sol (a solution or suspension) of a metal precursor salt (acetates or nitrates, alkoxides) in a
base or acidic medium. The process has three steps: hydrolysis, condensation (formation of
sol), and growth (formation of gel). In brief, inside the solvent medium, the metal precursor
hydrolyzes and condenses, thereby forming a sol, which then grows or polymerizes,
forming a network (gel). This process can be used to prepare thin films, fibers, microspheres,
etc. The advantages of this process for QD formation include good control of composition,
better control of structure, incorporation of nanosized materials, and no use of special
or expensive equipment. However, the process is slow, complex, and may involve toxic
solvents [78]. QDs of semiconductor types II–VI and IV–VI zinc oxide, cadmium sulfide,
and lead sulfide (ZnO, CdS, PbS) have been synthesized using this method [76,77,79]. For
example, mixing solutions of Zn-acetate with alcohol and sodium hydroxide, followed by
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controlled aging in air, produced zinc oxide (ZnO) QDs [76]. Titanium dioxide (TiO2) QDs
were synthesized by Javed et al. [80] using the sol–gel reflux condensation method. They
reported the QD to have an average 5–7 nm crystallite size, which offers a large surface area
and exhibits photocatalytic properties. In another study by Jiang et al. [81], zinc selenide
(ZnSe) QDs embedded in silicon oxide (SiO2) thin films were synthesized using the sol–gel
process. The synthesis was done with H2SeO4 as a source for selenium and Zn (Ac)2·H2O
as a source for zinc. One advantage of this approach to making ZnSe/SiO2 thin films is a
reduction in the amount of selenium volatilization. The sol–gel process was reported to be
cost-effective and simple [80–82].

Microemulsion Process

A useful method for synthesizing QDs at room temperature is the microemulsion
process. Two microemulsions of an aqueous phase in oil are prepared, each having a single
chemical component of the semiconductor. While mixing slowly at room temperature, the
water droplets collide and merge, thereby creating a mixture that forms QDs inside the very
small water droplet. The process can also be done using an oil-in-water emulsion with the
oil phase containing the semiconductor components. The use of alcohol instead of water
has also been employed. In the reverse microemulsion process, water is dispersed into oil
(immiscible liquid) and stirred vigorously in the presence of a surfactant to form extremely
small emulsion droplets. The variation of the water-to-surfactant molar ratio controls the
size of the water droplet, which in turn affects the size of the resulting QD [44,70,83]. The
reverse micelle method has been used to prepare II–VI core and core/shell QDs. Shakur [84]
synthesized zinc sulfide (ZnS) QDs by the reverse micelle method using polyvinyl pyrroli-
done as a surfactant and produced a size of 2.1 nm. In another study, Karanikolos et al. [85]
synthesized luminescent zinc selenide (ZnSe) QDs using a microemulsion process. The
synthesized QDs were reported to exhibit excellent photostability and size-dependent
luminescence. Cadmium sulfide (CdS) and CdS/ZnS semiconductor QDs were synthesized
by the reverse micelle method in a study by Lien et al. [86]. Sodium bis (2-ethylhexyl)
sulfosuccinate (AOT) was used as a surfactant. The synthesized QD had a diameter of
~2.5 to 4 nm, which was dependent on the surfactant concentration. In addition, the
core/shell nanocrystal structure was reported to have excellent luminescence and pho-
tostability. This process is said to be cost-effective, easy to handle/control by modifying
parameters such as the ratio of water to surfactant, inexpensive, highly reproducible, and
displays good monodispersity [87–89]. However, this process has limitations, such as low
yield and the need for large amounts of surfactant, which could result in the incorporation
of impurities and presents difficulty in separating the surfactant from the final QDs [90].

3.2.2. Vapor-Phase Method

Vapor-phase methods to produce QDs involve QDs deposited in an atom-by-atom
process, as described below.

Molecular Beam Epitaxy (MBE)

Molecular beam epitaxy (MBE) is one of the vapor-phase methods used under ultra-
high vacuum conditions (~10−10 Torr). It involves the deposition of overlayers to grow
elemental compound semiconductor materials of nanostructures on a heated substrate [91].
The process forms a beam of atoms or molecules from the evaporation of an apertured source.
The beams can be formed from solids (Ga and As to form GaAs QDs) or a combination of
solids and gases (e.g., PH3 or tri-ethyl gallium). This method uses the large lattice mismatch
to self-assemble QDs from II–VI semiconductors and III–V semiconductors [70]. During the
process, a reflection high-energy electron diffraction gun is used to monitor the growth of
the crystals. Although it is expensive and requires complex equipment, heating the material
is slow and controlled, and the process does not involve a slow chemical reaction, resulting
in a reduced amount of defects [66]. Brault et al. [92] used molecular beam epitaxy to grow
AlyGa1−yN QDs on AlxGa1−xN (0001) for light-emitting-diode applications.
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Physical Vapor Deposition (PVD)

Physical vapor deposition requires a high vacuum (≤10−6 Torr) to retain a good
vapor flow. A material is sublimated inside the vacuum by thermal evaporation, thereby
condensing the substrate from the vapor. Techniques such as resistive heating, electron
beam heating, and laser ablation have been used to evaporate the material. The quality of
the films produced and their physical characteristics are influenced by the rate of deposition,
pressure, substrate temperature, and distance between source and substrate. These factors
control the creation of QDs from the thin films deposited [70]. As an example, niobium
pentoxide (Nb2O5) QDs were grown by Dhawan et al. using PVD [93]. This process does
not require expensive chemical reagents, the coatings by PVD have excellent adhesion, and
the process allows the deposition of different types of materials. However, the equipment
employed is complex and expensive [94,95].

Sputtering

The sputtering process produces nanostructures by bombarding a surface with high-
energy particles (e.g., via gas or plasma). It is an effective technique for developing thin
films of nanomaterials. During the process, high-energy gaseous ions bombard the semicon-
ductor surface (target material), causing the physical expulsion of atoms or molecules from
the surface, depending on the incident gaseous ion energy [96,97]. This technique is also
referred to as ion sputtering and is commonly performed in an evacuated chamber. The pro-
cess is done in different ways, such as radio frequency and magnetron sputtering [94,98,99].
Cadmium selenide (CdSe) QDs were synthesized by Dahi et al. [100] using radio frequency
magnetron sputtering. The synthesized QDs had an average size of less than 10 nm in
diameter using a radio frequency power of 14 W and a deposition duration of 7.5 min. It is
noteworthy that increasing either RF power or deposition time (or both) increased the CdSe
QD size. The advantages of this process are reduced surface contamination, no required
solvents, and facile tuning of the size, shape, and optical density through careful control of
pressure, temperature, and deposition time. However, a drawback of this process is the
redeposition of unwanted atoms, which may contaminate the QDs.

3.3. Other Syntheses

QDs are also produced using hydrothermal synthesis. This is a one-pot synthesis by
which inorganic salts are crystallized from aqueous solution by regulating temperature
and pressure. In this technique, the temperature can be raised very high due to the
pressure containment in the autoclave. This results in partial chemical decomposition and
promotes molecular collisions, causing the formation of QD. By changing the pressure,
temperature, reactants, and aging time, different QD sizes and shapes can be attained [70].
This method of preparing QDs gives excellent photostability and high quantum yield. The
process is efficient, timesaving, and more convenient. However, a significant disadvantage
of this process is the need for expensive autoclaves [101]. Shen et al. [102] developed
nitrogen-doped carbon QDs (N-CQDs) by the hydrothermal synthesis of glucose and
phenylenediamine. The synthesized N-CQDS were reported to have good photostability,
water solubility, and low toxicity. They were also reported to be excellent fluorescent
probes for Fe3+ and CrO4

2− in addition to serving as cell imaging reagents for Hela cells.
Likewise, QDs can be fabricated using the solvothermal method, which is similar to the
hydrothermal except that organic solvents with high boiling points are used instead of
water [103,104]. Luo et al. [105] synthesized multiple color emission iron disulfide (FeS2)
QDs by the solvothermal method. Temperature, time, and the reactant ratio were varied
to make QDs with blue, green, yellow, and red fluorescence. The blue emission of the
QDs was used as a fluorescent responsive signal and the yellow emission was used as a
reference signal to construct a molecular imprinting radiometric sensor used for the visual
detection of aconitine. The process was reported to be simple and low in cost.

The microwave-assisted synthesis of QDs is a rapid heating method that shortens
reaction time and improves production yield. In this method, fewer solvents are used,
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and tiny particles with a narrow size distribution can be created [106,107]. Cadmium
selenide (CdSe) QDs were synthesized by Abolghasemi et al. [108] using the microwave-
assisted method. The QDs were synthesized in an N-methyl-2-pyrrolidone solvent with
a microwave irradiation power of 900 W. It was reported that this method showed easy
control of the size and band gap energy of the QDs, resulting in controllable emission from
photoluminescence spectroscopy. The performance of the QDs was tested in photovoltaic
solar cells, where results showed that the QDs are suitable sensitizers.

Recently, an ultrasonic technique was employed to synthesize QDs. This method
utilizes ultrasound, which causes acoustic cavitation. This involves the formation, devel-
opment, and implosive collapse of bubbles in a liquid, which produces high pressure and
high energy [109,110]. Graphene QDs (GQDs) were synthesized by Zhu et al. [111] from
graphene oxide (GO) by ultrasonication in KMnO4 for 4 h. High-resolution transmission
electron microscopy (HR-TEM) revealed that the GQDs had an average of 3.0 nm lateral
diameter with a narrow size distribution. The GQDs were reported to be uniform and
of high crystallinity. These QDs were used in an alkaline phosphate (ALP) activity assay.
In another study by Chen et al. [112], perovskite QDs were synthesized using ultrasonic
synthesis. This synthesis method was reported to produce smaller particle sizes with a
more uniform particle-size distribution. They also used this method to prepare different
chemical compositions of CH3NH3PbX3 QDs that could tune emission wavelengths, thus
providing a wider range of pure colors. Table 2 catalogs the various types of QDs and
their synthesis.

Table 2. The different synthesis techniques used to fabricate QDs.

Synthesis Methods QDs Fabricated Properties Refs.

Electron beam lithography
QD nanostructures Optical properties retained after

cross-linking [67]

QD microarrays Fluorescence
Bioaffinity [68]

Reactive ion etching Indium gallium nitride
(InGaN) QDs

Strong and distinct
photoluminescence signal [71]

Sol-gel

Titanium dioxide (TiO2) QDs large surface area
photocatalytic properties [80]

Zinc selenide (ZnSe) QDs
embedded in Silicon dioxide (SiO2) - [81]

Cadmium sulfide (CdS)
and Ni-doped CdS Highly crystalline [113]

Zinc oxide (ZnO)@polymer
core/shell Quantum yield above 50% [114]

Zinc oxide (ZnO) QD High photoluminescence
quantum yield [115]

Microemulsion (reverse micelle)

Zinc sulfide (ZnS) QDs
Pure nanocrystal

Quantum confinement effect
Photoluminescence peak at 365 nm

[84]

Cadmium sulfide/Zinc sulfide
(CdS/ZnS) semiconductor QDs

Excellent luminescence and
photostability [86]

Cadmium selenide@Zinc sulfide
(CdSe@ZnS) within monodisperse

silica

Good monodispersity
High luminescence [89]

Microemulsion (gas contacting
technique) Zinc selenide (ZnSe) QDs Excellent photostability and

size-dependent luminescence [85]

Microemulsion method + ultrasonic
waves (sono-microemulsion method) Cadmium sulfide (CdS) Narrow size distribution

High crystallinity and purity [116]

Physical vapor deposition Niobium pentoxide (Nb2O5) QDs Quantum confinement effect [93]
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Table 2. Cont.

Synthesis Methods QDs Fabricated Properties Refs.

RF magnetron sputtering Cadmium selenide (CdSe) QDs Optical properties [100]

Solvothermal

Zinc Oxide (ZO) QDs
Small size

Pure, high crystallinity and
surface area

[117]

Graphene QDs (GQDs)

11.4% photoluminescence
quantum yield
High stability

Biocompatibility
Low toxicity

[118]

Hydrothermal

Nitrogen- and sulfur-doped carbon
QDs (N, S-doped CQDs)

Small
Spherical

Green emission
[119]

Fluorescence quantum
yield (10.35%)

Nitrogen-doped carbon QDs
(N-CQDs)

Low toxicity
Good photostability [102]

Silicon QDs
Good water dispersibility

Strong photoluminescence High
pH stability

[120]

Tin oxide/Tin sulfide in reduced
bovine serum albumin (SnO2/SnS2

@r-BSA2)

Specific selectivity
Long term stability

Enhanced reproducibility
[121]

Nitrogen-doped Graphene QDs
(N-GQDs)

High quantum yield
Long-term fluorescence stability
High sensitivity and specificity

[122,123]

Molecular beam epitaxy Indium arsenide gallium arsenide
core/shell (InAs/GaAs) QDs

Strong photoluminescence intensity
High structural properties [124]

4. Surface Functionalization of QDs

QDs have been widely used in various applications such as bioimaging, drug delivery,
and diagnostics [125–130]. This has only been possible due to functionalizing their surfaces,
thereby enhancing biocompatibility, uptake, stability, and reducing biological toxicity [131].
After synthesis, QDs are generally hydrophobic, which could produce a cytotoxic effect
on cells or reduce their uptake efficiency, limiting their use in clinical practice. Hence, the
surfaces of QDs need to be altered for prospective diagnostic and therapeutic applications
by making them hydrophilic, and by attaching various chemical groups and targeting
molecules [132–134]. This can be achieved by coating or conjugating the surface of the QDs
with molecular ligands, growing silica, or applying other coatings to the QDs, such as with
amphiphilic polymers [135–138]. The next sections present general descriptions of methods
for surface modification.

4.1. Ligand Exchange

This process involves exchanging hydrophobic ligands such as trioctylphosphine ox-
ide (TOPO), trioctylphosphine (TOP), and hexadecyl amine (HDA) on the QD surface with
hydrophilic ligands to promote the formation of stable suspensions in water [139]. The most
common approach for ligand exchange is the use of thiols (-SH), such as mercaptoacetic
acid (MAA), mercaptopropionic acid (MPA), mercaptoundecanoic acid (MUA), and dihy-
drolipoic acid (DHLA) as anchoring groups, all of which present carboxyl (-COOH) groups
as hydrophilic and ionized groups to enhance hydrogen bonding with water. Furthermore,
at the proper pH (pH 5 to 12), ionic groups provide charge repulsion between particles.
The attachment of hydrophilic polymers such as PEG can enhance the solubility range of
QDs by steric repulsion [51,139,140].
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The as-synthesized QDs are reported to have a small hydrodynamic size, which is
useful in fluorescence resonance energy transfer (FRET) experiments [141]. However, after
the process, there is a decrease in fluorescence quantum yield.

In other studies, the multidentate ligands were used as sensing probes to detect
bovine serum albumin (BSA) protein in aqueous media [142]. Similarly, Chen et al. [143]
reported the ligand exchange of oleate-capped ZB-CdSe with oleylamine, resulting in a
significant decrease in photoluminescence quantum yield (PLQY). In another study [144],
a method was optimized to overcome the issue of the reduced fluorescence and stability
of silver telluride (Ag2Te) QDs. Tributylphosphine (TBP) was added during synthesis,
which was used as a precursor (TBP-Te) to form a high fluorescent Ag2Te core. The rapid
injection of TBP-Te precursor in hot solvent resulted in a PLQY of up to 6.51%. This
was then followed by phase transfer of NIR-II Ag2Te QDs via direct ligand exchange of
hydrophobic Ag2Te surface ligands with ligands of the thiol family (e.g., glutathione (GSH),
DL-cystine, dithiothreitol (DTT), dihydrolipoic acid (DHLA), DHLA-EA, cysteamine, and
thiol-containing PEG). It was observed that the hydrophilic thiol ligands promoted the
water solubility of QDs and that only ligands composed of free thiol groups were suitable
for this technique. Moreover, the QDs were reported to retain a PLQY of nearly 5% as
well as exhibiting good biocompatibility. PEGylated Ag2Te QDs were used for “second”
near-infrared (NIR-II) imaging in mice. Unlike near-infrared (NIR) imaging with emission
wavelengths between 700–900 nm, which is reported to produce substantial background
signal and affect the quality of images [145], the NIR-II window encompasses emission
wavelengths between 1000–1700 nm. Thus, it exhibits excellent penetration capacity and
high-resolution fluorescence imaging in the living body. Real-time imaging in mice showed
high brightness in abdominal vessels, sacral lymph nodes, hindlimb arterial vessels, and
tumor vessels [144].

4.2. Surface Silanization

This coating process produces a silica shell around the QDs. It is an effective process
for the modification of hydroxyl-rich material surfaces. This technique initially deposits
hydroxyl groups by ligand exchange of the surface hydrophobic groups with a thiol-derived
silane ligand (e.g., mercaptopropyltris (methyloxy)silane (MPS)) to place silanol groups
on the surface. This is followed by further silica shell growth, where other silanes can be
added on the outer surface to modify the surface charge or provide reactive functional sites.
Aminopropylsilanes (APS), phosphosilanes, and polyethylene glycol (PEG)-silane are the
most frequently used silanes [138,140]. Due to the silica thickness, the aqueous stability,
size, biocompatibility, and fluorescence of the QDs are enhanced after being covered with
a silica layer [146]. The layer also serves as a platform for further coating processes due
to the silane shell end terminal groups exposing either their thiol, phosphate, or methyl
terminal ends for subsequent reactions [147]. The advantage of this process is that the silica
shells are highly crosslinked, thereby stabilizing the silanized QDs [147]. Furthermore, this
is a preferred approach because the QDs can be made more biocompatible, less toxic, and
chemically inert. The presence of silica increases the photostability of QDs by preventing
surface oxidation [148,149], which makes them useful for applications such as drug and
gene delivery, therapy, and bioimaging [150,151].

For example, silica coating is reported to suppress photoluminescence bleaching through
the reduction in photochemical oxidation of cadmium selenide (CdSe) surfaces [152]. Simi-
larly, encapsulation in silica was reported to prevent the loss of Cd2+ ions [153]. However,
the silica shell is reported to increase the hydrodynamic size. Ham et al. [154] fabri-
cated SiO2@InP QDs@SiO2 NPs by encapsulating multiple indium phosphide/zinc sulfide
(InP/ZnS) QDs onto silica templates and coating silica shells over them. The fabricated
QDs were reported to exhibit hydrophilic properties due to the surface silica shell. The
NPs were further applied in detecting tumors where the fluorescence signal was notably
detected in the tumor. Goftman et al. synthesized silica-coated cadmium selenide (CdSe)
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QDs by the reverse microemulsion method. The silica-capped QDs were reported to have
high stability and initial brightness [155].

4.3. Amphiphilic Ligands

In this approach, the hydrophobic surfactants trioctylphosphine, trioctylphosphine
oxide, and hexadecylamine (TOP/TOPO/HDA) are preserved on the surface of the QDs.
They are coated or encapsulated with crosslinked amphiphilic polymers containing hy-
drophobic and hydrophilic segments. The synthesized QDs are hydrophobic, and upon
encapsulation with an amphiphilic polymer, an attraction is formed between the hydropho-
bic alkyl chains and the hydrophobic components of surfactants on the surface of the QDs.
In contrast, the hydrophilic component (carboxylic acid or polyethylene glycol chains)
provides dispersibility in aqueous solution and chemical functionality. During the coating
process, the amphiphilic polymers are hypothesized to provide additional stability to the
QDs through crosslinking reactions [51,138,156]. Some amphiphilic polymers include poly
(acrylic acid), phospholipids, and maleic anhydride copolymers [156].

Yoon et al. [157] fabricated CdSe@ZnS/ZnS core/shell QDs encapsulated with an
amphiphilic polymer (i.e., poly(styrene-co-maleic anhydride) PSMA). The amphiphilic
polymer (PSMA) served as a crosslinker for the matrix polymer between the maleic anhy-
dride of QDs and the diamines of PDMS within a ring-opening reaction. This produced
a highly transparent polymer at low curing temperature with enhanced compatibility
between QDs and a polydimethylsiloxane (PDMS) matrix and also improved dispersion of
QDs. The encapsulated QDs were also reported to preserve photoluminescence intensity as
a result of using this encapsulation method. They further fabricated a light-emitting diode,
which was observed to have excellent luminous efficacy.

Starch-g-poly(acrylic acid)/ZnSe-QDs hydrogel was fabricated by Abdolahi et al. [158].
The QDs were fabricated to serve as an effective adsorbent and photocatalyst. In another
study, Speranskaya et al. [159] synthesized hydrophobic cadmium selenide (CdSe)-based
QDs. The QDs were hydrophilized by coating with amphiphilic polymers (i.e., maleic
anhydride-based polymers and Jeffamines). The polymer-coated QDs were reported to
retain up to 90% of their initial brightness. Carolina and Wolfgang [160] synthesized pyridyl-
modified amphiphilic polymeric ligands (Py-PMA) in order to overcome the limitations of
QDs coated with amphiphilic polymers, such as a decrease in photoluminescence quantum
yield and diffusion of small molecules causing oxidation. Poly (isobutylene-alt-maleic
anhydride) backbone was used for synthesis with pyridyl and alkyl end groups. The
synthesized polymer-coated QDs were reported to preserve photoluminescence quantum
yield and exhibit good colloidal stability in water.

4.4. Microsphere Coating

The microsphere coating of QDs is of great interest in biological applications [161]. The
formation of composite nanostructures in which micro-composite nanostructures are assem-
bled from QDs by an encapsulant component that can serve as a glue, a scaffold, or a matrix
has been developed by researchers. Different techniques have been used for encapsulating
QDs into microspheres. These include dispersing synthesized microspheres, placing QDs in
a solvent or non-solvent mixture [162], and electrostatic bondage of QD to the microsphere
surface [163]. The reverse microemulsion method [164] and emulsion polymerization [165]
are encapsulation techniques. For example, a uniform magnetic/fluorescent microsphere
was synthesized by Li et al. [164] using the Pickering emulsion polymerization method.
The authors synthesized QD-encoded magnetic microbeads that were closely covered
with a Pickering structure containing many silica nanoparticles. This was done using a
microfluidic device that produced homogenous microbeads by forming Pickering emulsion
droplets. The oil-in-water emulsion (O/W) droplets fabricated contained the oil phase
(i.e., Fe3O4 NPs and QDs along with PSMA polymer were dispersed in toluene) and the
water phase (silica NPs dispersed in deionized water), with the silica NPs accumulated
at the interface (i.e., the oil and water interface). Thus, the silica NPs served as stabiliz-
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ers. They reported the successful synthesis of a CdSe/ZnS core/shell along with a Fe3O4
nanoparticle encapsulated in a magnetic fluorescence microsphere (MFM microsphere).
The microspheres were observed to be highly homogenous in shape, to have a high surface
area, and to be well dispersed. Moreover, they also exhibited excellent fluorescent stability
under room temperature. Hence, they further tested the microspheres to detect tumor
markers (CEA, CA199, CA125) in a single sample. Results showed the detection limits
achieved to be 0.027 ng/mL, 1.09 KU/L, and 1.48 KU/L for CEA, CA199, and CA125,
respectively. The microspheres exhibited excellent detection performance.

Zhao et al. [166] synthesized bismuth oxybromide/carbon quantum dots (BiOBr/CQDs)
microspheres using the solvothermal method followed by the hydrothermal process. The
synthesized microsphere QDs were reported to exhibit excellent photoactivity under visible
light irradiation due to exceptional electron transfer, and the CQDs exhibited increased light
harvesting capacity in addition to stability and enhanced visible-light absorption ability.
Moreover, QD-based sensors have been observed to agglomerate, leading to self-absorption
and non-radiative deactivation. Hence, to overcome this issue, microsphere-QD-sensor
platforms are being utilized. For instance, Khan et al. [167] developed a fluorescent sensor
platform for heavy metal sensing. The authors used non-toxic fluorescent zinc oxide ZnO–
QDs that were conjugated with carboxymethyl cellulose (CMC) polymer (ZCM) for the
synthesis of microspheres for sensing heavy metal (cationic metal ions, e.g., Pb2+, Hg2+,
Fe3+, Cr6+, Cu2+, Ni2+, Mn2+). To differentiate these metal ions, a fluorescence turn-off
response was adopted. Their results showed that the developed sensor had an affinity
towards the different heavy metal ions and excellent photostability. In addition to detecting
the heavy metals, the sensor could also quantify them with an accuracy of 5%. However,
only Fe3+, Cr6+, and Cu2+, among the seven metals, showed high sensitivity toward the
sensor system. Table 3 presents several examples of functionalization of the surface of QDs.

Table 3. A summary of surface functionalization of QDs (showing the advantages and disadvantages
of the four main techniques).

Surface Modification
Techniques Advantages Disadvantages Refs.

Ligand exchange Ease of processing
Small QD size

Degradation of QD photophysical
properties in an aqueous

environment (i.e., reduced PLQY)
QD core is susceptible to oxidation

[51,168–170]

Surface silanization

Improves biocompatibility
Highly cross-linked ligand molecules

End terminal groups allow further coating
through the exposure of the terminal ends

(e.g., thiol).
Control of silica shell thickness encourages

fine-tuning of QD response to light.
Improves PLQY of QDs

Improves photochemical stability

Large hydrodynamic size
Aggregation of QDs in

aqueous solution
[171–173]

Amphiphilic ligands

More chemically stable
Increased colloidal stability

Good biocompatibility and strong, stable
fluorescence signals

Size enlargementSurface defects [138,174,175]

Microsphere coating
Improve QD stability

High fluorescence
Can mask QD toxicity effectively

The formation of a uniform
microsphere is hindered.

Reduced PLQY
Encapsulation of high

concentrations of QDs results in
QD aggregation

[167,176,177]
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This table shows that each of these methods has its advantages. However, the final
choice depends on the specific application and the requirements. For instance, the ligand
exchange process decreased the photoluminescence quantum yield (PLQY). Hence, direct
encapsulation of QDs with silica shell resolves the issue of reduced luminescence yields.
This layer of silica on the QD is reported to provide enhanced aqueous stability and
fluorescence by the silica’s thickness [146]. Yet, it was reported that coating with silica shell
yields larger QDs due to the difficulty in controlling the silica thickness [173]. Moreover,
the encapsulation of QDs with an amphiphilic polymer also preserves quantum yield (QY)
even after surface modification.

Regarding microspheres, they are reported to provide hydrophobic protection. This is
because some QDs are hydrophobic in nature and not biologically useful. Thus, QDs are
functionalized or coated to make them water-dispersible and enhance their biocompati-
bility. However, it was reported that the size of the photoluminescence (PL) microsphere
determined QD stability, with a larger PL microsphere observed to give more hydropho-
bic protection of the interiors of QDs compared to smaller PL microspheres [178]. In
other words, for every possible application, the prerequisite is to properly functionalize
the surface of the QDs accordingly while ensuring they do not lose their physicochemi-
cal properties, which are enhanced in aqueous media. Figure 3 illustrates some surface
functionalization approaches of a multifunctional QD.
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Figure 3. Surface functionalization of QD core/shell. The surface coating (e.g., amphiphilic polymer
coating) enables antibodies, drugs, proteins, and other compounds to be linked with it. Hydrophobic
drugs can also be integrated between the hydrophobic core and amphiphilic layer.

5. Application of QDs
5.1. QDs for In Vitro Tumor Imaging

One of the most important applications of QDs in recent research has been to produce
in vitro fluorescent images of cancerous cells. The unique properties of QDs make them
preferable to traditional fluorescence organic dyes. A schematic representation of QDs for
in vitro tumor imaging is shown in Figure 4.
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Nitrogen-doped carbon QDs (N-CQDs) were synthesized hydrothermally by
Wu et al. [179] using tetraphenyl porphyrin and its metal complex (Pd or Pt) as a pre-
cursor. As a result of the strong photoluminescence (PL) exhibited by the CQDs, they
were investigated as imaging probes for living cells. HeLa cells treated with CQDs
(0.2 mg/mL) exhibited blue, green, and red fluorescence at excitation wavelengths of
405 nm, 458 nm, and 514 nm. Fluorescence images showed CQDs to be mainly dispersed
in the cell cytoplasm, and the nucleus showed weak emission signals. These experiments
supported that CQDs enter into cells via endocytosis.

Near-infrared (NIR) emitting CdHgTe/CdS/CdZnS QDs were synthesized by
Liu et al. [180]. The QDs were coated with N-acetyl-L-cysteine (NAC), 3-mercaptopropionic
acid (MPA), and thioglycolic acid (TGA) thiol ligands. HeLa cells were stained with these
QDs and exposed to continuous UV excitation. In vitro studies showed that after 20 min
of irradiation, stained HeLa cells produced red emission. Fluorescence images revealed
that after 40 min, NAC-tagged CdHgTe/CdS/CdZnS QD-stained cells showed high photo-
stability in the intracellular environment compared to TGA- and MPA-capped QDs. This
success was attributed to the NAC thiol capping of the QDs preventing degradation.

Near-infrared (NIR) CdTe/CdS was synthesized in an aqueous solution with 3-
mercaptopropionic acid (MPA) as a stabilizer. These QDs were employed to monitor
the change in Cu2+ concentration in living cells. HeLa cells were incubated with the
synthesized QDs (5 µg/mL), followed by adding Cu2+ (30 µM) before fluorescence imag-
ing. A bright fluorescence signal from the cells at 700–800 nm showed efficient uptake of
CdTe/CdS. However, when HeLa cells were treated with 30 µM of Cu2+ before incubation
with the QDs, significant fluorescence quenching (~90%) was observed. This observation
was attributed to the aggregation of QDs mediated by the competitive binding between
MPA and the Cu2+ in the solution. Overall, they reported the nanosensor to exhibit high se-
lectivity, excellent photostability, and rapid response [181]. Fluorescence images generated
during this study are shown in Figure 5.

Shi et al. synthesized molybdenum disulfide (MoS2) QDs with Na2MoO4 as the molyb-
denum source and 2H2O·GSH as the sulfur source using hydrothermal synthesis [182].
The reaction conditions (i.e., precursor, precursor ratio, ratio, reaction time, and tem-
perature) were optimized to improve the photoluminescence quantum yield (PLQY).
These MoS2 QDs were then used for fluorescence imaging. The in vitro studies reported
glutathione–molybdenum disulfide (GSH-MoS2) to be biocompatible after SW480 cells
were exposed to the QDs (from 0 to 1.5 µM Mo). They reported that blue fluorescence was
observed in the SW480 cells cytoplasm.

In another study, blue-fluorescent nitrogen-doped graphene quantum dots (N-GQDs)
were produced by Tao et al. [183]. The QDs were synthesized using hydrothermal synthesis
from citric acid and diethylamine, and the binding sites were highlighted. The doping with
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nitrogen element resulted in ample amide II bonds (this provides a structure for integrating
HA with N-GQDs) and enough binding sites to conjugate hyaluronic acid (HA). In order to
recognize the breast cancer cells (MCF-7 cells), the N-GQDs were conjugated to HA through
an amide bond. It was reported that the formation of amide bonds was more conducive
under alkaline conditions. In addition, MCF-7 cells exhibited stronger fluorescence as a
result of combining HA-conjugated N-GQDs (HA-N-GQDs) with CD44 over-expressed on
the MCF-7 cells surface. Their results showed the good cytocompatibility, low toxicity, and
high fluorescence of HA-N-GQDs.
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Figure 5. Confocal fluorescence images of HeLa cells (A) before and (B) after mixing with CdTe/CdS
QDs at 5 µg/mL and (C) 30 µM of Cu2+ was then added to (B) to monitor concentration change of
Cu2+ Showing as (1) brightfield images, (2) fluorescence images (700–800 nm filter), and (3) merging
of (1) and (2). (Scale bar 30 µm. Reprinted with permission from [181]).

5.2. QDs for In Vivo Tumor Imaging

The excellent fluorescent signals and multiplex capabilities of QDs make them a
promising tool for cancer bioimaging, specifically in vivo. Researchers have reported many
examples of using QDs to image tumors in vivo. A schematic representation is shown in
Figure 6.
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For instance, Zhu et al. [184] developed near-infrared (NIR) fluorescent silver se-
lenide (Ag2Se) QDs tagged with Cetuximab for targeted imaging and cancer therapy. The
multifunctional nanoprobe was reported to display fluorescent contrast at the tumor site,
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and 24 h post-injection, the fluorescence was still easily detected at the tumor site, unlike
with Ag2Se QDs alone. Their results showed that this nanoprobe significantly inhibited
tumor growth, and the survival rate of nude mice with orthotopic tongue cancer improved
from 0% to 57.1%. This platform was claimed to have successfully targeted orthotopic
tongue cancer.

Sulfonic-graphene QDs were used by Yao et al. [185] to target tumor cells in vivo. They
showed that the sulfonic-GQDs had successfully penetrated the plasma membrane into
tumor cells without modifying any bio-ligand, which they attributed to high interstitial
fluid pressure. They also reported fluorescence of the sulfonic-GQDs at an excitation of
470 nm in tumor-bearing mice post-injection. Rapid accumulation of sulfonic-GQDs at
the tumor site occurred 0.5 h after injection and was cleared 24 h later. This research
demonstrated sulfonic-GQDs’ ability to target nuclei of tumor cells in vivo with a low
distribution in normal tissues.

In another study, Wu et al. [186] developed a novel strategy against tumor cells.
They modified near-infrared fluorescent indium phosphide (InP) QDs using a vascular
endothelial growth factor receptor 2 (anti-VEGFR2) monoclonal antibody and attached miR-
92a inhibitor to VEGFR2-InP QDs. The miR-92a is said to enhance the expression of tumor
suppressor p63. Their results showed that the functionalized InP nanocomposite showed an
enhanced NIR fluorescence intensity at the tumor site, which had accumulated via enhanced
permeability and retention effect, thereby targeting tumor angiogenic cells. Moreover, using
nude mice inoculated with k562 cells, they investigated the suppression of tumor growth
in vivo. They observed the functionalized InP nanocomposite to significantly inhibit tumor
growth compared to InP QDs or miR-92a, which showed moderate suppression. Overall,
the developed system may provide a new and promising chemotherapy strategy against
tumor cells.

Fluorescent silver indium sulfide/zinc sulfide (Ag-In-S/ZnS (AIS/ZnS)) QDs with red
emission were synthesized by Sun et al. [187] and then dispersed with poly(vinylpyrrolidone)
(PVP) for imaging of tumor drainage lymph nodes. The synthesized QDs were subcuta-
neously injected in nude mice, and a bright red fluorescence was observed, suggesting that
AIS/ZnS QDs are excellent fluorescent probes for in vivo imaging. To image sentinel lymph
nodes, AIS/ZnS QDs were intradermally injected into the extremities of nude mice, and
the QDs were observed to migrate to sentinel lymph nodes. Furthermore, within 10 min of
intratumoral injection in mice bearing H460 tumors, AIS/ZnS QDs were observed to stain
tumor drainage lymph nodes with bright red fluorescence. However, after 10 min, only
weak fluorescence was observed in the tumor drainage lymph node.

Triple-negative breast cancer (TNBC) is known to develop rapidly and is associated
with recurrence and metastasis. The efficacy of chemotherapy is reported to be poor, with
the survival rate of patients affected being less than 30%. Hence, Zhao et al. [188] designed
and constructed biomimetic black phosphorus QDs (BBPQDs) coated with cancer cell
membranes for tumor-targeted photothermal therapy (PTT) and anti-PD-L1 mediated im-
munotherapy. The stability of the BBPQDs after encapsulating with cancer cell membrane
exhibited active targeting and enrichment ability in tumors. Subsequently, Cy5.5-labelled
BBPQDs were intravenously injected into BALB/c mice bearing 4T1 tumors to investigate
tumor targeting and tissue distribution. The BBPQDs were reported to exhibit significant
fluorescence intensity post-injection compared to Cy5.5-labeled BPQDs. Moreover, after
72 h, the BBPQDs showed good tumor targeting, high aggregation, and good retention
at the tumor site. The BBPQDs exhibited excellent photothermal properties and could
kill tumors directly and induce dendritic cell maturation and the activation of T cells.
BBPQD-mediated PTT and αPD-L1 combined inhibited tumor recurrence and metastasis
through the immune memory effect.

Stable fluorescent CQDs were synthesized by Huang et al. [189] under photobleaching
treatment. The synthesized CQDs were reported to have a quantum yield (QY) of ~13%
at an excitation of 365 nm, proving them to be viable in bioimaging mice with Smmc-
7721 tumor cells. The CQDs were intravenously injected (0.2 µg/mL). Optical images of
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the distribution of the CQDs were obtained at different time points. The study reported
detecting fluorescence signal 5 min post-injection, and CQDs accumulated at the tumor site
after 3 h. Complete accumulation of the CQDs was reported to occur at 12 h. The CQDs
appeared to exhibit good biocompatibility and could be used for a prolonged imaging
period. Results also showed that CQDs accumulated in the tumor, kidney, and liver.
However, no fluorescence signal was detected in the heart, lungs, and spleen. In addition,
the CQDs were reported to exhibit excellent bioimaging performance, low cytotoxicity, and
antioxidant activity.

Although the unique optical properties of QDs make them an attractive fluorescent
probe, specifically in bioimaging, the potential toxicity of QDs, such as those containing toxic
heavy metals, has limited their applications. Hence, Yaghini et al. [190] developed a heavy-
metal-free biocompatible and good photoluminescence quantum yield (PLQY) Indium-based
QD (bio CFQD® NP) for imaging in vivo. These metal-free QDs were investigated for in vivo
axillary lymphatic mapping applications. Twenty-four hours post-injection of the QDs in the
paw of rats, the QDs were observed to accumulate mainly in the regional lymph nodes with
negligible accumulation in the spleen and liver while exhibiting stable photoluminescence.
Their low intrinsic toxicity makes them attractive for in vivo tumor imaging.

5.3. QDs for Drug Delivery

QDs are just one example of the numerous nanoparticles (NPs) that have been widely
investigated for drug delivery applications. Reports show that antitumor efficacy is in-
creased while systemic side effect is reduced, which is attributed to effective nanoparticle
entrapment of anti-cancer drugs and control of distribution in cells and in tissue. The use
of nanoparticles as drug delivery agents has been reported to overcome the limitations
posed by traditional cancer therapies, including but not limited to overcoming multidrug
resistance, lack of specificity, and cytotoxicity. Their specific advantages, such as enhanced
stability, reduced toxicity, precise targeting, and biocompatibility, promote the use of NPs
as nanocarriers in cancer therapy [191–193].

Moreover, these nanocarriers have been found to facilitate the administrative routes
and enhance the biodistribution of drugs [194]. They act as drug vehicles and can target
tumor cells or tissues while shielding the drug during transport [192]. The delivery of drugs
to the site occurs actively, i.e., a drug delivery system (DDS) is coupled with peptides and
antibodies anchored with lipids or receptors at the target site, or passively, i.e., the drug is
transported via self-assembled nanostructured material and released at the target site [195].

Nanoparticles, in general, are excellent nanocarriers for targeted drug delivery. They
serve as potential candidates due to their biocompatibility, controlled drug release, pro-
longed circulation time, and accumulation at the tumor site due to enhanced permeability
and retention (EPR) effect [196–198]. Table 4 lists some common nanoparticles used for
drug delivery, along with their advantages and disadvantages.

Table 4. Advantages and disadvantages of organic and inorganic NPs used for drug delivery.

Organic Nanoparticles Advantages Disadvantages Refs.

Liposomes Enhances drug solubility Decreased stability [199,200]
Reduces drug toxicity

Micelles
Improves circulation time Lack of targeting moieties [201,202]

Protects aqueous drug cargo

Polymer NP (Chitosan) Increase drug residence time in the bloodstream Initial burst release results
in loss of drug efficiency [203,204]

Dendrimers

The hydrophobic core allows insoluble anti-tumor
drugs to be absorbed and provides smooth delivery.

Rapid clearance of
reticuloendothelial system [205,206]

The hydrophilic part increases stability and limits
the particles' interaction with serum proteins.
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Table 4. Cont.

Organic Nanoparticles Advantages Disadvantages Refs.

Inorganic Nanoparticles

Silver NPs Enhances PTX distribution in tumor
microenvironment

Release of silver ions
in cytosol [207,208]

Gold NPs
Enhances photothermal therapy Low tissue clearance [209–211]

Easily functionalized

Mesoporous silica NPs Controlled drug release Slow biodegradation [204,212]

Magnetic NPs (iron oxide) Precise targeting of cancer cells
Release of PTX under external magnetic field Removal by macrophages [213–215]

Quantum Dots Improves the bioavailability of the drug Leaching of heavy metals [216,217]

The use of QD nanoparticles for targeted drug delivery is of great interest due to their
unique properties, including their distinctive optical characteristics due to their quantum
confinement effects. QDs are also an excellent choice because of their intrinsic fluorescence
and unique properties to serve as a multifunctional nanosystem. This includes their ability
to aid in targeted drug delivery and improve the bioavailability and stability of drugs by
prolonging the circulation time in vivo and improving distribution [216].

The use of QDs for drug delivery requires the modification of their surface with target
ligands (e.g., thioglycolic acid, polyethylene glycol (PEG), antibodies, DNA, biotin, or
peptides) [218,219]. Some surface modifications enable the drug molecules to bind to the
QDs through covalent bonds or electrostatic binding, which forms nano-drug carriers and
then makes fluorescent tags of drug molecules in cells and live animals [220]. Hence, QDs
can act as drug carriers as well as fluorescent probes to trace drug distribution in vivo [221].
However, the size of the QD should be considered because excretion from the body is
important. Moreover, the drugs can be loaded into a polymer NP system containing either
hydrophilic QDs or hydrophobic QDs, depending on the polymer particle type used for
encapsulation. This is followed by delivery at the desired site, where the polymer particle
releases the drug via degradation at low pH or diffuses out of the polymer [222]. Figure 7
shows the development of molybdenum disulfide (MoS2) QDs for tumor fluorescence
imaging, tumor targeting, and chemo/photodynamic therapy (PDT).
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to form MPRD. MPRD exhibits tumor-targeting ability, pH-responsive drug release, and synergistic
chemo/PDT performance under near-infrared (NIR) laser irradiation(grey circles: synthesized MoS2

QDs, red circles: Dox, green triangles: RGD). Reprinted with permission from [223].

Table 5 shows in vitro and in vivo targeted drug delivery using QDs.

Table 5. In vitro and in vivo targeted drug delivery using QDs.

QDs Used In Vitro Drug Cell Line Ref.

Iron oxide carbon QDs encapsulated in
chitosan (Fe2O3/CQDs/Chitosan) Curcumin MCF-7 cells [224]

Transferrin (TF)-conjugated Carbon QDs Doxorubicin MCF-7 cells [225]

Graphene oxide QDs conjugated with
glucosamine and boric acid

(GOQDs-GlcN-BA)
Doxorubicin MCF-7 cells [226]

Magnesium nitride (Mg/N) doped carbon
QDs (CQDs) Epirubicin (EPI) 4T1 and MCF-7 cells [227]

Nitrogen-doped Graphene QDs (N-GQDs) Methotrexate (MTX) MCF-7 human breast
cancer cells [228]

PEGylated molybdenum disulfide QDs
(PEG-MoS2 QDs) Doxorubicin U251 cells [229]

Zinc oxide adipic dihydrazide heparin
(ZnO-ADH-Hep) Paclitaxel A549 cells [230]

Cadmium-sulfide-modified chitosan
(CdS@CTS) Sesamol MCF-7 cell [231]

PEGylated Silver graphene QDs (Ag-GQDs) Doxorubicin HeLa and DU145 cells [232]

Magnetic carbon triazine dendrimer reacted
with graphene QDs (Fe3O4@C@TD GQDs)

microsphere
Doxorubicin A549 cell [233]

QDs used in vivo

Graphene QDs Doxorubicin MCF-7 cells [234]

Silver sulfide (Ag2S) QDs conjugated
with chitosan Doxorubicin HeLa cells [235]

Manganese doped zinc sulfide (Mn-ZnS)
QDs conjugated with folic acid (FA) 5-fluorouracil (5-FU) 4T1 breast cancer cells [236]

PEGylated silver sulfide Ag2S QDs Doxorubicin MDA-MB-231 human breast
tumor cells [237]

Graphene QD (GQD)-modified magnetic
chitosan Fe3O4@CS Doxorubicin Hepatocellular carcinoma [238]

Red-emissive carbon QDs (CQDs) Doxorubicin HeLa cells [239]

Black phosphorus QDs (BPQDs)
encapsulated in platelet-osteosarcoma hybrid

membrane (OPM)
Doxorubicin Osteosarcoma [240]

Nitrogen-doped carbon QDs conjugated with
folic acid (FA) Doxorubicin 4T1 and MCF-7 cells [241]

PEGylated molybdenum disulfide (MoS2)
QDs conjugated with arginylglycylaspartic

acid (RGD) peptide
Doxorubicin HepG2 cells [223]

Polyethyleneimine (PEI)-conjugated
graphene QDs (GQDs) Doxorubicin HCT116 cells [242]
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The anti-tumor drug Adriamycin was loaded into a drug delivery system (DDS)
developed by Hao et al. [243] through covalent interactions and the formation of Zn2+-
DOX. The lanthanum-doped zinc oxide (La-ZnO) QDs were modified with hyaluronic
acid (HA). This enables them to bind specifically to receptor CD44. In addition, the devel-
oped system was PEGylated to stabilize it under physiological conditions. Their results
showed that an anti-tumor effect and dual fluorescence enhancement were achieved due to
lanthanum doping.

Similarly, Cai et al. [55] used covalent interactions and the formulation of a zinc
doxorubicin (Zn2+-Dox) chelate complex to load Doxorubicin to hyaluronic-functionalized
PEGylated zinc oxide (HA-ZnO-PEG). They reported that the system exhibited an acidic
pH response, which triggered targeted drug release in tumors.

A polylactic acid (PLA) polymer matrix has been used for drug encapsulation as it
provides sustained and controlled drug release. Gautam et al. [244] conjugated Gefitinib to
polyethylene glycol graphene QDs (PEG-GQDs) and encapsulated the QDs in polylactic
acid (PLA) microsphere for cancer therapy. They aimed to use the developed system for
controlled drug (Gefitinib) delivery. They reported drug release to be around 65% after
48 h at an acidic pH (pH = 4.5). This was attributed to destabilized electrostatic interaction.
At basic pH (pH = 7.4), drug release was observed to be slower. They suggested that their
prepared system using PLA microspheres could be an excellent candidate for cell imaging
and drug delivery. Figure 8 illustrates the in vitro release of Gefitinib-loaded microspheres.
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Furthermore, Wei et al. [245] evaluated using QDs as an effective tool for microenviron-
ment-targeted drug delivery. Using chemical oxidation and a covalent reaction, Pt-loaded
and polyethylene glycol (PEG)-modified graphene QDs (GQDs) were developed as a drug
delivery system. The Pt-loaded and PEG-GQDs were developed to overcome hypoxia-
induced chemoresistance in oral squamous cell carcinoma. The accumulation of Pt within
oral squamous cell carcinoma (OSCC) cells was significantly enhanced using polyethylene
glycol–graphene QDs-Pt (GPt) in normoxia and hypoxia. The GPt was observed 2 h
after incubation in the cytoplasm and in the nucleus 5–8 h after incubation. After 24 h,
GPt luminescence was further enhanced, indicating that GQDs can transfer Pt and are
potential platforms for nucleus-targeted drug delivery. The in vivo studies reported that
GPt inhibited tumor growth.

In another study, graphene QDs (GQDs) were incorporated into carboxymethyl cellu-
lose (CMC) hydrogels to design a hydrogel nanocomposite film loaded with doxorubicin as
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a drug model. They reported drug release to inversely depend on the concentration of GQD
(i.e., release % of DOX from CMC/GQD decreases with increasing GQD concentration)
even as the pH was varied. In addition, increasing GQD concentration resulted in increased
drug loading capacity, showing that GQDs incorporated in CMC films resulted in pH
sensitivity and the prolonged release of the therapeutic agent [246]. Olerile et al. [247]
developed paclitaxel (PTX) and CdTe@CdS@ZnS QDs co-loaded in nanostructure lipid
carriers (NLC). Their experiments showed that the encapsulation efficiency of PTX was
80.70 ± 2.11% and the drug loading was 4.68 ± 0.04%. In addition, the rate of tumor
suppression was reported to be 77.85%. Their results showed that the co-loaded NLC could
also detect H22 tumors, revealing some potential for bioimaging.

Zhao et al. [248] also used paclitaxel (PTX) as a model drug. They synthesized
manganese-doped zinc selenide zinc sulfide (ZnSe:Mn/ZnS) core/shell, and the anti-cancer
drug (PTX) was co-loaded into hybrid silica nanocapsules conjugated with folate. Folic
acid (FA) conjugation was performed via an esterification reaction between FA carboxylic
groups and animated F127 amino groups. The PTX solubility (0.1 µg/mL) was reported
to be enhanced 630 times, improving the loading amount to 62.99 µg/mL. Their reports
showed sustained release of PTX across 12 h. Overall, the developed hybrid nanocapsules
showed the efficacy of anti-cancer drug loading and sustained release. Figure 9 illustrates
the process of FA conjugation.
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Figure 9. Schematic diagram of FA-conjugated hybrid silica nanocapsules. Reprinted with permission
from [248].

Demir Duman et al. [249] evaluated the use of near-infrared-emitting silver sulfide
(Ag2S) QDs. The Ag2S QDs surfaces were coated with PEG, functionalized with Cetuximab
(Cet) antibodies to target and reveal tumor cells, and loaded with the 5-fluorouracil (5FU)
anti-cancer drug. The QDs were developed for targeted NIR imaging and treatment of lung
cancer via low and high epidermal growth factor receptors (EGFR). The Cet-conjugated
QDs delivered 5FU effectively and selectively to A549 cells and provided exceptionally
enhanced cell death associated with apoptosis. They suggested their novel system would
significantly overcome drug resistance compared to the treatment of 5FU alone.

Yang et al. [250] developed GQDs loaded into hollow mesoporous silica nanoparticles
(HMSN cavity) (GQDs@hMSN-PEG NPs). The singlet oxygen (1O2) generating capacity of
the GQDs was not affected after hMSN loading. The developed GQDs@hMSN-PEG NPs
were reported to exhibit excellent absorption and emission properties. The drug loading
capacity was measured and the NPs were found to carry significant amounts of DOX. They
further demonstrated drug delivery feasibility on mice bearing 4T1 tumors by injecting
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GQDs@hMSN (DOX)-PEG, with results showing the feasibility of tumor-directed drug
delivery. Table 6 summarizes some other applications relative to cancer involving QDs.

Table 6. Other recent applications of QDs relative to cancer [226,251–268].

QDs Utilized Application Target Cells

Carbon QDs (CQDs) Drug delivery Breast cancer cell line
Carbon QDs (CQDs) Drug delivery Breast MCF-7 cancer cells

Graphene QDs (GQDs) Drug delivery U251 glioma cells
Near-infrared (NIR) copper indium

sulfide zinc sulfide core/shell
(CuInS2/ZnS) QDs

In vivo RR1022 Cancer cell

Alloyed Zinc copper indium sulfide
(ZCIS) QDs In vitro HER2-positive SKBR3 cancer cells

Molybdenum disulfide (MoS2)
QDs-MXene

Electrochemiluminescence (ECL) sensor
for detection Gastric cancer cell exosome

Zinc oxide (ZnO) QDs Drug delivery HepG2 cells

Molybdenum disulfide (MoS2) QDs Photodynamic therapy
Drug delivery HeLa and HepG2 cells

Manganese-doped molybdenum
disulfide (Mn-MoS2) QDs

In vivo MR imaging
Fluorescence labeling

786-O
Renal carcinoma cells

Titanium-ligand-coordinated black
phosphorus QDs (TiL4@BPQDs) In vivo Photoacoustic Imaging MCF-7 cancer cells

Graphene QDs (GQDs) Photothermal therapy MDA-MB-231
Folic-acid-conjugated carbon QDs

(FA-CQDs) Fluorescence imaging MCF-7 cells and ovarian cancer (HeLa)

Copper indium sulfide zinc sulfide
core/shell (CuInS/ZnS) QDs Sensor probe for targeted imaging BEL-7402 cancer cells

Titanium nitride (Ti2N) QDs
Photoacoustic (PA) imaging-guided

photothermal therapy (PTT) in
near-infrared (NIR-I/II) biowindows

293T, 4T1 and U87 cancer cells

Cadmium telluride cadmium sulfide
(CdTe/CdS) core–shell QDs Fluorescence imaging MDA-MB-231/MDR

Zinc oxide (ZnO) QDs Drug delivery MCF-7
Cadmium selenide telluride zinc sulfide

(CdSeTe/ZnS) QDs Photothermal therapy Hepatoma cells Huh7

Graphene QDs (GQDs) Drug delivery MCF-7 cells
Near-infrared (NIR) silver selenide

(Ag2Se) QDs In vivo tumor imaging MCF-7 human breast cancer cells and
SW1990 pancreatic cancer cells

6. Cytotoxicity

The cytotoxicity of many QDs is a major deterrent to using QDs in widespread
biomedical imaging and therapy. Despite their promising potential in various applications
due to their optoelectronic properties, the toxicity of QDs limits their use to in vitro or
animal studies. The toxicity of QDs is attributed to their chemical compositions containing
heavy metal ions such as cadmium and indium [269]. In addition, their environmen-
tal conditions and physicochemical structure contribute to toxin availability (e.g., size,
concentration, capping material, mechanical stability, etc.) [270–272]. For instance, the
cardiotoxicity of cadmium selenide zinc sulfide (CdSe/ZnS) QDs was investigated by
Li et al. [273]. A significant amount of cadmium (Cd) was detected in the hearts of mice
bearing CdSe/ZnS QDs. Their results showed the accumulation of CdSe/ZnS QDs in the
heart in addition to the incomplete QD excretion of up to 42 days.

In another study, the toxicity of copper indium disulfide zinc sulfide (CuInS2/ZnS)
core/shell QDs was investigated in vivo. Ninety days after injection, indium was detected
in the kidney, heart, brain, and testis. In another study, CuInS2/ZnS QDs were reported to
accumulate in the liver and spleen [274].

Furthermore, QD toxicity results from the generation of reactive oxygen species
(e.g., free radicals and the creation of singlet oxygen) [275], which could damage DNA.
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Near-infrared (NIR) QDs have also been reported to present a health risk. For instance,
Zhang et al. [276] reported that lead sulfide/cadmium sulfide (PbS/CdS) QDs (0.7%)
remained in mice after 1 month. The QDs were observed in the liver, spleen, lungs, kidneys,
stomach, and gut and distributed to other body parts. The toxicity and accumulation of
QDs in off-target tissues is an issue that must be addressed.

Conversely, researchers have reported that the coating of QDs or the surface func-
tionalized QDs reduced the leaching of ions [277], thereby reducing acute toxicity. For
instance, Murase et al. [278] synthesized cadmium selenide/zinc sulfide (CdSe/ZnS) QDs
encapsulated in highly emitting silica capsules by the sol–gel method. At a shell thickness
of 15 nm, the release was suppressed effectively compared to a shell thickness of 10 nm.
They further reported leakage suppression at a temperature of 40 ◦C. Their results revealed
that the silica capsules were non-toxic to cells. There is still the need to consider the effec-
tive surface coating of QDs because a better-protecting shell is less likely to leach heavy
metals; however, at the same time, the size of QDs is increased after encapsulation, which
might hinder their use in some applications. Even if capping can effectively minimize
toxic ion release and preclude acute toxicity, the long-term buildup of capped QDs must be
addressed for clinical translation to be approved. Consequently, additional investigation is
warranted to develop improved methods for synthesizing QDs that mitigate or eradicate
their toxic properties.

7. Conclusions

The use of nanoparticles in the fight against cancer has been researched extensively.
Nanoparticles possess several characteristics required to overcome the limitations of con-
ventional cancer management strategies, thus providing a platform for early detection and
treatment. Quantum dots are the latest nanoparticles to exhibit unique properties that could
impact how cancer is diagnosed and treated. These features include their small tuneable
size, stable photoluminescence, large surface-to-volume ratio, and potential biocompatibil-
ity. QDs have been extensively applied for in vitro and in vivo tumor imaging and, more
specifically, integrated with therapeutic agents for targeted drug delivery in vivo. The
flexibility to bioconjugate or modify the surface of QDs according to the needed application
qualifies QDs to be potential candidates as multifunctional systems. Many studies have
shown that drug encapsulation in QDs increased drug delivery efficacy. More importantly,
surface-modified QDs show promise as a great platform that could simultaneously deliver
loaded drugs and provide real-time imaging of the biodistribution of the drug at tumor
sites in vitro and in vivo.

Furthermore, studies have revealed that QDs subjected to surface modification serve
as fluorescent markers and can inhibit tumor growth substantially or directly induce tumor
cell death when combined with the requisite receptors or ligands. While the toxicity issues
associated with QDs containing heavy metals like cadmium have been acknowledged,
their tendency to accumulate in bodily organs due to their overall size hinders some of
their potential use in human in vivo imaging and drug delivery applications. Hence, the
development of heavy-metal-free QDs is extensively studied for possible clinical applica-
tions [279]. While acknowledging the need to minimize QD dimensions and appropriately
capping them to mitigate toxicity, all while considering the specific application needs, it is
important to note that QDs have demonstrated novel and useful promise in cancer imaging
and treatment. Without a doubt, persistently utilizing the QD platform for cancer-related
biological research will lead to a noteworthy breakthrough that has the potential to reshape
the current research landscape.
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Abstract: Herein, the particle size distributions (PSDs) and shape analysis of in vivo bioproduced
particles from aqueous Au3+ and Eu3+ solutions by the cyanobacterium Anabaena sp. are examined
in detail at the nanoscale. Generally, biosynthesis is affected by numerous parameters. Therefore,
it is challenging to find the key set points for generating tailored nanoparticles (NPs). PSDs and
shape analysis of the Au and Eu-NPs were performed with ImageJ using high-resolution transmission
electron microscopy (HR-TEM) images. As the HR-TEM image analysis reflects only a fraction of the
detected NPs within the cells, additional PSDs of the complete cell were performed to determine the
NP count and to evaluate the different accuracies. Furthermore, local PSDs were carried out at five
randomly selected locations within a single cell to identify local hotspots or agglomerations. The PSDs
show that particle size depends mainly on contact time, while the particle shape is hardly affected.
The particles formed are distributed quite evenly within the cells. HR-PSDs for Au-NPs show an
average equivalent circular diameter (ECD) of 8.4 nm (24 h) and 7.2 nm (51 h). In contrast, Eu-NPs
preferably exhibit an average ECD of 10.6 nm (10 h) and 12.3 nm (244 h). Au-NPs are classified
predominantly as “very round” with an average reciprocal aspect ratio (RAR) of ~0.9 and a Feret
major axis ratio (FMR) of ~1.17. Eu-NPs mainly belong to the “rounded” class with a smaller RAR
of ~0.6 and a FMR of ~1.3. These results show that an increase in contact time is not accompanied
by an average particle growth for Au-NPs, but by a doubling of the particle number. Anabaena sp.
is capable of biosorbing and bioreducing dissolved Au3+ and Eu3+ ions from aqueous solutions,
generating nano-sized Au and Eu particles, respectively. Therefore, it is a low-cost, non-toxic and
effective candidate for a rapid recovery of these sought-after metals via the bioproduction of NPs
with defined sizes and shapes, providing a high potential for scale-up.

Keywords: cyanobacteria; nanoparticle size distribution; digital image processing; growth monitoring;
shape classification

1. Introduction

Microbial in vitro or in vivo synthesized nanoparticles (NPs) are of great interest as
they can be generated in an environmentally friendly and cost-effective manner. Especially
in the field of biomedical applications, biogenic synthesis routes offer a sustainable and
safe technique [1]. Bioproduction can be carried out under ambient temperatures, unlike
conventional synthetic processes [2]. The microorganisms used as biological “nanofactories”
are capable of accumulating gold (Au), rare earths (REs) and other dissolved elements from
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industrial waste or other anthropogenically contaminated sites. At the same time, they are
able to satisfy the objectives of resource recovery and pollution reduction [3,4]. Eu ions
accumulate in soil and water due to the gasoline industry, nuclear wastewater, or discarded
equipment containing Eu dyes [5]. This harms the reproduction, nervous system and cell
membranes of aquatic organisms and poses a potential threat to human health [6].

In particular, Au and RE recovery from mine waste is becoming increasingly attractive,
as it is necessary to rehabilitate mine tailings using nature-based solutions and afterwards
use them economically. The effort to discard the biomass contaminated with metals should
be used profitably. For this purpose, the processing of plants to products is carried out,
which is called farming for metals or agro-mining [7]. Rising mining costs also favor the
biotechnological recycling of critical metals, which include Au and Eu. Biorecovery of Eu
from primary (mineral deposits) and secondary (mining wastes) resources is of interest
due to its scarcity and inherent luminescence properties [8]. Besides the recovery from
mine tailings, industrial electronic waste, especially waste printed circuit boards [9], are
attractive resources of trivalent actinides. E-waste, is one of the fastest increasing waste
streams (>50 Mt in the year 2019, estimated 74 Mt in 2030), whose disposal and effective
management is a global challenge according to the UN´s Global E-waste Monitor 2020 [10].

Some studies are conducted to find suitable “green” sorbents (e.g., cell walls of
Stephanopyxis turris and Thalassiosira pseudonana) to remediate Eu and model sorption
reaction by using diffuse double layer model [11]. In sorption, different uptake mechanisms
are possible: surface adsorption and incorporation/precipitation. The extent of adsorption
is known to depend on solution pH, contact time, metal ion concentration and adsorbent
dose [12].

To the best of the authors’ knowledge, only few studies have been conducted on
microbial Eu (nano-)particle synthesis concerning more the fact of demonstrating bioac-
cumulation and/or biosorption that can be used for biological recovery. Hence, Cadogan
et al. successfully removed Eu3+ ions by Arthrobacter sp. by biomass and crab shell powder
amongst others from aqueous solution through biosorption [5,12]. Serna et al. provided
insights into the passive biosorption of Eu3+ binding properties to chemically distinct sites
of different biomaterials using luminescence spectroscopy [13]. In contrast to the aforemen-
tioned methods, Kim et al. synthesized europium selenide (EuSe) NPs with recombinant
Escherichia coli cells in vivo and showed the anti-cancer effect of these generated NPs [14].
Maleke et al. studied the reduction and intracellular bioaccumulation of Eu by a Clostridium
strain and found it suitable for biorecovery of this critical metal [8].

In addition to intracellular uptake in vivo biosynthesis of NPs [15,16], there are meth-
ods in which stable crystalline Au particles are formed extracellularly in vitro using biomass
extracts [17]. Commonly, in vitro methods for the quasi biosynthesis of (Au-)NPs by using
biomass extracts are used to (extracellularly) generate particles.

The state of the art Au-NP biosynthesis is better established [18–21] than that for REs
such as Eu. For example, Dahoumane et al. studied improvements of kinetics yield and
colloidal stability of biogenic Au-NPs [21]. Furthermore, Castro et al. found that the initial
pH value of the solution and the concentration of Au precursor influences the morphology
and NP formation of crystalline gold nanowires using orange peel extract [22].

All these microbially synthesized metallic nanostructures clearly outperform chemical
and physical processes by providing a better eco-balance, being faster and capable of being
producing in larger scales [23]. However, a big issue of bioproduction is still the control
of NPs with a certain size and shape [24]. Nevertheless, studies to analyze data on the
diversity of shapes and sizes of NPs obtained by green synthesis are scare [25,26]. There are
numerous variables, such as pH, metal ion concentration in the solution, adsorbent dose,
contact time, etc., that affect microbial NP bioproduction [27]. Therefore, it is challenging to
find the crucial points for the generation of specific NPs and optimize relevant parameters
to examine the best practice [28].

Within our group, we already demonstrated the capability of biosorption and accu-
mulation of precious and RE elements, such as Au, Eu and Sm, leading to well-defined
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nanosized particles [15,16,29,30]. Cyanobacteria of the genus Anabaena sp. are a species
well suited for the intracellular uptake of precious metals, such as Au, Ag, transition metals
(e.g., Cu, Al, etc.) and various REs [31,32].

Furthermore, they are good candidates to replace synthetic routes, which often require
toxic solvents or produce undesirable waste products. They are easy to handle in contrast to
some other microorganisms, why they have attracted increasing attention among scientists
worldwide [33]. The kinetics and mechanisms of NP formation need to be understood
before extending laboratory experiments to higher capacity processes [28]. If production
could be accomplished by natural bioorganisms in effluents from treatment plants, this
would be very beneficial. On the one hand, the algae could serve to minimize metal toxicity
in the aqueous environment, and on the other hand, elemental metal would be recovered
from the ions by biosorption through regular harvesting [34].

In this study, the influence of the contact time of Anabaena sp. with the metal-containing
nutrient solution on particle sizes and shaping was investigated. High-resolution transmis-
sion electron microscopy images showing Au- and Eu-NPs formed in Anabaena sp. were
analyzed using digital image processing. It was found that the particle growth time factor
can affect particle size and number, but has less effect on particle shaping.

2. Materials and Methods

Biosorption experiments were performed according to our previous work [15,16].
Stock culture of Anabaena sp. (SAG 12.82, Algae Culture Collection (SAG) Göttingen,
Germany) was transferred in a sterile 250 mL Erlenmeyer flask filled with 150 mL modified
Bold’s Basal Medium (BBM, pH 6.8). All biomass suspensions were kept at a low nitrate
concentration of 50% in order to increase heterocyst growth. Incubation took place at 22
◦C and pH 7.3 with a 12 h day–night cycle simulation (4200 K) under continuous mixing
by an orbital shaker in a temperature-controlled incubator. Appropriate samples were
separated in half, one was taken as a reference and the other was incubated with the
respective salt BBM solutions of HAuCl4 or Eu(NO3)·6H2O, each 1 × 10−4 mol/L (ABCR
GmbH, Karlsruhe, Germany). Aliquots of 2 mL of the biomass suspensions incubated with
Au were taken after 24 h and 51 h, and of the samples mixed with Eu after 10 h and 244
h. Centrifugation (14,000 rpm, 15 min, 16,000× g) was used to extract biomass from the
medium and the biomass pellet was prepared for TEM measurements. The supernatant
was used for inductively coupled plasma mass spectrometry (ICP-MS) to prove the uptake
of metal ions. More details can be taken from [15,16,30].

Prior to TEM-imaging, samples were fixed with glutaraldehyde and osmium tetroxide,
dehydrated and embedded in epoxy resin, according to standard procedures. Ultrathin
films (~60 nm) were cut with an Ultracut EM UC6 ultramicrotome (Leica Microsystems,
Wetzlar, Germany) using a diamond knife (type ultra 35◦, Diatome, Biel, Switzerland).
Films were placed on pioloform-coated copper grids (Plano, Wetzlar, Germany), stained
with uranyl acetate and lead citrate. The method follows established procedures [35] and
has previously been described in more detail [15,16]. Nanoscale imaging was performed
on a HT-7700 TEM 7700 (Hitachi, Tokyo, Japan) in high-resolution (HR) imaging mode.
The system was operated at an accelerating voltage of 100 kV.

For digital image processing, ImageJ 1.53d (National Institute of Health, Rockville, MD,
USA, freeware) with JavaTM version 1.8.0_112 (64-bit) under Windows 10 Pro edition was
used to identify all pixels that contribute to recorded Au or Eu particles. A Fujitsu Siemens
H19-1 monitor (resolution of 1280 × 1024, refresh rate of 60.020 Hz) was applied for the
evaluation. The bit depth was 8-bit, the color format was RGB and the color space was SR
(Standard Dynamic Range). The graphics card used was Intel(R) HD Graphics 620. TEM
images were implemented as JPG (resolution 3296 × 2563 pixels, depth 24-bit), whereas
the registered scale bar served as a known distance for the transfer to the particle units. To
capture particles more accurately, images were cropped, smoothed and sharpened before
individual thresholding took place. An appropriate size range was set for each image, to
remove artefacts and cell compounds at the upper scale and scattered pixels originating
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from the background noise at the lower end. Particles touching the edges were excluded.
Results were displayed as equivalent circular diameters (ECD, Equation (1)) in nm,

ECD =
√

4 · A/π (1)

assuming that the particles are perfectly spherical. Since this assumption does not cor-
respond to reality and most particles are irregular in shape by nature, the Feret major
axis ratio (FMR, Equation (2)) and the reciprocal aspect ratio (RAR, Equation (3)) were
calculated from the Feret diameter Df and the major a and minor axes b of the fitted ellipses
for shape analysis.

FMR = D f/a (2)

RAR = b/a (3)

The parameters used in Equations (1)–(3) were taken from Igathinathane’s object
identification strategy and are standard outputs generated by ImageJ to evaluate particles
shape and size [36]. The exact procedure for particle size and shape analysis can be found
in detail in the previous work of the authors [37].

3. Results and Discussion
3.1. Exemplary TEM Images with Nanoparticles

TEM measurements clearly show Au and Eu particles inside the cells of Anabaena sp.
(Figure 1). After 24 and 51 h of in vivo contact time with the Au3+ containing solution
(respectively, 10 and 244 h with the Eu3+ solution), cells of the living organism fully
incorporated these ions, and generated nano-sized Au and Eu particles, respectively. Au-
NPs were formed only in vegetative cells (Figure 1A–D), whereas Eu-NPs were generated
exclusively in its heterocysts (Figure 1E–H). In high-resolution (HR) imaging, the Au-
NPs (some indicated by blue arrows in Figure 1B,D) look more spherical and electron
denser than the irregularly shaped Eu-NPs (red arrows in Figure 1F,H) at first glance.
Therefore, the particle formation in different cells obviously affects the shape and size of
the generated particles.

Figure 1. TEM images of vegetative cells of Anabaena sp. showing Au-NPs after 24 h (A,B) and 51 h
(C,D) and its heterocysts with Eu-NPs after 10 h (E,F) and 244 h (G,H). Indicated are magnifications
(B) (blue outline) of (A,D) (green dotted) of (C,F) (red dashed) of (E), and (H) (yellow dotted and
dashed) of (G). Blue arrows mark some selected Au-NPs and red arrows Eu-NPs.
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3.2. Particle Size Distributions (PSDs)
3.2.1. PSDs of all NPs in Complete Cells

The PSDs of the Au- and Eu-NPs shown in Figure 2 were determined from the TEM
images provided in the Supporting Information Figure S1 (Supplementary Materials Section
S1 Used Datasets) and the settings listed in Table 1 during digital image analysis.
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Figure 2. PSDs for Au-NPs after 24 h (A,B) and 51 h (C,D) and for Eu-NPs after 10 h (E,F) and 244 h
(G,H) with the mean value and standard error (SE). The number of particles N per investigated cell
volume and the average area or ECD (red lines) are indicated in the plots. The ECDs are calculated
from the areas assuming round particles. The boxplots show the 25% and 75% percentiles, with the
whiskers at 10% and 90%.
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Table 1. Underlying TEM image settings for the determination of Au- and Eu-NP sizes in the complete
vegetative cells (Au) and heterocysts (Eu), respectively (inf = infinity).

Ion
Contact Time Cell No. Zoom Range

[px]
Scale Ratio

[px/µm]
Threshold

[%] Counts

Au—24 h

1 ×8.0 k 5–500 736 0.2 178
2 ×8.0 k 10–inf 732 0.2 30
3 ×15.0 k 10–inf 1374 0.2 194
4 ×10.0 k 10–300 917 0.2 371

Au—51 h
5 ×8.0 k 5–inf 734 0.4 552
6 ×7.0 k 10–1000 639 0.5 507

Eu—10 h 7 ×7.0 k 15–500 643 1.4 416

Eu—244 h
8 ×5.0 k 5–100 458 0.5 742
9 ×7.0 k 20–400 639 1.3 258

10 ×6.0 k 40–300 496 1.4 220

The results of Figure 2 give an indication of the average NP-forming capacity of the
investigated cell volumes and their PSDs in complete cells. The vegetative cells forming
Au-NPs have a total volume of 1.21 µm3 for cells isolated after 24 h of contact time and a
volume of 0.95 µm3 for cells extracted after 51 h. Each cell area was measured by digital
image analysis and the cell volume was calculated by assuming the sliced ultrafilms have a
thickness of 60 nm. In these cell volumes, 773 particles were detected after a growth time of
24 h and 1059 Au-NPs after 51 h. For Eu, a total of 416 NPs could be registered in a cell
volume of 0.44 µm3 (10 h) and 1220 of them in a volume of 1.81 µm3 (244 h). To facilitate
comparison, the values are converted to a standard volume of 1.00 µm3. This results in the
fact that with the same cell volume, about 639 particles would have formed with a growth
time of 24 h and about 1115 Au-NPs with 51 h. The increase rate of particle number at
slightly more than twice the time is about 57%. In the case of Eu, the situation is completely
the other way round. Here, about 946 Eu-NPs would have formed at 10 h and only 674
at 244 h. It remains questionable whether this decrease of nearly 29% in the number of
Eu-NPs is due to a partial agglomeration of the amorphous particles. Considering the range
from approx. 300 nm2, it can be seen that larger particles formed after 244 h compared to
after 10 h. However, there is still a large number of small particles (<50 nm2). The flatter
distribution from about 100 nm2 (244 h) and from about 200 nm2 (10 h) indicates that, with
increasing growth time, there is a higher tendency towards larger particles as well as a
significantly higher number of small Eu-NPs. When analyzing images with ImageJ, manual
adjustments must be made due to the different acquisition parameters. For example, the
zoom varied for Au-NP evaluation from 7.0 k to 15.0 k, depending on the different cell
sizes, which affects the selected scale and analysis range. In the analysis, it is important to
place restrictions (a range), so that cellular components such as ribosomes or vacuoles with
a similar or same gray scale to the Au-NPs are not included. Different measurement limits
(lower/upper area limit in Table 1) result from the fact that the ranges have to be selected
differently. For images No. 2 and No. 5 (not shown here, please refer to the Supplementary
Materials Section S1 Used Datasets), an upward restriction was not necessary because
the image section did not contain any artifacts. The limit is transferred by converting the
particle size given in the area to ECD (lower/upper ECD limit in Table 1). The threshold
varies slightly (0.19-0.21) due to the different brightness levels of the TEM images. The
evaluations of cells No. 1-4 are summarized in Figure 2A,B and those of No. 5 and 6 in
Figure 2C,D (for cell images see Supplementary Materials Section S1 Used Datasets).

Most Au-NPs (26.2%) in the size distribution (Figure 2A) belong to the size class
10–20 nm2, followed by the second largest number (22.4%), which have an area of 20–30 nm2.
The average value is 35.2 nm2, as there are still isolated particles (≤0–4) between 90 nm2

and 300 nm2. The majority of Au-NPs (83.2%) has a size between 10 and 50 nm2 after
24 h, so the size range is much narrower than after 51 h (Figure 2C). Here, the average
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value is much higher at 61.3 nm2 and the distribution ranges up to 150 nm2 with a much
higher number of particles. In contrast to 24 h, 87.3% of the particles are found in a size
range of 10–100 nm2, which is twice as large after 51 h of growth time. To get a better
impression, the areas were converted to ECD, assuming spherical particles. After 24 h
(Figure 2B), the Au-NPs have an average diameter of 6.3 nm, which expands to 8.4 nm after
51 h (Figure 2D). About 20.4% of the Au-NPs have an ECD between 4 and 5 nm, which is
approximately equal to the number of NPs exhibiting an ECD between 6 and 7 nm (20.8%).
The intermediate class (5–6 nm) has slightly fewer Au-NP with an ECD of 17.5%. Even
after 51 h, the size distribution shows a local minimum at 8–9 nm. Among the adjacent
classes, 15.7% of the Au-NPs belong to the 7–8 nm size class and 13.4% fall in the 8–9 nm
range. Followed by 11.2% with a diameter between 6 and 7 nm and 10.8% between 10 and
11 nm. There are no Au-NP that have an area <9 nm2 and only 734 of the 1059 have an
area <25 nm2 (or <3.4 nm and only a few <5.6 nm ECD) due to the restriction made in the
particle evaluation for image No. 5 and No. 6. For the 24 h case, the measurement limit
was also at an area of 9 nm2 (or a diameter of 3.4 nm), although for some particles this limit
had to be set higher to avoid counting false positives.

When looking at Figure 2F, it is noticeable that for the 416 Eu-NPs registered, the
average ECD is 8.4 nm, with the dominant class here, between 8 and 10 nm, covering 44.0%
of the particles. Conversely, the average ECD decreases by 1.2 nm to 7.2 nm at about a 25th
growth time, and of the 1220 particles, 53.4% likely belong to the 5–10 nm (Figure 2H). This
also confirms the increasing agglomeration over time.

Considering that the ECD is calculated assuming all NPs to be spherical, which is more
or less the case depending on the particle shape, the unadjusted PSDs (Figure 2A,C,E,G)
are also reported in area sizes for completeness, but are not discussed in detail.

3.2.2. High-Resolution (HR)-PSD of Cell Sections

The high-resolution (HR) images (No. 11–75) (Supplementary Materials Figures S2–S5)
can only capture a portion of the total particle count (Au-NPs: ~20.7% for 24 h, ~29.7% for
51 h; Eu-NPs: ~15.1% for 10 h, ~12.2% for 244 h), but provide a more valuable analysis
of particle size and shape. The results of the HR evaluation are presented in Figure 3
(see Supplementary Materials Table S1 for TEM image settings data for Au HR-PSDs in
Figures S2 and S3, and Eu HR-PSDs in Figures S4 and S5). With the more precise size
distribution (Figure 3A), the average area of the Au-NPs is larger, rises to 62.8 nm2 instead
of 35.2 nm2 (Figure 2A) and the corresponding ECD increases from 6.3 nm (Figure 2B) to
8.4 nm (Figure 3B). The size classes are highest in the 60–70 nm2 (11.9%), 70–80 nm2 (11.9%),
and 90–100 nm2 (10.0%) range. The smaller particles with sizes between 0 and 20 nm2

(17.5% of all particles) outweigh those between 20 and 50 nm2 (6.3% for 20–30 nm2, 6.3%
for 30–40 nm2 and 7.5% for 40–50 nm2). The transfer to the ECD (Figure 3B) shows it more
clearly: about half of all detected particles (45.6%) have a diameter of 8–11 nm. If the range
is extended to 7–12 nm, this is already 63.1% of all particles. The count at 22–23 nm was
caused by two closely spaced particles, which were scored as one particle. After a growth
time of 51 h, the particles have an average area of 46.7 nm2 (Figure 3C) instead of 61.3 nm2

(Figure 2C) as in the complete cells.
Here, a relatively large number of Au-NPs have a small area of 0–30 nm2. After 51 h,

mainly smaller particles are detected, except for the class at 60–70 nm2 with 12.7% total
particle amount. There are no particles with an area larger than 170 nm2 (or ECD of 15 nm).
Compared to the shorter growth time, 51.0% more particles were registered for the same
number of evaluated TEM images and, thus, approximately the same cell area. Again, there
is a local minimum at an area of 30–60 nm2, but this is higher than the areas from 80 nm2,
which is more pronounced here compared to 24 h particle growth time. The corresponding
diameters (Figure 3D) show more clearly that most particles in the two fields are between 4
and 6 nm (21.7%) and 8 and 10 nm (28.0%). Including the intermediate classes, 68.8% of all
particles belong to the size range 4–10 nm.
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Figure 3. HR-PSD for Au-NPs after 24 h (A,B) and 51 h (C,D) and for Eu-NPs after 10 h (E,F) and
244 h (G,H) with the mean value and standard error (SE). The number of particles N counted in total
for the same cell volume and the average area or particle diameter (red lines) are indicated in the
plots. The ECDs are calculated from the areas assuming round particles. Again, the boxplots show
the 25% and 75% percentiles, with the whiskers at 10% and 90%.

In the case of Eu, Figure 3F reveals that for the HR evaluation, most Eu-NPs are in
the dominant classes between 5 and 7 nm with 25.4% of the detected 63 particles. The
average ECD is calculated at 10.6 nm, which is quite higher than the Eu-NPs belonging
to the predominant class. The reason for this is the high number of individual particles in
the upper size classes, shifting the mean to higher values. In contrast to the Au-NPs with
ECDs ranging up to 15 nm, the Eu-NPs reach ECDs of up to 25 nm, and for 244 h, even a
particle with an ECD of 34 nm is recorded. This much larger particle is the result of a fusion
of two particles. For the 149 detected Eu-NPs with a contact time of 244 h, the average ECD
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is 12.3 nm. Thus, there is a clear growth in particle size with time, of which most particles
are found in the 6–8 nm, 10–12 nm, and 13–15 nm classes. In contrast to the PSDs of the
complete cells, the average ECD decreased only minimally by 0.3 nm for a contact time of
10 h and increased by 1.2 nm for 244 h. However, by the much more accurate HR analysis,
only 15.1% (10 h) and 12.2% (244 h) of all Eu-NPs within the cell could be covered. The
discrepancy can be explained by the missing particles and the greater susceptibility to error
due to the small magnification scale.

3.2.3. Local PSDs within an Exemplary Cell

To determine if the PSDs differed locally within the cells, five sites were randomly
selected and local PSDs (Figure 4 and Supplementary Materials Figures S6–S8) were per-
formed for them.
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Figure 4. Local PSDs for Eu-NPs after 244 h growth time of five randomly selected 500 × 500 nm2

areas (A–E) within the presented heterocyst No. 10. Indicated in the plots are the thresholds (TH), the
mean values with the standard error of the mean (SE), the total number of particles detected (#), the
lower measurement limit in pixels (px), and the local (x,y)-coordinates for each digital image analysis.
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These should provide information on whether the particle number or size is uniformly
distributed within the cells. All tests indicate that there are no local hotspots for either
Au or Eu where NPs are formed more frequently or where particles are larger/smaller
than elsewhere. Results for Au are summarized in the Supplementary Materials Section S2
(Supplementary Materials Figures S7 and S8) for the incubation time of 24 h and 51 h, as
well as for Eu at 10 h. As an example, the local PSDs for the detected Eu-NPs with a contact
time of 244 h (Figure 4) are discussed here. Since the locations within the cell have similar
gray levels, the threshold values (TH) vary only slightly. It is important to set a lower limit
for the particle size (<5 pixels), otherwise even single pixels of the adjusted grayscale value
will be counted as particles. A maximum limit is not necessary if there are no artifacts.
In case of artifacts, an upper value can be selected as a limit. In area E, the particle count
of 90 is slightly higher than the average of ~67 for the other zones. The particle areas are
largest for the classes 0–50 nm2, with area E having 58.9% of all particles in this class. This
is slightly higher than the other areas (A: 47.8%, B: 52.3%, C: 50.7%, D: 52.1%) with an
average value of only 50.7%. Most of the largest particle areas are located in area A inside
the cell, followed by area D, which is close to the cell membrane. Approximately equal
numbers of particles in the different classes with an area size of 50 nm2 and larger are
found in area B. However, the differences between the areas are not meaningful enough to
identify local hotspots or agglomeration. Similarly, no significant changes were observed
in Eu-NPs among the five different zones at 10 h contact time (Supplementary Materials
Figure S6). There is also no apparent preferential accumulation of Au-NPs during the 24 h
or 51 h growth period at cellular constituents or local sites, indicating a greater particle
number or size (Supplementary Materials Figures S7 and S8).

3.3. Shape Classification

Figure 5 reveals that the Au-NPs have an average RAR (red lines) of 0.88 for 24 h
and 0.85 for 51 h, with most of the particles (%) being in the 0.85–0.95 class (Figure 5A,C).
Additionally, the FMR with an average value of 1.17 and 1.16, respectively, indicates that
the parameters are approximately the same for both times and the main weighting falls on
the classes between 1.05 and 1.2 (Figure 5B,D). In the case of Eu, the particle shapes exhibit
a more diversified spectrum (0.3–1.0) than those of Au-NPs, where the dominant classes are
mainly found in the range of 0.7–1.0. The RAR is 0.63 for the detected 63 particles after an
incubation time of 10 h and 0.65 for the 149 particles after 244 h. The small difference in the
mean values at the different times suggests that the particle shapes are only imperceptibly
affected by the change in growth time. A comparison of the dominant classes also does
not reveal a strongly differentiated pattern. For the FMR, the distribution is dominant both
times for the classes at 1.2–1.3. Again, a frequent particle shape is observed, with greater
variance than for Au.

To obtain a more descriptive shape classification, a subdivision into the shape classes
“very angular” to “very round” was made according to the RAR interval assignments
shown in Table 2.

It can be seen that the majority of all Au-NPs are very rounded, 95.6% for 24 h and
88.9% for 51 h (Figure 6A,B). Increasing the time factor leads to an absence of sub-angular
Au-NPs, but in return, less are very rounded. In the case of Eu-NPs, about 50% of the
particles are just rounded for both incubation times. The remaining particles are mainly
classified to very rounded (33.3% for 10 h and 36.9% for 244 h), followed by sub-rounded
(14.3% for 10 h and 12.8% for 244 h). These results show that the Eu-NPs are round
enough to justify the previous calculations of the ECD assuming spherical particles. For
the shorter growth time (10 h), some Eu-NPs are also found in the sub-angular class, which
disappear with increasing time. It appears that the initially more irregular amorphous
Eu-NPs agglomerate into rounder particles over time. On the one hand, with increasing
growth time, some of the crystalline Au-NPs become a little more irregular. On the other
hand, there are less angular exotics. However, the changes are so minor that varying the
incubation time does not significantly affect the overall shape of the particles.
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Previous studies have shown that microbial synthesis and growth of metal NPs
depend on the initial concentration of the respective metal ions, in addition to other
factors such as adsorbent dose, pH value, temperature, and contact time. At the same
time, this also affects the size, shape and agglomeration of the NPs [38–40]. In similar
studies [19,41], higher initial concentrations of HAuCl4 (0.5 and 1.0 mM, and 25 mg/L resp.
0.13 mM) at incubation times from 24 h up to several days resulted in more diverse shapes,
e.g., spherical, triangular, hexagonal and irregular ones, with even larger NP sizes (30 nm
up to 100 nm). However, in the case for Anabaena laxa, the higher concentrations of 0.5 and
1.0 mM also led to the death of the cells used within the 24 h [19]. Rösken et al. made a
similar observation for Anabaena sp. with initial concentrations of 0.8 mM HAuCl4, where
cell viability ceased within a week [16]. In contrast, at lower concentrations of around
0.1 mM and slightly higher, there appears to be a preference for smaller and more spherical
gold NPs [19,41].

Table 2. Interval assignments of the RAR values into six shape classes.

Class Very
Angular

Angular Sub-
Angular

Sub-
Rounded

Rounded Very
Rounded

RAR value 0.12–0.17 0.17–0.25 0.25–0.35 0.35–0.49 0.49–0.70 0.70–1.00
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Figure 5. Shape classification for Au-NPs after 24 h (A,B) and 51 h (C,D) and for Eu after 10 h (E,F)
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and 244 h (G,H) by using RAR and FMR as shape parameters (see Equations (2) and (3)). The total
particle number N, mean values (red lines) with standard errors (SE), and the cumulative frequency in
percentage (purple curves) are indicated in the plots. The boxplots show the 25% and 75% percentiles,
with the whiskers at 10% and 90%.
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Figure 6. Shape classification into six different classes for Au-NPs after 24 h (A) and 51 h (B) growth
time and for Eu-NPs after 10 h (C) and 244 h (D) with the indication of percentages.

In this biorecovery process, metal ions are adsorbed via the cell surface and sub-
sequently reductively converted to NPs in the presence of enzymes synthesized by the
microbes. The transformation occurs both intracellularly and extracellularly, and the metal
nanoparticles are deposited accordingly, either inside or around the cell [38]. Studies by
Chakraborty et al. [42] showed that Cyanophyceae, Lyngbya majuscule and Spirulina subsalsa
actively absorb Au ions within 72 h of exposure, with absorption maxima greater than 96%
and 86%, respectively. After processing the washing agent ethylenediaminetetraacetic acid,
which chelates metal ions absorbed at the exterior of the cell, the intracellular fractions
are obtained after appropriate workup. It turned out that for both organisms, gold in 20%
amount for Lyngbya majuscule and 50% for Spirulina subsalsa could be determined at the cell
surface, thus decreasing the intracellular yield and consequently the NPs production.

Therefore, the here used Anabaena sp. appears to effectively produce stable gold NPs
intracellularly without agglomeration within a shorter time (Au-NPs within 24 h and for Eu
within 10 h), but this would need to be verified by a more comparative study. For Eu-NPs,
comparisons are not very meaningful since data in this field are still very sparse [43].

4. Conclusions

In this study, the influence of incubation time on the bioproduction of metallic gold
(Au) and amorphous europium (Eu) nanoparticles (NP) in the cyanobacterium Anabaena sp.
was investigated. Digital image processing was used to analyze HR-TEM images showing
that Au- and Eu-NPs formed in the cyanobacterium. Special attention was drawn to the
development of the size and shape classification of the nanoscale, bioproduced particles.
Increasing the incubation time from 24 h to 51 h results in an almost double Au particle
number. The average equivalent circular diameter (ECD) shrinks from 8.4 to 7.2 nm, with
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two predominant particle size classes (4–6 and 9–10 nm), instead of previously only one
(8–10 nm). For the microbial formed amorphous Eu-NPs with a significantly higher growth
time factor, an increasing average ECD from 10.6 to 12.3 nm, distributed in three classes
(6–8, 10–12 and 13–15 nm), is found for 244 h compared to just the single class at 5–7 nm
for 10 h. The factors leading to a decrease in particle productivity of almost 29% in the
number of Eu-NPs with higher growth time are still questionable and have been attributed
to partial agglomeration of the amorphous particles.

A comparison between five local particle size distributions (PSDs) within one cell
compartment show no hotspots of preferred agglomerate zones.

Shape classification was performed by using the reciprocal aspect ratio (RAR) and
Feret major axis ratio (FMR) as shape parameters. For the detected Au-NP, the RAR and
FMR has no significant changes for the different growth times. The formed NPs are clearly
classified in both cases as very rounded, 95.6% at 24 h and 88.9% at 51 h contact time.
Compared to the Au-NPs, the shape of the Eu-NPs is less “rounded” and also shows no
time-dependent shape effects, but has a broader shape spectrum. Therefore, half of the
Eu-NP shapes are classified to be “rounded”, followed by “very rounded” (~35%) and then
“sub-rounded” (~13%). Thus, a higher growth time factor only very slightly enhanced the
tendency toward more spherical particles.

Anabaena sp. was able to bioform NPs of very small size with a high tendency toward
spherical shaped NPs within a very short time. For short growth time factors, no agglom-
eration and a relatively high productivity could be recorded. This makes these particles
interesting for many applications. The initial salt concentrations used were lower, but
resulted in better efficiencies in comparable studies.

The results showed only negligible time-dependent shape effects, but more obvious
size effects. Since biosynthesis is more difficult to control and a variety of factors influence
particle growth, further investigation is needed to obtain tailor-made particles.

Furthermore, it was found that cyanobacteria of the genus Anabaena spec. can be
successfully used to extract raw materials from aqueous solutions containing trivalent Au
or Eu ions by recovery means. Thus, Anabaena sp. is an appropriate and potential candidate
for a cost-effective and non-toxic synthesis of the specific NP sizes and shapes presented
in this work by just varying the growth time. A scale-up procedure is potentially feasible.
Since crystalline Au-NPs are formed only in its vegetative cells and Eu-NPs only in its
heterocysts, a separation process would be conceivable.

Supplementary Materials: The following supporting information can be downloaded at: https:
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images of Eu-NPs after 10 h; Figure S5 HR-TEM images of Eu-NPs after 244 h; Table S1 TEM image
settings for the analysis of Au and Eu-NPs sizes; Section S2 Local particle size distributions (PSDs):
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Abstract: In this paper, the adsorption effect of methane (CH4) gas molecular on monolayer PbSe
with and without vacancy defects is studied based on first-principles calculations. The effects of the
adsorption of methane molecular on monolayer PbSe and on the Se vacancy (VSe) and Pb vacancy
(VPb) of monolayer PbSe are also explored. Our results show that methane molecules exhibit a good
physical adsorption effect on monolayer PbSe with and without vacancy defects. Moreover, our
simulations indicate that the adsorption capacity of CH4 molecules on monolayer PbSe can be
enhanced by applying strain. However, for the monolayer PbSe with Vse, the adsorption capacity
of CH4 molecules on the strained system decreases sharply. This indicates that applying strain can
promote the dissociation of CH4 from VSe. Our results show that the strain can be used as an effective
means to regulate the interaction between the substrate material and the methane gas molecules.

Keywords: methane; monolayer PbSe; first principles; strain

1. Introduction

Methane is a colorless, odorless gas that is the main ingredient in natural gas, biogas,
etc. It has wide applications for fuel and as a feedstock for synthesizing other substances,
such as carbon monoxide and hydrogen. In environmental science, methane has a more
significant impact on the Earth’s greenhouse effect than carbon dioxide, and there is a risk
of suffocation in environments with high methane concentrations. Therefore, exploring
a suitable material for methane gas detection and capture is essential to protect the Earth’s
environment and personal safety.

As the first two-dimensional (2D) material discovered, graphene has attracted broad
interest due to its unique properties. Two-dimensional materials, due to their structural
characteristics, have many potential applications, such as photodetectors [1–4], field effect
transistors [5], solar cells [6–8], and gas sensors [9–11]. In recent years, more attention has
been paid to improving the performance of 2D materials for the applications as gas sensors,
such as studies of doping [12–15], defects [16,17], construction of heterojunctions [18,19], ap-
plication of external electric fields [20,21] and strain [22–25]. These methods can effectively
tune the interaction between substrate materials and gas molecules.

Among 2D materials, 2D group IV–VI monochalcogenides have attracted much at-
tention due to their unique orthogonal structures, which are like black phosphorus folds.
For example, 2D GeSe has attracted significant attention in the study of its application in
sensors due to its smooth surface state, good stability, and anisotropic structure [26–28].
Recent studies have shown that 2D SnSe has good prospects in near-infrared detectors,
high-performance supercapacitors, and solar cells [29–35]. PbSe, a member of group IV-VI
monochalcogenides, was predicted to be used in diodes, infrared lasers, and sensors [36–38].
There are currently several methods experimentally used to prepare PbSe. For example, it
has been reported that a 2D PbSe semiconductor with large transverse size and ultra-thin
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thickness was successfully synthesized by van der Waals epitaxy technology [39]. Vari-
ous lead selenide (PbSe) nanostructures were also prepared using aqueous solutions of
Pb(NO3)2 and NaHSe by varying the molar ratio of Pb and Se and the mixing sequence
of NH4OH with Pb(NO3)2 or NaHSe [40,41]. The above methods can produce different
shapes of PbSe nanomaterials. A recent study reported that hexagonal PbSe nanostructures
can be observed at the interface between gas and liquid, while 2D PbSe superlattices with
orthogonal structures can be further synthesized from the formed hexagonal structures [42].
Although different phases of PbSe crystals were prepared experimentally, according to
the existing theoretical analysis and research, the hexagonal and orthogonal structures
of the monolayer PbSe exhibit good stability at room temperature. Furthermore, it was
reported that the orthogonal structure of PbSe is relatively lower in energy than that of the
hexagonal PbSe [43,44]. The adsorption of toxic gases (SO2 and Cl2) on hexagonal PbSe
with a single layer, multiple layer, and doped cases was reported [45,46]. In this paper, we
mainly choose the relatively more stable orthogonal structure of 2D PbSe as the substrate
for the adsorption study. As mentioned above, although there are many related studies
on the preparation of PbSe and its application potential in terms of various aspects, the
research on gas adsorption of PbSe with a 2D orthogonal structure is still lacking.

In this paper, by using first-principles calculations based on density functional theory
(DFT), the adsorption effects of methane gas molecules on 2D PbSe (P-PbSe) with and
without vacancy defects (Pb defect: VPb, or Se defect: VSe) are explored. The results show
that both P-PbSe and PbSe with Se atomic vacancy (VSe) exhibit significant adsorption
effects on CH4. In addition, strain control is a valid method for regulating two-dimensional
materials, and there are a large number of related studies on the theoretical calculations
of gas adsorption on two-dimensional materials [47–49]. Some studies have reported
the effect of strain on the electronic and optical properties of PbSe with a 2D orthogonal
structure. In this paper, we mainly aim to explore the adsorption of methane molecules on
2D PbSe after the biaxial strain is applied. To ensure that the structure of the calculated
material is not distorted under biaxial strain, only the strain in a range from −5% to 5% is
considered in our study (where a negative value indicates compressive strain and a positive
value indicates tensile strain). In previous reports on gas adsorption research, for substrate
materials, only the structure subject to defects or the pristine substrate structure under
strain was considered to explore the changes in their adsorption performance. However,
research on the application of external strain to the structure under defect conditions in
gas adsorption has not yet been explored. Therefore, in this article, the adsorption of
methane molecules on the optimal sites of P-PbSe and VSe after applying biaxial strain is
systematically studied.

2. Computational Method and Model

The first-principles calculations are performed based on DFT. The geometric structure
and electronic properties of the system are simulated using the 5.44 version of Vienna
ab initio simulation package (VASP.5.4.4) [50,51]. The exchange-correlation interaction
between electrons was described by the Perdew–Burke–Ernzerhof (PBE) function in Gener-
alized Gradient Approximation (GGA) [52,53]. The cutoff energy for the expanding plane
wave function was set to 500 eV. The convergence criterion in energy and force was set to
10−6 eV and 0.01 eV/Å, respectively. In the integration of the Brillouin zone (BZ), the
7 × 7 × 1 K-grid mesh was used. The DFT-D3 method was applied to describe the van
der Waals forces between substrate materials and gas molecules [54,55]. A vacuum layer
of 25 Å was set along the z-axis to ensure there is no interaction between the adjacent
layers. Strain can affect the bonding between atoms in the material. When strain is applied
externally, the lattice constants are changed due to the rearrangement of atoms in the
material, and the atomic spacing of the crystal is also changed. Under compressive strain,
the lattice constant will decrease. Thus, the distance between the atoms is reduced, and
the atoms are arranged more closely. In contrast, under tensile strain, the lattice constant
will be increased. Correspondingly, the distance between atoms will become larger, which
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leads to the weakening of the interaction force between atoms and bonds. In this case,
the crystal structure becomes looser. Considering the rationality of the configurations,
we calculated the molecular dynamics of the systems under different strains. Ab initio
molecular dynamics (AIMD) simulations were performed to verify the thermodynamic
stability of the relaxed configurations. The NVT ensemble was chosen in AIMD simulations
under 300 K. A 3 × 1 × 1 supercell was used to predict the thermodynamic stability of the
system under different strains. The optimized adsorption energy (Ead) of CH4 molecular
adsorbed on the PbSe substrate is defined as:

Ead = Etol − Ep − Egas

where Etol represents the total energy of the adsorbed configurations, and Ep and Egas
represent the total energy of the PbSe monolayer and the gas molecules, respectively.

The biaxial strain was applied to the PbSe substrate, and the strain variability is
defined as:

n − n0

n0
× 100%

where n and n0 are the lattice constants of the system with and without strain, respectively.

3. Results and Discussion
3.1. Adsorption of Methane Molecules on Pristine 2D PbSe

In order to ensure the rationality of the calculated structures, the structure of the
unit cell of PbSe is firstly optimized. In unit cell, the optimized lattice constants are
a = b = 4.40 Å. A 3 × 3 × 1 supercell containing 18 Pb atoms and 18 Se atoms was used
as the adsorbent substrate material in our lateral calculations with the optimized lattice
constant a = b = 13.205 Å. The band structure and density of states (DOS) of the optimized
system were calculated. The results show that PbSe is a direct bandgap semiconductor
with a bandgap of 1.28 eV, which is consistent with previous reports [56,57]. Methane gas
molecules have a regular tetrahedral structure, so only one configuration is considered in
the study of the adsorption configuration, i.e., the adsorption configuration of the bonding
between the C atom and the H atom in the methane molecule is perpendicular to the PbSe
surface. The top view and side view of the optimized structure of PbSe after cell expansion
are shown in Figures 1a and 1b, respectively. Four different adsorption sites are proposed,
which are named I (the top site of the Se atom, named the TSe site), II (located directly
above the bonding between the Pb atom and Se atom, named the Bridge site), III (the top
site of the Pb atom, named the TPb site), and IV (hollow site) corresponding to the different
high symmetry adsorption sites of methane molecules on the P-PbSe substrate, as shown
in Figure 1c.
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In order to obtain the optimal adsorption site of methane molecules adsorption on 2D
PbSe, the adsorption energies of methane molecules on four different sites of P-PbSe were
calculated, and the results are listed in Table 1. Based on the above-mentioned formula of
adsorption energy, the larger the absolute value of the adsorption energy Ead, the stronger
the adsorption capacity. By comparing the Ead listed in Table 1, the proposed site for
methane molecule adsorption on P-PbSe is the TPb site. As can be found from the data in
Table 1, the difference in the adsorption energies of methane molecules on the four sites of
P-PbSe or VSe is not very obvious, which means that methane molecules have almost the
same adsorption stability on different sites. Therefore, only the adsorption sites with the
lowest adsorption energy are considered for further analysis in the subsequent discussion.

Table 1. Adsorption energies of methane molecule adsorption on P-PbSe and PbSe with VSe.

Site TPb TSe Bridge Hollow

P-PbSe (eV) −4.8259 −4.7887 −4.8158 −4.8177
VSe-PbSe (eV) −4.6776 −4.6506 −4.6467 −4.6885

Therefore, the TPb site is mainly considered for the adsorption of methane molecules
on 2D P-PbSe substrate. The top view and side view of the relaxed structure of methane
molecules adsorbed on the TPb site are shown in Figure 2a. The distance from the carbon
atom in the methane molecule to the nearest atom (Pb) on the substrate plane is 2.639 Å. The
band structure with and without the adsorption of methane molecules on P-PbSe substrate
is shown in Figure 2c, and the electronic density of states after adsorption is shown in
Figure 2d. The charge of each atom of a single methane molecule and methane molecules
adsorbed on TPb sites, and the electron transfer of each atom in methane molecules after
adsorption, are listed in Table 2. As shown in Figure 2c, the variation in the band gap in the
configurations with and without methane molecules is not remarkable. In Figure 2d, it can
be seen that methane molecules do not obviously contribute to the states of valence and
conduction bands. Combined with the charge transfer in Table 2, it can be concluded that
physical adsorption of methane molecules occurs on P-PbSe, which mainly depends on the
van der Waals (vdW) interaction between the substrate and methane molecules.
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Table 2. The Bader charge of each atom in a single methane molecule (CH4) and methane molecules
adsorbed on TPb sites (CH4-TPb). The charge transfer of each atom of methane molecules is also
listed (positive indicates electron gain, negative indicates electron loss).

Atom CH4 (e) CH4-TPb (e) Transfer (e)

C 4.09581 4.115225 +0.019415
H1 0.967049 0.985145 +0.018096
H2 0.967049 0.955066 −0.011983
H3 0.992434 0.988498 −0.003936
H4 0.977659 0.967289 −0.01037

3.2. Adsorption of Methane Molecules on VSe

When considering the vacancy in monolayer PbSe, two cases are considered. One is
Pb atoms vacancy (VPb) and the other is Se atoms vacancy (VSe). Their configurations are
shown in Figures 3a and 3b, respectively.
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Figure 3. (a,b) denote vacancy configurations of Pb atoms and Se atoms, respectively.

To gain a further understanding of the two vacancy cases, the energies of the two vacancy
configurations are calculated separately. The results show that the energy of the VSe
configuration (−139.49 eV) is lower than that of the VPb configuration (−139.01 eV). From
the perspective of structural stability, a more stable VSe configuration is considered for the
lateral discussion in this paper.

The top and side views of the VSe optimized configurations are shown in Figures 4a
and 4b, respectively. We also consider four different adsorption sites. As shown in Figure 4c,
a is the top site of the Pb atom (TPb), while b is the Bridge site between the Pb atom and Se
atom (Bridge). c is the top site of the Se atom (TSe), while h is the site above the Se atom
vacancy (Hollow). The adsorption energies of the four sites were calculated, and the results
are listed in Table 1. By comparison of the adsorption energies, it is found that the optimal
adsorption site of CH4 on VSe is the Hollow site, and the adsorption energy is −4.6885 eV.
It should be noted that the adsorption energies between the four adsorption sites in the VSe
system have only minor differences. Usually, only the site with lowest adsorption energy
among them is selected as a representative for further calculation and analysis. The top
view and side view of the optimized structure are shown in Figure 2b. From our analysis,
the distance from the carbon atom in the methane molecule to the nearest atom (Pb) on the
substrate plane is 4.103 Å.

In order to further explore the charge transfer of the configurations after adsorption,
Bader charge analysis was carried out to analyze the charge of each atom of a single methane
molecule adsorbed on the Hollow site of the VSe, and the electron transfer of each atom
in methane molecules after adsorption is listed in Table 3. It can be seen that only 0.03 e
is transferred from the VSe configuration to CH4 molecules after adsorption. Combined
with the band structure in Figure 2e and the electronic density of states in Figure 2f, it can
be concluded that the adsorption of a single methane molecule has a minor influence on
the band gap and electronic state of the system, which indicates that the adsorption type
between VSe and methane molecules is physical adsorption.
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Table 3. The charge of each atom of a single methane molecule (CH4) and methane molecules
adsorbed on the Hollow site of the vacancy of the Se atom (CH4-Hollow). The charge transfer of each
atom of the methane molecule (positive indicates electron gain, negative indicates electron loss).

Atom CH4 (e) CH4-Hollow (e) Transfer (e)

C 4.09581 4.110206 +0.014396
H1 0.967049 0.980938 +0.013889
H2 0.967049 0.979328 +0.012279
H3 0.992434 0.961884 −0.03055
H4 0.977659 0.999377 +0.021718

3.3. Adsorbtion Methane Molecules on the PbSe Monolayer under Biaxial Strain

When strain is applied to P-PbSe and VSe configurations, the thermodynamic stability
of the structure under strain is checked first to ensure the rationality of the explored
structure. The variation in free energies in the studied configurations of P-PbSe and VSe
under applied strain from −5% compressive strain to 5% tensile strain are shown in Figure 5.
It can be seen that the free energies of P-PbSe and VSe only fluctuate in a minimal interval
under different strains, which indicates that the structure is stable from −5% compressive
strain to 5% tensile strain.
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dynamics simulation under different strains.
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In order to explore the effect of strain applied to the substrate material on the adsorp-
tion energy of gas molecules, the adsorption energy of CH4 molecules on P-PbSe and VSe
under different strains is indicated in Figure 6a. It is shown that the strain has an effective
control effect on the adsorption capacity of the substrate material. It can be found that
when the strain is applied, the adsorption energy of P-PbSe is decreased, but as the strain
gradually increases, the adsorption energy of P-PbSe is increased with the increase of
the biaxial strain. When the tensile strain of 4% is applied, the adsorption capacity of
CH4 molecules is significantly improved when compared with the case without strain.
This implies that the adsorption capacity of CH4 molecules on P-PbSe can be enhanced
by applying strain, which is beneficial to its application in the capture of CH4 molecules.
However, for the VSe system, the adsorption capacity of CH4 molecules on the strained
system decreases sharply. This indicates that applying strain can promote the dissociation
of CH4 from VSe. In other words, the strain can be used as an effective means to regulate
the interaction between the substrate material and the methane gas molecules.
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Figure 6. (a) The adsorption energy of P-PbSe (blue part) and VSe (red part) for methane molecules
under different strains; (b,c) show the change in the band gap of VSe and P-PbSe with and without
adsorbed methane molecules as a function of the response variable strain, respectively.

To further explore the effect of strain on the electronic structure of the adsorbed system,
we calculated the band structure of the configurations with and without adsorption of
CH4 molecules on P-PbSe and VSe configurations under different strain. The results are
shown in Figures 6b and 6c, respectively. It can be seen from Figure 6b that strain does not
change the band type of the VSe configuration. However, for the system with adsorbed
methane molecules, the band gap is gradually increased with the increase of strain from
−5% to 5%. It can be seen that the change in the band gap of the system with and without
adsorption under compressive strain is not significant. Especially at strains ranging from
−5% to −3%, the effect of strain on its band gap is almost consistent. However, at strains
ranging from −2% to 5%, the band gap of the adsorbed system gradually increases, while
for the VSe system, the band gap fluctuates within a certain range. However, the band
gap of methane molecule adsorption on P-PbSe increases under the applied strain from
−5% to 5%. Furthermore, the type of the band structure in these cases changes from
direct to indirect during the change from compressive to tensile strain. Although the
band gap varies under the strain ranging from −5% to 5%, the types of band gap in the
P-PbSe system with and without adsorbing methane molecules are unchanged. Unlike
VSe, there is a significant difference in the band gap between the system with and without
adsorption at strains ranging from −5% to −3%, while at strains ranging from −2% to
−1%, the band gap distinction is negligible. However, there is a significant discrepancy
in the response of the band gap to strain between the two under 1% to 5% strain. For the
VSe configuration and P-PbSe, the band gap of the system after the adsorption of methane
molecules has a sensitive response to the strain, and the band gap of the system is changed
more significantly, especially under tensile strain.

The band structures of the systems with and without the adsorption of CH4 molecules
on P-PbSe and VSe configurations under selected strains are shown in Figure 7. It can be
seen from the figure that, whether in the P-PbSe or VSe system, the compressive strain has no
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noticeable effect on the band structure of the system adsorption of methane molecules. On
the contrary, the tensile strain significantly changes the electronic states in the conduction
band minimum (CBM) of the adsorbed system, especially for the adsorption of methane
molecules on the VSe system.
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Figure 7. (a,b) are the band structures of P-PbSe and VSe configurations with and without adsorption
of methane molecules under 3% and 5% compressive and tensile strains, respectively.

The results of the change in adsorption energy, the change in band gap, and the charge
transfer between the substrate material and methane molecules of P-PbSe and VSe systems
under different strains are listed in Tables 4 and 5, respectively. From the data in the table,
it can be seen that strain has a significant regulatory effect on the band gap and adsorption
energy of the systems after adsorption of CH4 molecules, but its role in charge transfer is
very limited.

Table 4. Variation in adsorption energy (Ead), band gap (Egap), and charge transfer after adsorption
of methane molecules on P-PbSe at different strains. Positive charge transfer means the methane
molecule gained electrons.

Strain (%) Ead (eV) Egap (eV) Transfer (e)

−5 −4.767 0.99 0.0175
−4 −4.624 1.15 0.0131
−3 −4.555 1.16 0.0123
−2 −4.504 1.21 0.0107
−1 −4.471 1.26 0.0104
0 −4.826 1.29 0.0112
1 −4.505 1.43 0.0118
2 −4.647 1.58 0.0113
3 −4.81 1.7 0.0108
4 −4.984 1.72 0.0108
5 −5.187 1.73 0.0104
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Table 5. Variation in adsorption energy (Ead), band gap (Egap), and charge transfer amount after
adsorption of methane molecules on VSe under different strains. Positive charge transfer means the
methane molecule gained electrons, respectively.

Strain (%) Ead (eV) Egap (eV) Transfer (e)

−5 −0.161 0.46 0.028
−4 −0.161 0.47 0.028
−3 −0.157 0.48 0.029
−2 −0.15 0.53 0.031
−1 −0.155 0.58 0.031
0 −4.689 0.63 0.03
1 −0.202 0.7 0.03
2 −0.265 0.84 0.029
3 −0.394 0.99 0.029
4 −0.563 1.04 0.228
5 −0.498 1.13 0.027

4. Conclusions

In this paper, based on first-principles calculations, we calculate the adsorption energy,
band structure, and Bader charge of CH4 molecules’ adsorption on P-PbSe and VSe substrate
materials. The results show that CH4 molecules exhibit physical adsorption effects on both
P-PbSe and VSe substrate. The effect of biaxial strain on the adsorption of CH4 molecules
on P-PbSe and VSe was calculated. Our analysis of band structure reveals that the systems
with and without adsorption of CH4 molecules have a prominent difference. The changes
in the band gap of the adsorbed system are more sensitive to strain. However, the effect
of strain on charge transfer is very limited. Our study indicates that strain can be used as
an effective method to regulate the electronic structure of methane molecules adsorbed on
2D PbSe nanomaterial. Comparing the calculation results of P-PbSe and VSe under strain,
it is found that VSe and P-PbSe have significantly different responses to methane molecule
adsorption under the same strain. Therefore, applying strain to a substrate material such as
2D PbSe is an effective way to regulate the gas adsorption performance.
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