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Preface

The Special Issue presented the development of composite materials, which is a frontier

research field with applications in tissue engineering scaffolds, drug delivery, supercapacitors, food

packaging, water remediation and decontamination, energy conversion, sensing, storage filters,

lithium-ion batteries, nanoelectronics, sensors, energy-storage devices, supercapacitors, and food

packaging, etc. Functional nanocomposites with specific functionalities such as drag reduction,

anti-wear, self-healing, anti-fouling, and stimulus response have emerged as highly attractive

materials. In this regard, inorganic quantum dots/nanoparticles, nanorods/nanotubes, and 2D

materials (i.e., graphene-based nanosheets, carbon nanotubes, carbon nanospheres, bentonites,

nano-sized silica particles, and zeolites) can be decorated in the inorganic/organic matrix via

chemical synthesis or physical blending for improved characteristics.

The Special Issue focused on enhanced thermal stability of nanomaterials or nanocomposites,

resistance to water and chemicals, transparency, thermal conductivity and tensile strength. It

presented the latest applications in the hybridization of SiO2 with suitable materials, as ferrite/SiO2

composites can be tailored to meet the needs of new, next-generation technologies. These

nanomaterial systems have remarkable properties for removing harmful contaminants such as heavy

metals, organic pollutants, and pharmaceuticals from various water sources.

The Special Issue aimed to present original research focused on the development, preparation,

chemical synthesis, structural design, material selection, characterization and application of

advanced nanocomposites. New syntheses and design principles for nanocomposites (clays,

nanoparticles, ferrite incorporated into the SiO2/PVA matrix, catalysts, dyes, drugs, etc.),

formation mechanisms, their physicochemical and morphological characterization and applications

of nanocomposites incorporated into SiO2 were addressed. Also, progress in the characterization

of the structure and properties of nanocomposites, the processing and simulation of nanocomposite

deterioration and failures were followed.

In the Special Issue, new applications of functional nanocomposites in biomedicine, healthcare,

green energy, coatings, magnetic materials, optoelectronics and sensors, as well as industrial

implementations and technological innovations using nanocomposites, were presented.

Thomas Dippong

Guest Editor
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Thermal, Structural, and Morphological Analysis of ZnFe2O4

Embedded and Non-Embedded in a SiO2 Matrix for Magnetic
and Photocatalytic Applications

Thomas Dippong 1,*, Anamaria-Magdalena Savolszki-Madaras 1, Raul Marius Reiz 1, Ioan Petean 2

and Oana Cadar 3

1 Faculty of Science, Technical University of Cluj-Napoca, 76 Victoriei Street, 430122 Baia Mare, Romania
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Abstract: This study compares the structural, morphological, magnetic, and photocatalytic
properties of a pure SiO2 matrix, a ZnFe2O4-doped SiO2 nanocomposite (both synthesized
via the sol-gel method), and bulk ZnFe2O4 produced by thermal decomposition. Thermo-
gravimetric analysis (TGA) reveals that metal oxalates form below 200 ◦C and decompose
into metal oxides, which subsequently form ferrite. Fourier-transform infrared (FTIR)
spectroscopy confirms the embedding of both undoped and ZnFe2O4-doped nanoparticles
into the SiO2 matrix at all investigated annealing temperatures. X-ray diffraction (XRD)
consistently reveals the formation of crystalline ZnFe2O4, with the crystallite size increas-
ing from 48 to 93 nm upon annealing. Atomic force microscopy (AFM) shows spherical
ferrite nanoparticles surrounded by an amorphous layer, with particle growth observed at
higher temperatures. Structural parameters derived from XRD (e.g., crystallite size, density,
porosity, lattice constant, unit cell volume) and AFM (e.g., particle size, coating thickness)
as well as magnetic parameters (saturation magnetization, remanence, anisotropy, coerciv-
ity) demonstrate clear dependence on both dopant presence and annealing temperature.
Magnetic measurements reveal enhanced properties with increasing ferrite content and
heat treatment, with a transition from superparamagnetic behavior at 700 ◦C to ferrimag-
netic behavior above 1000 ◦C. Scavenger experiments confirmed the involvement of holes,
hydroxyl radicals, and superoxide radicals in the photocatalytic process. The photocatalytic
efficiency, as evaluated by the Rhodamine B degradation under visible light, highlights
the promising potential of the obtained nanocomposite for advanced environmental and
technological applications.

Keywords: nanoparticles; sol-gel; crystallinity; morphology; VSM; photocatalysis

1. Introduction

Nanostructured ferrites exhibit outstanding magnetic properties, including high sat-
uration magnetization (Ms), low coercivity (Hc), high permeability, large specific surface
area, high electrical resistivity, low eddy current and dielectric losses, as well as mechanical
hardness, chemical stability, physical flexibility, and biocompatibility [1]. These attributes
make them suitable for a broad range of applications, including environmental remedia-
tion [2], biomedical uses (e.g., anticancer, antibacterial, bioimaging, and biosensors) [3,4],
energy storage, spintronics, ferrofluids, imaging and therapy, electronics, high-frequency

Nanomaterials 2025, 15, 1644 https://doi.org/10.3390/nano15211644
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devices, and military technologies [3–6]. Their chemical and thermal stability, mechanical
robustness [7], non-toxicity [8], corrosion resistance, and low cost further enhance their ap-
plicability. However, the structural and magnetic properties of ferrites are highly sensitive
to factors such as chemical composition, precursor type, synthesis route, thermal treatment
conditions, and the presence of dopants, impurities, or secondary phases [4–12].

Cubic ferrites, with the general formula MFe2O4 (where M = Co, Cu, Mg, Mn, Ni,
Zn, or their combinations), are soft magnetic materials that crystallize in a spinel structure
in which M2+ ions typically occupy tetrahedral (A) sites and Fe3+ reside in octahedral
(B) sites [4,7,9]. The cation distribution plays a crucial role in determining the structural,
magnetic, and electronic properties of these materials [7]. Zinc ferrite (ZnFe2O4) adopts
a normal spinel structure, with Zn2+ ions occupying A- sites and Fe3+ ions residing in
B- sites [3]. In ceramics with well-developed porosity, such as nanostructured MgAl2O4

spinel, positron annihilation occurs through the positron trapping channel and ortho-
positronium decay. This approach can be applied to a wide range of porous functional
nanomaterials [13].

The synthesis of uniform nanostructured ferrite particles is critical, as particle size
significantly influences their optical, electrical, and magnetic properties [10–12]. These
properties are strongly affected by factors such as the synthesis method, cation stoichiome-
try, type of divalent cations, and heat treatment conditions [7,14]. Various techniques are
employed to prepare nanoferrites, including sol-gel, heat treatment temperature, hydrother-
mal, coprecipitation, sonochemical processing, dry and wet grinding, and microemulsion
methods [15]. Among these, heat treatment temperature plays a pivotal role in microstruc-
tural evolution, namely lower temperatures typically result in higher porosity and limited
densification, whereas higher temperatures promote grain growth and improved densifi-
cation [11,16–18]. The sol-gel method offers several advantages, including rapid reaction
kinetics, high chemical homogeneity, cost-effectiveness, energy efficiency, compositional
flexibility, low processing temperatures, monodisperse particle distribution, and well-
controlled surface morphologies [7,19,20].

Embedding ferrites in a SiO2 matrix further improves material performance by re-
ducing nanoparticle agglomeration, as SiO2 acts as a chemically stable, non-toxic, inert
spacer and protective coating owing to its network-forming ability [11,17,18]. Although
SiO2 is non-magnetic, it can indirectly affect the magnetic and photocatalytic behavior of
ferrites by modifying their structure and morphology [16–18,21]. SiO2 attends as a versatile
component in photocatalytic materials, enhancing surface properties, charge separation,
and stability in order to boost efficiency [22,23]. For example, in TiO2/SiO2 composites,
SiO2 improves TiO2 dispersion, stability, and surface area, facilitating contaminant adsorp-
tion [22]. In ZnFe2O4/SiO2 nanocomposites, SiO2 prevents nanoparticle agglomeration,
increases the specific surface area (SSA), and enhances structural and thermal stability,
thereby improving photocatalytic performance [22,23]. In g-C3N4/SiO2 composites, SiO2

increases SSA, enabling contaminant adsorption and providing more reactive sites. It also
promotes electron–hole pair separation and migration, reducing charge recombination and
improving photocatalytic efficiency [22].

ZnFe2O4 nanoparticles have demonstrated effective catalytic activity in the degra-
dation of organic dyes and the removal of toxic metals, dyes, and organic contaminants,
including methylene blue, Direct Red 81, Evans blue, and Malachite green [2]. Their
magnetic properties enable efficient recovery and reuse, supporting their applicability in
large-scale catalytic and depollution processes [10]. The effectiveness of ZnFe2O4 as a photo-
catalyst and nanosorbent is attributed to its regenerability, versatility, and facile separation,
maintaining high photocatalytic performance over at least five consecutive cycles without
significant loss of activity [2,24]. Photocatalytic efficiency is strongly influenced by surface

2
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area, particle size, and dopant concentration [1]. Due to their narrow band gaps, ZnFe2O4

nanoparticles are particularly advantageous for visible-light-driven applications, such as
pollutant degradation in wastewater treatment, where performance is closely linked to
morphological features such as surface area and particle size [25]. The magnetic properties
of nanostructured ferrites depend on several factors, including particle size, synthesis route,
surface energy, and thermal treatment conditions [7,26]. In ferrites, ferromagnetism arises
from Fe3+ ions occupying both A- and B- sites, enabling strong superexchange interactions,
which tend to weaken as particle size increases. ZnFe2O4 typically exhibits paramagnetic
behavior and relatively high coercivity at room temperature [26].

The objectives of this study are (i) to compare the thermal decomposition and sol-gel
methods for synthesizing ZnFe2O4, both embedded and non-embedded in a SiO2 matrix;
(ii) to investigate thermal transformation processes and the formation of succinate precur-
sors via thermal analysis; (iii) to perform structural and morphological characterization
using Fourier-transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), and atomic
force microscopy (AFM), with particular emphasis on matrix formation and its influence
on the ferrite structure; (iv) to synthesize ZnFe2O4 nanoparticles via a modified sol-gel
method and evaluate their photocatalytic performance in degrading Rhodamine B; and
(v) to analyze the magnetic properties (saturation magnetization (MS), remanence mag-
netization (MR), coercivity (HC), and anisotropy (K)) as a function of the SiO2 matrix and
thermal temperature.

2. Materials and Methods

2.1. Synthesis

SiO2 and 50%ZnFe2O4/50%SiO2 samples were synthesized via a modified sol-
gel method using zinc nitrate hexahydrate (Zn(NO3)2·6H2O), iron nitrate nonahydrate
(Fe(NO3)3·9H2O), tetraethyl orthosilicate (TEOS), 1,4-butanediol, and ethanol. The synthe-
sis involved the dropwise addition of an ethanolic TEOS solution to a nitric acid-acidified
diol–ethanol mixture under vigorous magnetic stirring at room temperature. The resulting
clear solution was stirred for an additional 30 min and then allowed to gel under ambient
conditions. After gelation, the xerogels were crushed and dried at 40 ◦C for 6 h. Thermal
treatments were conducted at 200, 400, 700, and 1000 ◦C for 6 h, with a heating rate of
20 ◦C/min, using an LT9 muffle furnace (Nabertherm, Lilienthal, Germany) (Figure 1a,b).

The ZnFe2O4 sample was synthesized via thermal decomposition of Zn(II) and Fe(III)
succinate precursors, which were obtained through a redox reaction among the correspond-
ing metal nitrates and 1,4-butanediol. The resulting material was dried at 40 ◦C for 6 h,
followed by thermal decomposition at 200 ◦C for 6 h. Subsequent annealing was performed
at 400, 700, and 1000 ◦C for 6 h, with a heating rate of 20 ◦C/min, in an LT9 muffle furnace
(Nabertherm) (Figure 1c).

2.2. Characterization

The formation and decomposition of carboxylation precursors were monitored by
thermogravimetric (TG) and differential thermal (DTA) analyses in air up to 1000 ◦C at a
heating rate of 5 ◦C·min−1 using alumina standards and an SDT Q600 (TA Instruments,
New Castle, DE, USA).

FT-IR spectra were recorded from 1% KBr pellets using a Prestige-21 (Shimadzu,
Tokyo, Japan).
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Figure 1. Flowchart of the synthesis for SiO2 (a), (ZnFe2O4)0.5/(SiO2)0.5 (b), and ZnFe2O4 (c).

The XRD measurements were conducted at room temperature using a D8 Ad-
vance diffractometer (Bruker, Karlsruhe, Germany) employing a CuKα1, radiation source
(λ = 1.5418 Å) operated at 40 kV and 40 mA.

The specific surface area (SSA) was determined at liquid nitrogen temperature
(−196 ◦C) using a Sorptomatic 1990 (Thermo Scientific, Waltham, MA, USA) analyzer.
Prior to the measurements, the samples were degassed at 200 ◦C under a vacuum pressure
of 2 Pa for 4 h.

For AFM, thin films were prepared by dispersing 1 g of powder in 10 mL deionized
water and stirring magnetically for 15 min. Clean glass slides were vertically immersed in
the suspension for 30 s, then slowly withdrawn, and dried horizontally at room temperature
to allow for the self-assembly of nanoparticles. The films were characterized using a JSPM-
4210 scanning probe microscope (JEOL, Tokyo, Japan) in AC mode, employing NSC15-Hard
probes (MikroMasch, Sofia, Bulgaria) at a resonant frequency of 325 kHz and a spring
constant of 40 nN/nm over a 1 μm2 scan area. Topographic images were analyzed using
WinSPM 2.0 software (JEOL) to assess surface roughness and particle size. Topographic
images were analyzed using WinSPM 2.0 software (JEOL) to assess surface roughness and
particle size. At least three different macroscopic sites were investigated, and the mean
values were provided with the standard deviation (±).

SEM microscopy was effectuated with a Hitachi SU8230 (Hitachi Company, Tokyo,
Japan) operated in high vacuum mode at an acceleration voltage of 30 kV. TEM microscopy
was effectuated with an HD-2700 (Hitachi, Tokyo, Japan) on the dispersed ferrite powder
samples. Electron microscopy images were analyzed with the professional software Image J
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1.53t (National Institute of Health, Bethesda, Rockville, MD, USA), assessing the pores and
particle distribution.

Magnetic measurements were conducted using a CFM-12 T cryogen-free VSM magne-
tometer (Cryogenic Ltd., London, UK). MS was determined under magnetic fields up to
10 T, and hysteresis loops were recorded between −2 T and 2 T at 300 K. To prevent particle
movement during measurements, powder samples were embedded in epoxy resin.

The photocatalytic performance was assessed via Rhodamine B (RhB) degradation un-
der visible light in a laboratory-scale reactor equipped with a 400 W halogen lamp (Osram,
Premstätten, Austria) and an ultrasonic bath. To investigate the active species generated
in the photocatalytic system (PS) consisting of a photocatalyst, RhB, and H2O2, scavenger
experiments were performed. Ethylenediaminetetraacetic acid (EDTA-2Na, 10 mM), ben-
zoquinone (p-BQ, 1 mM), AgNO3 (100 mM), and tert-butyl alcohol (t-BuOH) (1:20 vol.)
were used as scavengers introduced into the PS in the amount of 1 mL to capture holes
(h•), superoxide radicals (•O2

−), electrons (e−), and hydroxyl radicals (OH•), respectively.
Tests of cyclic photocatalysis were carried out using TiO2@0.2%Fe2O3 and TiO2@2%Fe2O3

heterostructures. After dark adsorption, a 90 min photocatalytic decomposition process
of RhB was carried out and repeated four times. After each decomposition process, the
photocatalyst was separated from the solution of RhB by centrifugation and washed with
ethanol three times. After that, the powder was dried for 4 h at 70 ◦C and used again.

3. Results and Discussions

3.1. Thermal Analysis

Figure 2 shows the TG–DTA curves of (a) SiO2, (b) 50%ZnFe2O4/50%SiO2, and
(c) ZnFe2O4 non-embedded in SiO2. The SiO2 sample exhibits two endothermic effects at
53 ◦C and 164 ◦C, corresponding to a ~20% mass loss, attributed to the removal of adsorbed
water, condensation reactions, and the elimination of unbound 1,4-butanediol [18,27,28].
A pronounced exothermic peak at 294 ◦C indicates the combustion of organic chains
chemically bound into the SiO2 matrix [18,27]. The bulk ZnFe2O4 sample decomposes in
four distinct steps: (i) an endothermic peak at 85 ◦C (~9% mass loss), associated with the
release of crystallization water and residual moisture; (ii) an endothermic peak at 202 ◦C
(~28% mass loss), associated with the formation of Zn2+ and Fe3+ succinates via a redox
reaction between the corresponding nitrates and 1,4-butanediol; and (iii) two successive
exothermic peaks at 255 ◦C and 289 ◦C (~30% total mass loss), corresponding to the decom-
position of Zn2+ and Fe3+ succinates into amorphous ZnO and Fe2O3. The intermediate
oxides subsequently react in situ to form the ZnFe2O4 spinel phase [16–18,27,28].

The DTA curve of the 50%ZnFe2O4/50%SiO2 gels dried at 40 ◦C (Figure 2) reveals the
following thermal effects: (i) an endothermic peak at 75 ◦C with ~15% mass loss, attributed
to the removal of residual moisture and physically adsorbed water; (ii) two additional
endothermic peaks at 135 ◦C and 200 ◦C, corresponding to the formation of Zn2+ and
Fe3+ succinates, with associated mass losses of 18% and 10%. This process is driven
by the higher acidity of [Fe(H2O)6]3+ compared to [Zn(H2O)6]2+, which facilitates redox
reactions between metal nitrates and 1,4-butanediol, accompanied by the evolution of
volatile products (H2O, NO2) [16–18,27,28]; and (iii) two exothermic peaks at 252 ◦C and
288 ◦C (~20% mass loss), indicating the oxidative decomposition of metal succinates into
ZnO and Fe2O3, followed by in situ formation of ZnFe2O4 spinel.

The total mass loss was highest for bulk ZnFe2O4 (67%), slightly lower for the
ZnFe2O4/SiO2 composite (63%), and lowest for pure SiO2 (48%). The thermal behav-
ior of the composite reflects overlapping processes within the SiO2 matrix, which makes
it difficult to unambiguously attribute the observed thermal effects solely to succinate
decomposition [27].
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Figure 2. TG and DTA curves of SiO2 (a), 50%ZnFe2O4/50%SiO2 (b), and ZnFe2O4 (c) dried at 40 ◦C.

3.2. FT-IR Analysis

Figure 3 displays the FT-IR spectra of the gels dried at 40 ◦C and 200 ◦C. All samples
dried at 40 ◦C, except pure SiO2 (which lacks nitrate precursors), exhibit a characteristic
nitrate band at 1384–1387 cm−1 [16–18,27,28]. This band disappears after heating to 200 ◦C,
indicating complete nitrate decomposition of nitrates at this temperature. Absorption bands
at 1673–1679 cm−1 correspond to the symmetric and asymmetric –OH stretching vibrations,
originating from 1,4-butanediol and crystallization water in the metal nitrates. The for-
mation of the SiO2 matrix in both the pure SiO2 and the 50% ZnFe2O4/50% SiO2 samples
is confirmed by the presence of characteristic Si–O stretching bands at 1192–1216 cm−1,
Si–O–Si stretching at 1049–1069 cm−1, Si–OH deformation at 943–955 cm−1, and Si–O
chain vibrations within SiO4 tetrahedra at 799–826 cm−1 [16–18,27,28]. Bands observed
at 569–582 cm−1 are assigned to tetrahedral M–O (metal–oxygen) stretching and cyclic
Si–O–Si structures, while bands at 433–448 cm−1 correspond to octahedral M–O stretching
and Si–O vibrations [16–18,27]. In bulk ZnFe2O4, bands at 572–575 cm−1 and 405–442 cm−1

are associated with Zn–O bending and Fe–O vibrations, respectively [16–18,27,28].
The formation of the SiO2 matrix in both the pure SiO2 and the 50% ZnFe2O4/50% SiO2

samples is confirmed at 400, 700, and 1000 ◦C by characteristic absorption bands. These
bands correspond to symmetric stretching and bending vibrations of Si–O–Si chains
(791–806 cm−1), in-plane and out-of-plane Si–O–Si stretching (1064–1112 cm−1), the
Si–OH deformation (971–977 cm−1), the cyclic Si–O–Si structures (560–595 cm−1), and
the Si–O bond vibrations (444–470 cm−1). A bending vibration of adsorbed H–O–H groups,
attributable to atmospheric moisture, is observed at 1634–1691 cm−1. M–O vibrations are
indicated by two intrinsic bands: Fe–O stretching vibrations in A-sites at 410–458 cm−1

and Zn–O vibrations in B-sites at 560–595 cm−1 [16–18,27,28].
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Figure 3. FT-IR spectra of SiO2, (ZnFe2O4)0.5/(SiO2)0.5 and ZnFe2O4 heat treated at 40 ◦C (a) and
annealed at 400 ◦C (b), 700 ◦C (c), and 1000 ◦C (d).

3.3. XRD Analysis

At all temperatures, the XRD pattern of SiO2 (Figure 4) displays a broad amorphous
halo between 15 and 25◦ 2θ, characteristic of its amorphous structure, with no crystalline
phases of the SiO2 matrix identified. At 400 ◦C (Figure 4a), the (ZnFe2O4)0.5/(SiO2)0.5

displays broad, low-intensity reflections corresponding to ZnFe2O4, indicating incomplete
crystallization, reduced crystallite size, and the dilution effect caused by the amorphous
SiO2 matrix. In contrast, pure ZnFe2O4 exhibits distinct diffraction peaks indexed to the
(111), (220), (311), (400), and (511) planes, consistent with the spinel structure (JCPDS
No. 52-0278) [28]. The sharper and more intense peaks observed in the pure phase suggest
larger crystallite sizes compared to the ZnFe2O4 embedded in the SiO2 matrix.

At 700 ◦C (Figure 4b), the XRD pattern of (ZnFe2O4)0.5/(SiO2)0.5 shows ZnFe2O4

diffraction peaks that are clearer than those at 400 ◦C. However, the peaks remain broadened
and of lower intensity, reflecting the influence of the amorphous SiO2 matrix and small
crystallite size. In contrast, the pure ZnFe2O4 sample displays sharper and more intense
peaks, indicating increased crystallinity and crystallite growth at this temperature.

At 1000 ◦C (Figure 4c), the XRD pattern of (ZnFe2O4)0.5/(SiO2)0.5 shows the char-
acteristic diffraction peaks of pure ZnFe2O4, while the intensity remains low due to the
dilution effect of the amorphous SiO2 matrix [28]. Continued peak broadening indicates
limited crystallite growth and suggests that the inert SiO2 surface layer constrains grain
coarsening.
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Figure 4. XRD patterns for ZnFe2O4, (ZnFe2O4)0.5/(SiO2)0.5, and SiO2 annealed at 400 (a), 700 (b),
and 1000 ◦ C (c).

The average crystallite size (DCS) was estimated by applying the Scherrer equation
(Equation (1)) [16–18,27–30]:

DCS =
0.9·λ
β·cosθ

(1)

where λ is the wavelength of CuKα radiation (1.5418 Å), β is the broadening of full width
at half the maximum intensity (FWHM), and θ is the Bragg diffraction angle (◦).

The DCs increases with increasing annealing temperature, ranging from 35 to 79 nm
in the (ZnFe2O4)0.5/(SiO2)0.5 nanocomposite and from 48 to 95 nm in bulk ZnFe2O4. This
behavior indicates that crystal growth is closely linked to the degree of cation disorder
within the ferrite lattice, as incomplete cation occupancy can hinder grain coalescence.
Furthermore, variations in cation valence states and ionic radii contribute to increased
lattice strain and generate additional nucleation sites, promoting the formation of smaller
crystallites [16–18,27]. Beyond thermal and instrumental contributions, the variation in
DCs may also arise from peak broadening effects due to lattice strain and the physical
constraint on grain growth imposed by the SiO2 matrix. Notably, DCS plays a pivotal role
in governing the magnetic properties of the nanocomposites, particularly when the grain
size approaches the crystallite size [16–18,27].

The lattice constant, a (Å), was calculated from Bragg’s law with the Nelson–Riley
function (Equation (2)) [16–18,27]:

a =
λ
√

h2 + k2 + l2

2·sinθ
(2)

where λ is the wavelength of CuKα radiation (1.5406 Å), hkl are the Miller indices, and θ is
the Bragg angle (◦).

The lattice parameter (a) increases linearly from 8.345 to 8.411 Å with increasing Zn
content, reflecting lattice expansion attributed to the larger ionic radius of Zn2+ (0.74 Å)
compared to Fe3+ ions (0.64 Å (Table 1)). Deviations between experimental and theoretical
lattice parameters arise from the simplifying assumption that ions behave as rigid spheres
fixed within an ideal lattice. Zn2+ ions predominantly occupy the A- sites, whereas Fe3+

ions are distributed between both tetrahedral (A) and B- sites, depending on cation disorder
and synthesis conditions [16–18,27–30].
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Table 1. The structural parameters of (ZnFe2O4)0.5/(SiO2)0.5 and ZnFe2O4 samples estimated by XRD.

Sample
Temp
[◦C]

DCS,
[nm]

a,
[Å]

V,
[Å3]

dp

[g/cm3]

dXRD

[g/cm3]
P

[%]
dA

[nm]
dB

[nm]

(ZnFe2O4)0.5/(SiO2)0.5

400 35 8.345 581 4.554 5.512 17.4 3.613 2.950
700 54 8.352 583 4.586 5.493 16.5 3.617 2.953

1000 79 8.367 586 4.625 5.465 15.4 3.623 2.958

ZnFe2O4

400 32 8.375 587 4.388 5.456 19.6 3.626 2.961
700 48 8.389 590 4.375 5.428 19.4 3.632 2.966

1000 69 8.411 595 4.362 5.383 19.0 3.642 2.974

Errors - ±2.0 ±0.015 ±1.0 ±0.011 ±0.016 ±1.0 ±0.010 ±0.010

The unit cell volume (V) and the X-ray density (dXRD), which reflect atomic packing
within the crystal lattice, were derived from the XRD data using Avogadro’s number
(6.022 · 1023 mol/L) and the ferrite molar mass according to Equations (3) and (4) [29,30].
Both a and V increase with annealing temperature, consistent with the trends observed in
related ferrite systems [16–18,27–30]. The physical density (dp) was calculated according
to the Archimedes’ principle by measuring the dry and suspended weights in xylene
(Equation (5)), with lower dp values indicative of increased porosity [18,27–30]:

V = a3 (3)

dXRD =
8·Mw

NA·a3 (4)

dp =
w·ρ

w − w′ (5)

where w is the sample weight in air (g), w′ is the sample weight in xylene (g), ρ is the xylene
density (g/cm3), 8 is the quantity of molecules within the unit cell, Mw is the molecular
weight, and NA is Avogadro’s number (6.022 · 1023 mol−1).

Embedding ZnFe2O4 within the SiO2 matrix along with increasing the annealing tem-
perature results in an increased V, ranging from 581 to 586 Å3 for the (ZnFe2O4)0.5/(SiO2)0.5

nanocomposite and 587–595 Å3 for bulk ZnFe2O4. This expansion is attributed to the
generation of oxygen vacancies, a reduction in crystallization temperature, and an increase
in molecular weight, which collectively outweigh the expected volumetric contraction
during densification [16–18,27–30].

The X-ray density (dXRD) of the samples is calculated using Equation (4) [29,30]. Our
results indicate that the dXRD is highest in bulk ZnFe2O4 and decreases with increasing
annealing temperature (5.512–5.465 g/cm3 for (ZnFe2O4)0.5/(SiO2)0.5, 5.456–5.383 g/cm3

for ZnFe2O4). This decrease is likely due to the formation of microstructural pores at higher
temperatures [16–18,27].

The porosity (P) was evaluated using dp and dXRD using Equation (6) [15–17,24–27]:

P =

(
1 − dp

dXRD

)
100 (6)

The P values were higher in bulk ZnFe2O4 compared to ZnFe2O4 embedded in the
SiO2 matrix, attributable to increased vacancy and pore formation during synthesis. Con-
versely, increased annealing temperatures promote densification, thereby reducing porosity
(17.4–15.4% for (ZnFe2O4)0.5/(SiO2)0.5 and 19.6–19.0% for bulk ZnFe2O4). Low porosity is
critical for achieving high-performance magnetic materials, as excess porosity degrades
magnetic properties. The observed variations in P values are also influenced by the pres-
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ence of Zn2+ ions, which generate additional oxygen vacancies and lower the effective
cation concentration. These effects contribute to lattice expansion while preserving overall
structural symmetry [16–18,27–30].

The hopping length (d) for A (dA) and B (dB) sites was calculated according to
Equations (7) and (8) [26,27]:

dA = 0.25·a
√

3 (7)

dB = 0.25·a
√

2 (8)

The dA and dB are closely related to the a, primarily due to the larger ionic radius
of the Zn2+ ions compared to the Fe3+ ions, which induce lattice expansion. Higher
dA and dB values imply increased separation between cations, which raises the energy
barrier for charge carrier transfer between sites, thereby impacting electronic and magnetic
behavior [16–18,27–30].

3.4. BET Analysis

The BET measurements did not allow the determination of the SSA of the samples
annealed at 1000 ◦C. One possible explanation is that the stable form of the SiO2 matrix,
formed after annealing at 1000 ◦C, has been reported to exhibit an SSA value below
0.5 m2/g, which is below the detection limit of the method used in this study. The SSA
values vary in the following order: 375 m2/g (SiO2) > 245 cm2/g ((ZnFe2O4)0.5/(SiO2)0.5) >
37.5 m2/g (ZnFe2O4) at 400 ◦C and 215 m2/g (SiO2) > 115 m2/g ((ZnFe2O4)0.5/(SiO2)0.5)
(ZnFe2O4 SSA value < 0.5 m2/g) at 700 ◦C. The observed SSA values can be explained by
the porous SiO2 matrix, which not only contributes to the high SSA but also disperses and
stabilizes the ferrite nanoparticles, thereby preventing agglomeration [20]. This behavior
is typical of oxide materials and aligns with the XRD and AFM results, where higher
crystallinity and larger particle sizes result in fewer interparticle pores and alterations in
the crystalline phases [20].

3.5. AFM Analysis

Figure 5a shows the morphology of ZnFe2O4 nanoparticles annealed at 400 ◦C, re-
vealing predominantly spherical particles with an average diameter of 35 nm uniformly
dispersed onto the glass substrate. This uniform adsorption promotes a high degree of
particle individualization, minimizing their interactions at the nanoscale. However, small
nanoparticles still tend to coalesce, forming local clusters of around 100–150 nm, primarily
located at the edges of the image. Increasing the annealing temperature to 700 ◦C activates
fusion between smaller nanoparticles, resulting in a particle size of around 52 nm. The
growth of the ferrite crystallite induces slightly squared shapes of the particles in good
agreement with the observation in the literature [31]. Their size is very close to that result-
ing from XRD calculations, proving that these nanoparticles are identical to the observed
crystallites. Although the adsorption of the nanoparticles is slightly irregular due to a
tendency towards local self-assembly, the particles appear more individualized, and the
clustering tendency is significantly reduced. At an annealing temperature of 1000 ◦C, a
well-developed ferrite is observed, imparting a square morphology to the nanoparticles.
They resemble small rectangles with rounded edges (Figure 5c). The particle size increases
further to 72 nm (in good agreement with XRD results, proving their identification with the
observed crystallites), and the nanoparticles are arranged in well-defined positions within
the self-assembled thin film.
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Figure 5. AFM topographic images of the samples: ZnFe2O4 annealed at (a) 400 ◦C, (b) 700 ◦C,
and (c) 1000 ◦C; SiO2 annealed at (d) 400 ◦C, (e) 700 ◦C, and (f) 1000 ◦C; and (ZnFe2O4)0.5/(SiO2)0.5

annealed at (g) 400 ◦C, (h) 700 ◦C, and (i) 1000 ◦C.

After annealing at 400 ◦C, SiO2 facilitates the formation of well-individualized,
rounded nanoparticles with diameters of about 40 nm. These particles adsorb uniformly
onto the glass slide without exhibiting any noticeable clustering tendency (Figure 5d).
Upon increasing the annealing temperature to 700 ◦C, lateral diffusion among smaller
nanoparticles leads to the formation of larger aggregates, as shown in Figure 5e. The
nanoparticles’ diameter increases to 58 nm, with several clusters measuring approximately
80 nm clearly visible near the center of the image. These nanoparticles generally retain
a rounded morphology because of the amorphous silica clustering. Further annealing at
1000 ◦C results in a significant increase in particle size to approximately 84 nm. The rounded
forms become boulder like (partly elongated with deeply rounded sides), as is typical for
the natural form of the silica sand found in various technical applications [32–34]. They
are highly individualized and uniformly adsorbed across the glass substrate (Figure 5f).
The behavior of the (ZnFe2O4)0.5/(SiO2)0.5 nanocomposite at a low annealing temperature
closely resembles that of pure SiO2, as shown in Figure 5g. At this stage, the nanoparticles
are rounded, well-individualized, and uniformly adsorbed, forming a continuous thin film
with an average diameter of approximately 55 nm. Increasing the annealing temperature to
700 ◦C promotes significant development of the ferrite core, in good agreement with XRD
data, generating well-developed nanoparticles featuring a distinct square-shaped core with
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rounded margins and an average size of 65 nm. XRD shows that the ferrite crystallite has a
diameter of about 54 nm; the difference to the particle diameter of 65 nm is given by the
amorphous SiO2 glaze forming a thin crust over the ferrite crystallite. Further annealing at
1000 ◦C causes the nanoparticles to grow, reaching an average size of 98 nm. Their growth
is related to the prominent development of the ferrite core having a diameter of about
79 nm, as observed by XRD, and the outer amorphous SiO2 layer leads to a final particle
diameter of about 98 nm. They remain well-individualized and exhibit a relatively square
morphology with rounded edges, indicative of a strongly developed ferrite phase. The
SiO2 crust acts as a barrier to the ferrite core’s fusion into larger clusters, allowing a better
distribution of magnetic centers within the composite powder.

AFM images (Figure 5) confirm that the nanoparticle size increases with annealing
temperature and composition, progressing from ZnFe2O4 to SiO2. This trend is consistent
with previous reports on ferrite nanoparticle behavior [32,33]. Notably, the amorphous SiO2

coating acts as a physical barrier, effectively isolating the ferrite crystallites and inhibiting
the formation of larger clusters. As a result, it promotes the development of well-dispersed
and uniformly distributed nanoparticles [34,35].

The topographical aspects are more clearly observed in the three-dimensional profiles
presented in Figure 6.

 

Figure 6. Three-dimensional profiles of the samples: ZnFe2O4 annealed at (a) 400 ◦C, (b) 700 ◦C,
and (c) 1000 ◦C; SiO2 annealed at (d) 400 ◦C, (e) 700 ◦C, and (f) 1000 ◦C; and (ZnFe2O4)0.5/(SiO2)0.5

annealed at (g) 400 ◦C, (h) 700 ◦C, and (i) 1000 ◦C.

The uniformly adsorbed small nanoparticles, such as SiO2 and (ZnFe2O4)0.5/(SiO2)0.5

annealed at 400 ◦C (Figure 6d,g), form smooth thin films, with surface roughness rang-
ing from 3.15 to 5.10 nm, as reported in Table 2. In contrast, the nanoclusters present in
the ZnFe2O4 sample annealed at 400 ◦C (Figure 6a) lead to an increased surface rough-
ness of 4.01 nm due to ferrite crystallite coalescence, which induces protrusions causing
localized height variations. Thus, amorphous SiO2 acts as a refining agent of nanostruc-
ture. Surface roughness further increases progressively with the development of larger,
well-individualized nanoparticles formed after annealing at 700 and 1000 ◦C. Thus, the
(ZnFe2O4)0.5/(SiO2)0.5 thin film exhibits the highest roughness, as observed in Figure 6i.
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This variation in surface roughness plays a critical role in the performance of ferrite thin
films in technological applications, including sustainable energy and biomechanical energy
conversion [7,33].

Table 2. ZnFe2O4, SiO2 and (ZnFe2O4)0.5/(SiO2)0.5 sample parameters measured with AFM.

Sample
Temperature

[◦C]
Height

[nm]
Rq Roughness

[nm]
Average Particle
Diameter [nm]

ZnFe2O4

400 48 ± 1.44 4.01 ± 0.24 35 ± 2.1
700 61 ± 1.83 6.83 ± 0.40 52 ± 3.12

1000 91 ± 2.73 12.6 ± 0.75 72 ± 4.32

SiO2

400 18 ± 0.54 2.04 ± 0.12 40 ± 2.4
700 62 ± 1.86 5.10 ± 0.30 58 ± 3.48

1000 51 ± 1.53 7.37 ± 0.44 84 ± 5.04

(ZnFe2O4)0.5/(SiO2)0.5

400 22 ± 0.66 1.89 ± 0.11 55 ± 3.3
700 49 ± 1.47 3.15 ± 0.18 65 ± 3.9

1000 73 ± 2.19 11.2 ± 0.67 98 ± 5.88

3.6. SEM Analysis

Powders annealed at 1000 ◦C feature the best development of ferrite crystallites and,
thus, are most important for magnetic applications. ZnFe2O4 particles are predominantly
small, in good agreement with AFM observations. The absence of insulation material
predisposes the ferrite particles to agglomeration due to interparticle attraction forces
(Figure 7a). Thus, white clusters are distributed over the surface surrounded by finer
ferrite particles. Their square-based crystallites and particle shapes give angular interfaces,
resulting in randomly distribute polyhedral pores. The result is that the total porosity of
ferrite powder is about 29%, which is in good agreement with the XRD. The microstructural
porosity is slightly higher than the one calculated from XRD because of the random
disposal of the particles regarding the spreading on the sample holder during the SEM
investigation. The mean pore size class is situated in the range of 50–100 nm, as observed
in the distribution histogram. Larger pores are completely absent.

The SiO2 sample is characterized predominantly by rounded particles, with the shape
resembling river gravel. Thus, their connectivity is lower than in pure ferrite allowing for
more uniform dispersion on the sample holder (Figure 7b). The mutual tangency points
between amorphous SiO2 particles ensure a curvy interface generating dendritic pores
detected by Image J software. The clusters are less aggregated than in ferrite but larger in
size (about 200 nm), and the pores’ dominant size class ranges between 150 and 200 nm,
depending on the uniform distribution of the clusters. Blue and green areas dominate the
microstructure, and thus, resulting in a total porosity of 17%.

The amorphous SiO2 coating formed upon the ferrite core within the (ZnFe2O4)0.5/(SiO2)0.5

composite prevents agglomeration, which are relatively sparse but with larger sizes of
about 250–300 μm (Figure 7b). The particles are well-dispersed on the specimen holder,
ensuring a proper interface between them, but the squared shape of the ferrite core influ-
ences the disposed angle, increasing the pore sizes. The mean representative pore class is
300–350 μm, which is partially dependent on both cluster size and the spatial arrangement
of the individual particles. The squared corner of individualized particles stacks over
the rounded side of the clusters, enhancing microstructural pore development. Thus, the
total porosity is 21%, which is slightly larger than the theoretical resulting from the XRD
calculations. This can be explained by the interaction between the different geometries of
the well individualized particles and microstructural clusters.
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Figure 7. SEM images with pore distribution analysis for the samples annealed at 1000 ◦C:
(a) ZnFe2O4, (b); SiO2, and (c) (ZnFe2O4)0.5/(SiO2)0.5. Red areas correspond to pores, green ar-
eas correspond to well dispersed particles, and blue areas belong to clusters.

The samples were randomly dispersed on the TEM grid, to ensure a representative
imaging. Ferrite particles and the ferrite core within the composite appear in regions of
intense dark contrast, while amorphous SiO2 particles and coating surrounding of the
composite particles appear in intense grey contrast. Pure ferrite particles (Figure 8a) are
well individualized with a high coalescence tendency. The particle size distribution analysis
reveals a mean size of 70 nm. Both clusters and well individualized particles of amorphous
SiO2 are observed in Figure 8b. The particle size distribution reveals a mean value of 85 nm,
which is comparable to that of the composite particles being situated at 100 nm, consistent
with the AFM measurements.

3.7. VSM Analysis

The hysteresis loops of (ZnFe2O4)0.5/(SiO2)0.5 and pure ZnFe2O4 annealed at 700 ◦C
and 1000 ◦C are shown in Figure 9. The key magnetic parameters, including saturation mag-
netization (MS), remanent magnetization (MR), coercivity (Hc), and crystalline anisotropy
constant (K), were extracted from these curves. The results reveal notable differences
between the pure and embedded ZnFe2O4, highlighting the influence of the non-magnetic
matrix on the overall magnetic behavior. These differences further emphasize that the
magnetic properties of the nanoparticles are strongly dependent on their crystallinity and
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morphology [1,11]. Smaller nanoparticles typically exhibit superparamagnetic behavior,
as thermal energy is sufficient to overcome their magnetic anisotropy energy barriers. In
contrast, larger particles, particularly those with a higher Zn2+ content in the spinel lattice,
tend to display ferromagnetic behavior, whereas bulk ZnFe2O4 remains paramagnetic at
room temperature [1,11]. The ZnFe2O4 nanoparticles embedded in the SiO2 matrix demon-
strate reduced magnetic properties compared to uncoated ZnFe2O4 reported in previous
studies. This attenuation is primarily attributed to an increased surface defect density and
magnetic dilution effects, both of which are influenced by the synthesis conditions and the
presence of the non-magnetic SiO2 layer [1,11].

 

Figure 8. TEM images with particle size distribution analysis for the samples annealed at 1000 ◦C:
(a) ZnFe2O4, (b); SiO2, and (c) (ZnFe2O4)0.5/(SiO2)0.5.

The coercivity (HC) of (ZnFe2O4)0.5/(SiO2)0.5 increases from 160 Oe at 700 ◦C to 200 Oe
at 1000 ◦C, while in uncoated ZnFe2O4, HC rises from 260 Oe to 300 Oe over the same
temperature range [1,11]. The Hc of ferrite nanoparticles is governed by a combination
of factors, including particle size and shape distribution, magnetocrystalline anisotropy
(K), internal strain, and interparticle magnetic interactions [1,11]. The lowest HC values
observed for the ZnFe2O4 embedded in the SiO2 matrix at 700 ◦C are attributed to smaller
crystallite sizes and enhanced magnetic disorder. These conditions promote superparamag-
netic behavior and result in partial loss of MS in the absence of an external field [1,11]. The
highest HC values observed in bulk ZnFe2O4 at elevated annealing temperatures suggest a
reduction in both structural and magnetic disorders. In this case, thermal energy appears
insufficient to activate the magnetic domain wall motion, thereby limiting magnetization
reversal under an applied magnetic field and promoting improved alignment of magnetic
moments. Furthermore, low Hc values may indicate crystallite coalescence into larger
nanostructures, which enhances magnetic coupling and contributes to the observed in-
crease in MS. Additionally, surface strain induced by the SiO2 matrix can reduce particle
size and hinder the rotation of both magnetic particles and their surface magnetic moments,
further influencing HC [1,11].
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Figure 9. Magnetic hysteresis loops (red) and magnetization derivative (blue) of ZnFe2O4 and
ZnFe2O4)0.5/(SiO2)0.5 SiO2 annealed at 700 ◦ C (a,c) and 1000 ◦ C (b,d).

The saturation magnetization (MS) of (ZnFe2O4)0.5/(SiO2)0.5 increases from 11.8 emu/g
at 700 ◦C to 32.5 emu/g at 1000 ◦C, while bulk ZnFe2O4 shows a corresponding increase
from 51.8 emu/g to 80.7 emu/g. This enhancement with increasing annealing temperature
is primarily due to the growth in crystallite size and reduction in lattice defects, which
facilitate a more effective magnetic moment alignment [1,11,14]. Additionally, changes in
the MS are affected by the formation of antisite defects, which affect the magnetic response
independently of the applied magnetic field direction [1,11,36,37]. The significantly lower
MS values observed in the embedded ZnFe2O4 are due to a higher surface defect density
and the magnetic dilution caused by the presence of the non-magnetic matrix [1,11,37].
According to the Néel model of ferrimagnetism, in bulk ZnFe2O4 spinel, half of the Fe3+

ions occupy the A-sites, while the remaining Fe3+ ions and the non-magnetic Zn2+ ions
reside in the B-sites. The magnetic moments of the Fe3+ ions at the A-sites are aligned an-
tiparallel to those at the B sites, resulting in partial cancellation and a reduced net magnetic
moment [1,11,37,38]. However, at the nanoscale, cation redistribution and thermal effects
during annealing can induce a net magnetic moment by altering site occupancy [37]. Addi-
tionally, magnetic moment suppression and reduced MS can occur due to cation disorder
and weakened superexchange interactions between A- and B-sites in the spinel structure.
In addition to magnetic dilution, the presence of the SiO2 matrix introduces surface dis-
order and increases the density of broken chemical bonds on the particle surfaces. These
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defects promote spin canting, which disrupts magnetic alignment and further influences
the particle size, ultimately affecting the overall magnitude of the MS [1,11,37,38].

The remanent magnetization (MR) of (ZnFe2O4)0.5/(SiO2)0.5 increases from 1.60 emu/g
at 700 ◦C to 4.97 emu/g at 1000 ◦C, while for bulk ZnFe2O4, MR rises from 13.5 emu/g
to 26.8 emu/g over the same temperature range [1,11]. The low MR values observed in
the embedded ZnFe2O4 are indicative of superparamagnetic behavior, where thermal
fluctuations prevent stable magnetic alignment in the absence of an external magnetic
field [1,11]. The observed increase in MR with higher annealing temperature is attributed
to crystal growth and a reduction in magnetic disorder, leading to enhanced magnetic
moment retention [1,11,14].

The crystalline anisotropy constant (K) of (ZnFe2O4)0.5/(SiO2)0.5 rises from 0.189 erg/dm3

at 700 ◦C to 0.408 erg/dm3 at 1000 ◦C, while for non-embedded ZnFe2O4, K rises from
1.34 erg/dm3 to 1.520 erg/dm3 over the same temperature range [1,11]. Higher K values
are typically associated with larger particle sizes and are influenced by factors such as
particle shape, crystalline symmetry, and the surface distribution of magnetic ions. These
factors collectively determine the preferred magnetization direction along specific crystal-
lographic axes [1,11]. The lower K value observed in the embedded sample is attributed
to the dilution effect imposed by the non-magnetic SiO2 matrix. The increase in K with
annealing temperature is linked to enhanced crystallinity and a reduction in structural
defects [1,11]. Magnetic anisotropy serves as an energy barrier that resists changes in
the direction of magnetization, making it a critical parameter in the superparamagnetic
behavior of nanoparticles [1,11,37,38]. When thermal energy becomes comparable to or
exceeds the anisotropy energy, it can induce magnetization reversal, thereby promoting
superparamagnetic behavior [1,11,37,38].

3.8. Photocatalytic Analysis

The optical properties of the samples annealed at 1000 ◦C were characterized using
UV–Vis spectroscopy (Figure 10a). The optical response of nanoparticles is governed
by factors such as quantum confinement, lattice strain, structural defects, impurities,
surface effects, the light source, the separation efficiency of electron–hole pairs, the surface
structure of the catalyst, microstructure, component characterization, phase structure, and
the reaction conditions [21,28,39–55]. A pronounced absorption peak in the visible region
indicates promising visible-light photocatalytic activity. The active species verification
experiments showed that the hole, hydroxyl radical, and superoxide radical were the main
active species in the degradation of the photocatalyst [28,31].
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Figure 10. (a) UV–Vis absorbance spectra and (b) Tauc’s plot of ZnFe2O4, (ZnFe2O4)0.5/(SiO2)0.5,
and SiO2 annealed at 1000 ◦ C.
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Photocatalytic activity is strongly influenced by the band gap energy, estimated here
via Tauc’s method considering the UV–Vis absorption spectra. Figure 10b shows the
Tauc plots for samples annealed at 1000 ◦C. The sample embedded in the SiO2 matrix
exhibits a reduced band gap of 1.05 eV compared to 1.26 eV for the unembedded samples,
attributable to their higher ferrite content. The prominent absorption arises from electron
excitation across the band gap, primarily involving transitions from the valence band to
the conduction band. Variations in the absorption edge are linked to interface and point
defects as well as interactions involving photogenerated electrons [39–53].

The photocatalytic process of RhB was analyzed using the first-order kinetic model
based on its absorbance (Equation (9)) [21,28,39–53]:

−ln
At

A∗
0 x

= ki ∗ t, (9)

where At is the absorbance of RhB at time t, A∗
0 is the absorbance of RhB after dark

adsorption, t is the irradiation time, and k is the apparent kinetic constant.
The removal rate of the RhB solution in the case of all the samples is illustrated in

Figure 9a. The removal rate involves both adsorption and photocatalysis processes. The
existence of ZnFe2O4 in the SiO2 matrix enhances the adsorption capacity of the samples.
After 240 min of irradiation, Rhodamine B degradation was 98% ((ZnFe2O4)0.5(SiO2)0.5)
and 64% (ZnFe2O4), respectively. The photodegradation process is well described by a
pseudo-first-order kinetic model and varies linearly with time t (Figure 11b). The linear
dependence of photocatalytic degradation on irradiation time is illustrated in Figure 11b.
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Figure 11. Removal rate of RhB under visible-light irradiation (a) and photodegradation kinetic of
ZnFe2O4, (ZnFe2O4)0.5/(SiO2)0.5, and SiO2 annealed at 1000 ◦C (b).

Upon light irradiation, electron–hole pairs are generated, initiating the photocat-
alytic process. Suppressing charge recombination allows the excited electrons in the
conduction band to reduce surface-adsorbed O2 molecules, forming superoxide radicals.
Meanwhile, the holes in the valence band oxidize water or hydroxyl groups, producing
hydroxyl radicals. The apparent first-order rate constants (k) are summarized in Table 3.
Based on the k values, the photocatalytic activity follows the order (ZnFe2O4)0.5(SiO2)0.5
(k = 14.1 × 10−3 min−1, R2 = 0.9991) > ZnFe2O4 (k = 4.12 × 10−3 min−1, R2 = 0.9033),
as compared to previously reported data (Table 2). The enhanced photocatalytic perfor-
mance observed for both (ZnFe2O4)0.5(SiO2)0.5 and ZnFe2O4 is primarily attributed to their
mesoporous structure and the effective separation of photogenerated electron–hole pairs.
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Table 3. Comparison of first-order rate constants for various ZnFe2O4 photocatalysts with Rhodamine
B under visible light.

Sample Lights Dyes k × 10−3 Reference

(ZnFe2O4)0.5(SiO2)0.5 Visible Rhodamine B 14.1 This work
ZnFe2O4/ ZnO Visible Rhodamine B 3.5 [36]
Co0.6Zn0.4Fe2O4 Visible Rhodamine B 15.1 [37]
Co3O4/ZnFe2O4 Visible Rhodamine B 9.32 [38]
ZnFe2O4/Cd-Se5GO Visible Rhodamine B 16.40 [54]
ZnS/K2S2O8 Visible Rhodamine B 11.98 [40]
20%ZnFe2O4/80%SnO2 Visible Rhodamine B 38 [41]
33.3%ZnFe2O4/66.7%SnO2 Visible Rhodamine B 33 [41]
THCRT/ ZnFe2O4/ZnO Visible Rhodamine B 32.9 [42]
THCRT/ ZnFe2O4/ZnO Visible Rhodamine B 22.6 [42]
ZnFe2O4/ZnO-0.1 Visible Rhodamine B 18.5 [42]
ZnFe2O4/NaNbO3 Visible Rhodamine B 21.5 [43]
ZnO–ZnFe2O4 Visible Rhodamine B 18.5 [44]
ZnO/ZnFe2O4/zeolite/ PMS Visible Rhodamine B 10 [45]
ZnFe2O4/BiOBr Visible Rhodamine B 7.8 [46]
ZnFe2O4@TiO2@Ag2O Visible Rhodamine B 10.2 [47]

Analysis of the obtained values shows that (ZnFe2O4)0.5(SiO2)0.5 exhibits the highest
photocatalytic activity, with a constant approximatively five times greater than that of
ZnFe2O4. The photocatalytic performance of (ZnFe2O4)0.5(SiO2)0.5 annealed at 1000 ◦C is
comparable to that of ZnFe2O4 and other Zn-based ferrite systems reported in previous
literature (Table 3).

Scavenger experiments were conducted to identify the reactive species involved in
RhB degradation. To selectively reduce holes and hydroxyl and superoxide radicals,
5 mM solutions of ethylenediaminetetraacetic acid (EDTA), isopropyl alcohol, phenol, and
vitamin C were added to the initial RhB solution. As shown in Figure 12a, the presence of
the scavengers significantly reduced the degradation rate compared to the control group,
indicating that all three species are important in the photocatalytic process. The tests
were performed using the (ZnFe2O4)0.5(SiO2)0.5 nanocomposite, which contains ZnFe2O4

embedded within the SiO2 matrix that facilitates charge separation by mediating electron–
hole transfer. Additionally, this composite effectively generates reactive oxygen species
(ROS) capable of degrading the RhB molecule [28]. To assess photocatalyst stability, the
(ZnFe2O4)0.5(SiO2)0.5 nanocomposite was subjected to four consecutive degradation cycles.
After each cycle, the catalyst was magnetically recovered, washed with ethanol and water,
and reused. The degradation efficiency remained nearly unchanged over the four cycles,
confirming the excellent photostability and reusability of the photocatalyst (Figure 12b).

Based on the results, the photocatalytic mechanism can be attributed to the generation
of electron–hole pairs under light irradiation. When recombination is suppressed, the
photogenerated electrons in the conduction band reduce the adsorbed oxygen to form
superoxide radicals, while holes in the valence band oxidize water to produce hydroxyl
radicals [28,50–56]. These reactive oxygen species degrade organic pollutants such as RhB.
The enhanced photocatalytic activity observed for the (ZnFe2O4)0.5(SiO2)0.5 nanocomposite
may result from its improved adsorption capacity and the formation of intermediate
ZnFe2O4 energy levels within the SiO2 matrix, which promote charge separation. ZnFe2O4

domains act as mediators of charge transfer, facilitating efficient generation of ROS and
contributing to the high degradation efficiency [52–56]. These results confirm both the
efficacy of the synthesized material and the suitability of the sol-gel method for fabricating
high-performance photocatalysts.
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Figure 12. The effect of scavengers on the RhB degradation (a) and the reusability of the
(ZnFe2O4)0.5(SiO2)0.5 nanocomposite used in the removal experiments (b).

4. Conclusions

This study investigated the synthesis of ZnFe2O4 via thermal decomposition as well
as the preparation of a (ZnFe2O4)0.5(SiO2)0.5 nanocomposite and pure SiO2 via the sol-gel
method. Thermal analysis revealed distinct decomposition of the Zn2+ and Fe3+ succinate
precursors, leading to the formation of ZnFe2O4 both non-embedded and embedded
within the SiO2 matrix. The highest total mass loss was observed for bulk ZnFe2O4

(67%), followed by the ZnFe2O4/SiO2 nanocomposite (63%) and pure SiO2 (48%). FT-IR
spectroscopy confirmed the formation of the SiO2 matrix and reaction progress. FT-IR
and XRD indicated the formation of a single-phase spinel structure and the successful
embedding of ZnFe2O4 into the SiO2 matrix. Crystallite sizes increased with the annealing
temperature, ranging from 35 to 79 nm for the nanocomposites and 48 to 95 nm for bulk
ZnFe2O4. Magnetic properties improved with annealing temperature and ZnFe2O4 content:
saturation magnetization (Ms) from 11.8 to 80.7 emu/g, remanent magnetization (Mr) from
1.6 to 26.8 emu/g, coercivity (Hc) from 160 to 300 Oe, and anisotropy constant (K) from
0.189 × 10−3 to 1.520 × 10−3 erg/cm3. These enhancements were attributed to increased
particle size, crystallinity, and reduced surface spin disorder. The best photocatalytic
performance was recorded for the (ZnFe2O4)0.5(SiO2)0.5 nanocomposite, which exhibited
the best photocatalytic performance, presumably due to the synergistic effect of ZnFe2O4

energy levels within the silica matrix and an optimized Zn–Fe balance in the ferrite structure.
This is likely due to additional energy levels in the conduction band that promote the
recombination of photogenerated carriers. Scavenger experiments show that holes and
hydroxyl and superoxide radicals are implicated in photocatalytic processes.
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Abstract

The influence of Zn2+, Ca2+ and Co2+ doping on the thermal, structural, morphological,
and magnetic characteristics of CdBi0.1Fe1.9O4 nanoparticles synthetized via the sol–gel
technique and calcined at 300, 600, 900 and 1200 ◦C was investigated. Thermal analysis
revealed the initial formation of metallic glyoxylates up to 300 ◦C, followed by their
decomposition into metal oxides and subsequent ferrite formation. X-ray diffraction
revealed that the ferrites were poorly crystallized at lower temperatures, whereas at higher
calcination temperatures all nanocomposites exhibited well-crystalized ferrites coexisting
with the SiO2 matrix, except for the Co0.1Cd0.9Bi0.1Fe1.9O4@SiO2 nanocomposite, which
formed a single, well-defined crystalline phase. Atomic force microscopy images revealed
spherical ferrite particles encapsulated within an amorphous layer, with particle size,
surface area, and coating thickness influenced by both the type of dopant ion and the
calcination temperature. The structural parameters estimated by X-ray diffraction, as well
as the magnetic characteristics, were strongly influenced by the dopant type and thermal
treatment. These results demonstrate that the structural and magnetic characteristics of
CdBi0.1Fe1.9O4 ferrites can be effectively tuned through controlled doping and calcination,
providing insights for the design of tailored functional applications.

Keywords: cadmium-bismuth doped ferrite; divalent ions; SiO2 matrix; structural-property
relationship; magnetic characteristics

1. Introduction

Nanostructured ferrites exhibit advantageous magnetic characteristics, such as re-
duced coercivity (Hc), high saturation magnetization (Ms), elevated magnetic permeability,
large surface area, high electrical resistivity, and low dielectric and eddy current losses. In
addition, their mechanical rigidity, chemical and thermal stability, non-toxicity, physical
flexibility, corrosion resistance, and cost effectiveness further enhance their technological
significance [1–9]. Nevertheless, the structural and magnetic characteristics of ferrites are
strongly dependent on their chemical composition, precursor selection, synthesis strategy,
thermal processing conditions, and the incorporation of dopants, impurities, or secondary
phases [6–12]. Owing to their multifunctional characteristics, ferrites find applications
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across several technological sectors, including (i) biomedical applications such as anti-
cancer and antibacterial therapies, bioimaging, biosensors), (ii) energy and environmental
applications, including energy storage, microwave absorption, magnetic refrigeration,
corrosion protection, and water decontamination, (iii) electronic and magnetic technolo-
gies, such as spintronics, humidity sensors, ferrofluids, high-capacity information storage
media, and (iv) industrial applications, including ceramic pigments, ferroceramics, and
magnetic inks [13–18].

CdFe2O4 crystallizes in a normal spinel structure, in which Cd2+ ions preferentially oc-
cupy the tetrahedral (A) sites and Fe3+ ions on the octahedral (B) sites within a face-centered
cubic lattice [1–4]. Moreover, CdFe2O4 is a typical example of geometrically frustrated
antiferromagnet, exhibiting unique magnetic behavior that arise from superexchange inter-
actions among its magnetic ions [1–5]. Although CdFe2O4 is non-magnetic, the relatively
large radius of the Cd2+ ion induces a lattice distortion in the spinel structure, which can
lead to spin canting and perturbation of the magnetic moment [1,3,5,8]. Compared to
other magnetic materials, CdFe2O4 exhibits high electrical resistivity, a characteristic that
is particularly advantageous for the design of soft ferrites, as it minimizes eddy-current
losses and provides a clear advantage over magnetic materials such as metal alloys and
metal oxides [1–7]. Owing to the synergy of its chemical stability, structural, mechanical
integrity, and multifunctional electrical, magnetic, and optical characteristics, CdFe2O4 is
suitable for a wide range of applications including transformer core materials, microwave
components, and biomedical technologies [1–6].

The incorporation of non-magnetic Cd2+ ions into the spinel ferrite lattice is known to
modify the cation distribution and enhance magnetic performance, notably by increasing
the net magnetic moment and Ms, enabling applications in loading coils, magnetic recording
heads, antenna cores and microwave devices [3,5,6]. Furthermore, co-doping with divalent
ions Zn2+ or Co2+ can further improve magnetic characteristics, electrical conductivity,
permeability, density, photocatalytic activity, and biological activity [7–9]. Additionally,
substituting Bi3+ or Fe3+ ions with other transition metal ions can induce lattice distortions,
modify the cycloidal spin structure and enhance ferrimagnetism [19–22].

Numerous synthetic strategies have been developed for ferrite preparation, including
wet chemical techniques (co-precipitation, hydrothermal/solvothermal methods), sono-
chemical, sol-gel, solid-state methods (solid-state reaction, ball milling/mechanochemical
processing), mechanical treatments (milling, grinding), thermal and combustion-based
methods (decomposition, flash combustion, auto-combustion), as well as vapor phase
and aerosol-assisted techniques (vapor phase deposition and surfactant-mediated aerosol
processing) [23–29]. Each method provides distinct advantages in tuning particle size,
morphology, and functional characteristics, with wet-chemical routes favoring nanosized
particles and solid-state routes typically used for bulk ferrite systems [23,27,28]. Among
these approaches, the sol-gel method provides a versatile and cost-effective strategy for
producing ferrites with well-controlled composition, structural uniformity, and tailored
functional characteristics [23,27–31]. Nanoparticle agglomeration, which can hinder the
formation of single-phase ferrites, can be mitigated by applying homogenous ultrathin
coatings or dispersing particles within non-magnetic matrices. In this context, the sol-gel
method using tetraethylorthosilicate (TEOS) enables the formation of robust inorganic
networks with moderate reactivity, facilitating the incorporation of a wide range of organic
and inorganic species. Among potential coating materials, mesoporous SiO2 is particularly
attractive due to its hydrophilicity, chemical stability, non-toxicity and biocompatibility,
and its ability to control particle growth and size distribution [23,27,28]. Embedding ferrite
nanoparticles within a SiO2 matrix suppresses agglomeration, promotes controlled crystal-
lite development, and can enhance magnetic performance. Moreover, the bio-inert SiO2
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matrix improves the biocompatibility of nanoferrites and mitigates inflammatory risks in
biological environments [23,27,28].

The magnetic behavior of nanoferrites is primarily determined by the combined
effects of cation distribution at the A and B sites and surface-related spin disorder, both
of which are influenced by particle size, synthesis method, and post-synthesis thermal
processing conditions [32–34]. Additionally, the magnetic characteristics of CoFe2O4,
ZnFe2O4 and CdFe2O4 are influenced by size, shape, purity, and magnetic stability of the
constituent particles [27]. Multiferroic systems have attracted significant interest due to
the coexistence of switchable ferroelectric, ferrimagnetic, and ferroelastic order parameters
within a single phase [19,35]. However, when ferrimagnetic ferrite particles decrease below
a critical size, thermal fluctuations can disrupt single-domain magnetic ordering, leading
to a substantially reduction in Ms and coercivity (Hc) [27].

This study investigates the influence of Zn2+ (Zn0.1Cd0.9Bi0.1Fe1.9O4), Ca2+ (Ca0.1Cod0.9

Bi0.1Fe1.9O4), and Co2+ (Co0.1Cd0.9Bi0.1Fe1.9O4) doping on the structural, morphological,
and magnetic characteristics of CdBi0.1Fe1.9O4 nanoparticles embedded within a SiO2 ma-
trix, synthetized via the sol-gel route and calcined at various temperatures. The thermal
evolution and decomposition of glyoxylate precursors were analyzed using thermal analy-
sis and Fourier transform infrared (FT-IR) spectroscopy. The crystalline phase development
and crystallinity were assessed using X-ray diffraction (XRD) which was used to study,
while particle shape, morphology, size and agglomeration were investigated using atomic
force microscopy (AFM). The magnetic characteristics, including the variation of Ms vs. Hc

were evaluated for both undoped and Zn-, Ca- and Co-doped CdBi0.1Fe1.9O4 samples.
The novelty of the present study arises from (i) a comprehensive assessment of the

combined effect of the SiO2 matrix and divalent dopant ions on the formation of metal-
glyoxylate precursors and their subsequent thermal transformation into ferrite phases
embedded in the SiO2 matrix; (ii) a systematic comparative investigation of Zn2+, Ca2+, and
Co2+ doping in CdBi0.1Fe1.9O4@SiO2 nanocomposites (NCs) to elucidate their influence on
morphological, structural, and magnetic characteristics, identifying pathways to enhance
functional performance and broaden potential applications; (iii) the development of new
trimetallic ferrites embedded in a SiO2 matrix; (iv) achieving single-phase crystalline ferrites
at relatively low calcination temperatures (300 ◦C) for both undoped and doped systems,
demonstrating the efficiency of the proposed synthesis; and (v) showing that dopant
incorporation, particularly Co2+ ion, suppresses the formation of secondary phases at high
calcination temperatures (1200 ◦C), highlighting the stabilizing role of selective doping.

2. Materials and Methods

2.1. Reagents

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 98%), calcium nitrate tetrahydrate (Ca(NO3)2

·4H2O, 99%), cobalt nitrate hexahydrate (Co(NO3)2·6H2O, 98%), and cadmium nitrate tetrahy-
drate (Cd(NO3)2·4H2O, 99%), were purchased from Carlo Erba (Milan, Italy). Ferric nitrate
nonahydrate (Fe(NO3)3·9H2O, 98%), bismuth nitrate pentahydrate (Bi(NO3)2·5H2O (98%)),
ethylene glycol (EG, 99%), TEOS (99%) and ethanol (96%) were obtained from Merck, Darm-
stadt, Germany.

2.2. Synthesis

CdBi0.1Fe1.9O4 and M0.1Cd0.9Bi0.1Fe1.9O4 (M = Zn, Ca, Co) embedded within a SiO2

matrix were prepared using a sol-gel technique. The resulting NCs consisted of 45 wt.%
ferrite and 55 wt.% SiO2. Appropriate molar ratios of metal nitrates were selected to
achieve M/Cd/Bi/Fe of 0/10/1/19 for the undoped composition and 1/9/1//19 for
the Zn-, Ca-, and Co-doped samples. The precursor sols were prepared by dissolving

https://doi.org/10.3390/nano16040259
26



Nanomaterials 2026, 16, 259

the corresponding metal nitrates in a mixed solvent system containing EG, TEOS, and
ethanol using a NO3

−/EG/TEOS molar ratio of 1/1/1. The solutions were magnetically
stirred for 30 min to ensure homogeneity and subsequently aged under ambient conditions
until complete gelation, which occurred after approximately 30 days. The resulting gels
entrapped uniformly distributed metal ions within the organic–inorganic network. To
enhance the phase purity and promote the crystallite growth, the dried gels were finely
ground and subjected to a thermal pretreatment at 40 ◦C for 4 h. Calcination was then
carried out subsequentially at 300, 600, 900 and 1200 ◦C for 4 h at each temperature using a
Nabertherm LT9 muffle furnace (Lilienthal, Germany).

2.3. Characterization

The thermal evolution of the samples was investigated by thermogravimetric (TG)
and differential thermal analysis (DTA) in air, using a heating rate of at 10 ◦C·min−1 up to
1200 ◦C; measurements were performed SDT Q600 analyzer (TA Instruments, New Castle,
DE, USA), employing alumina as the reference material. FT-IR spectra were recorded
on KBr pellets containing 1 wt.% of the sample using a Prestige-21 (Shimadzu, Tokyo,
Japan). Phase identification was performed by XRD using a D8 Advance diffractometer
(Bruker, Karlsruhe, Germany) with CuKα radiation (λ = 1.5418 Å) operated at 40 kV and
35 mA. Atomic force microscopy (AFM) measurements were performed using a high-
resolution scanning probe microscope JSPM 4210 produced by JEOL Company (Tokyo,
Japan) operating in tapping mode with a NSC 15 Hard cantilever (resonant frequency of
325 kHz and a force constant of 40 N/m). The acquired topographic images were analyzed
with WinSPM software (version 2.0, JEOL, Tokyo, Japan) to determine surface height,
roughness, and particle diameter. The magnetic characterization was carried out using a
7400 vibrating-sample magnetometer (VSM, Lake Shore, Carson, CA, USA). Hysteresis
loops were measured at room temperature under applied fields up to 2 T, while the
magnetization measurements were performed in fields up to 5 T.

3. Results and Discussion

3.1. Formation and Decomposition of Glyoxylate Precursor and SiO2 Development

Figure 1 presents the formation and decomposition of metal-glyoxylate precursors
within the ferrite system, as well as the development of the SiO2 matrix, as evidenced by
the TG-DTA profiles of the gels heated at 40 ◦C and the comparative FT-IR spectra of the
gels heated at 40 and 200 ◦C.

The TG and DTA curves of all gels reveal five distinct thermal processes: (i) removal
of residual water, including physically adsorbed moisture, manifested by an endothermic
peak at approximatively 36 ◦C, corresponding to a mass loss of 2.5%; (ii) formation of Cd,
Zn-, Ca-, Co- glyoxylates, evidenced by an endothermic effect near 153 ◦C with a mass
loss of ~6.5%, accompanied by the release of H2O and NO (these redox reactions likely
yield a homogenous mixture of homonuclear Fe3+, Bi3+ and Cd2+, Zn2+, Ca2+, Co2+ gly-
oxylates); (iii) formation of Fe- and Bi- glyoxylates occurring around 191 ◦C, marked by an
endothermic effect and a mass loss of ~13%, due to the release of crystallization water from
the nitrates and volatile species (H2O, NO2), driving redox reactions [13,15]; (iv) oxidative
decomposition of Cd-, Zn-, Ca-, Co- glyoxylates into their corresponding metal oxides
(CdO, ZnO, CaO, CoO) along with the concomitant formation of ferrites, appearing as an
exothermic effect near 273 ◦C with the release of CO, CO2 and H2O, corresponding to a
mass loss ~12%; and (v) oxidative decomposition of Fe- and Bi- glyoxylates into Fe2O3 and
Bi2O3 occurring around 318 ◦C, producing an exothermic effect with a mass loss ~22% due
to the elimination of CO, CO2 and H2O (Figure 1a,b) [13–15,28].
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Figure 1. (a) TG and (b) DTA curves of CdBi0.1Fe1.9O4, Zn0.1Cd0.9Bi0.1Fe1.9O4, Ca0.1Cod0.9Bi0.1Fe1.9O4,
Co0.1Cd0.9Bi0.1Fe1.9O4 gels heated at 40 ◦C; (c) FT-IR spectra of gels heated at 40 ◦C and (d) FT-IR spectra
of gels calcinated at 300 ◦C.

The two-stage progress (at 153 ◦C and 191 ◦C) of the redox reaction between metal ni-
trates and EG is attributed to the higher acidity of the [Fe(H2O)6]3+ and [Bi(H2O)6]3+ cations
compared to [Cd(H2O)6]2+, [Zn (H2O)6]2+, [Ca(H2O)6]2+ and [Co(H2O)6]2+ cations [13,15].
Consequently, the redox reaction leading to the formation of the Fe carboxylates occurs
at lower temperatures, producing a mixture of homonuclear Fe3+ and Co2+ carboxy-
lates [13,15]. In contrast, the Fe3+ and Bi3+ glyoxylates form at higher temperatures [13,15].
All other synthesized gels display similar TG and DTA curves, with the position and in-
tensity of the exothermic effects depending on the specific Fe(NO3)3/Bi(NO3)3/Co(NO3)2,
Fe(NO3)3/Bi(NO3)3/Co(NO3)2/M2+(NO3) (M = Zn, Ca or Co) ratio. The highest total
mass loss is observed for CdBi0.1Fe1.9O4@SiO2 (58.0%), while slightly lower mass losses
are recorded for Zn0.1Cd0.9Bi0.1Fe1.9O4@SiO2 (54.7%), Ca0.1Cd0.9Bi0.1Fe1.9O4@SiO2 (54.3%),
Co0.1Cd0.9Bi0.1Fe1.9O4@SiO2 (53.7%). During thermal treatment, the SiO2 matrix under-
goes multiple transformations, which makes it difficult to make the distinction between
processes associated with the formation and decomposition of glyoxylate precursors [13–
15,28].
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The FT-IR spectra indicate the formation of metal glyoxylate precursors from metal
nitrates, as evidenced by the disappearance of the nitrate-related band at 1381 cm−1 upon
calcination at 300 ◦C (Figure 1c,d) [13–15,28]. The SiO2 matrix already begins to develop
at 40 ◦C and becomes more clearly defined after calcination at 300 ◦C, as confirmed by
the presence of Si–O–Si stretching vibrations observed around 1064 cm−1 (40 ◦C) and
1072 cm−1 (300 ◦C), together with Si–O vibrational vibrations appearing as shoulders near
1219 cm−1 (40 ◦C) and 1222 cm−1 (300 ◦C) [13–16,23–28]. Deformation vibrations of the
Si–OH groups, arising from the hydrolysis of –Si(OCH2CH3)4 (TEOS), are observed at
940 cm−1 (40 ◦C) and 972 cm−1 (300 ◦C), while Si–O stretching within SiO4 tetrahedra
appear at 799 cm−1 (40 ◦C) and 795 cm−1 (300 ◦C) [13–16,23–28]. O–H vibrations from EG
and adsorbed water appear at 1672 cm−1 at 40 ◦C; after calcination at 300 ◦C, these bands
broaden and shift to 1638–1650 cm−1, increasing in intensity by Zn2+, Ca2+, or Co2+ doping.
This behavior is attributed to –COO− vibrations, indicating the formation of chelated
complexes through coordination of glyoxylate ligands with the metal ions [13–16,23–28].

The FT-IR spectra exhibit absorption bands at 558 cm−1 (40 ◦C) and 551 cm−1 (300 ◦C),
which are assigned to the stretching vibrations of tetrahedral Cd–O, Zn–O, Ca–O, and Co–O
bonds, as well as to cyclic Si–O–Si structures. The bands observed at 442 and 449 cm−1

are associated with the octahedral Fe–O, Bi–O, and Si–O vibrational modes [13–16,23–28].
The shifts in the A- and B- site band positions with different dopants and calcination
temperatures indicate lattice distortions arising from changes in M–O bond lengths [35,36].
These variations are in full agreement with the inverse relationship between bond length,
reduced atomic mass, and stretching vibration frequency [37–39].

3.2. Formation of the Crystalline Structure of Ferrites

At low calcination temperatures, oxidic phases typically exhibit poor crystallinity
or may remain partially amorphous; thus, the development of the desired surface
characteristics and crystallinity strongly depends on optimizing the calcination condi-
tions [13,14,16,19]. In addition, the pronounced chemical reactivity of the amorphous
SiO2 matrix facilitates its participation in various chemical transformations during the
calcination process. Figure 2 shows the XRD patterns of the NCs calcined at 300, 600, 900,
and 1200 ◦C.

At 300 ◦C, the diffraction peaks corresponding to the (220), (311), (222), (400), (422),
(511), and (440) planes confirm the formation of single, low-crystallized CdBi0.1Fe1.9O4

phase, consistent with CdFe2O4 (JCPDS card no. 65-3115) and Bi2Fe4O9 (JCPDS card
no. 74-1098), exhibiting a cubic spinel structure with space group Fd3m [26–28]. No
secondary or impurity-phases are remarked at this temperature, indicating that the dopant
ions are successfully incorporated into the spinel ferrite lattice without compromising its
structural integrity.

At 600 ◦C, the XRD pattern of the undoped CdBi0.1Fe1.9O4@SiO2 NC is dominated
by the CdO phase (JCPDS card no. 05-0640), while the characteristic diffraction peaks
of the CdBi0.1Fe1.9O4 phase appear only weakly, indicating incomplete ferrite formation
and poor crystallinity. In contrast, doping CdBi0.1Fe1.9O4 with Zn2+, Ca2+, and Co2+

ions promotes the formation of low crystallized single-phase ferrites. Among the doped
samples, Zn0.1Cd0.9Bi0.1Fe1.9O4@SiO2 NC exhibits the most intense diffraction peaks,
indicating the highest degree of crystallinity. These results suggest that incorporation
of Zn2+, Ca2+, and Co2+ ions at 600 ◦C promotes the formation of single-phase ferrite
structures and improves structural ordering compared with the undoped sample. The
presence of secondary phases can be attributed to the higher cation mobility and lattice
strain variations induced during calcination, which also slightly shift the 2θ positions,
broadens the peaks, and increases crystallite sizes [37,40]. At 600 ◦C, doping CdBi0.1Fe1.9O4
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with Zn2+, Ca2+, or Co2+ ions, restricts Cd2+ diffusion and enhances thermodynamic
stability of Zn0.1Cd0.9Bi0.1Fe1.9O4, Ca0.1Cd0.9Bi0.1Fe1.9O4, Co0.1Cd0.9Bi0.1Fe1.9O4 phases
embedded in SiO2 matrix. The homogeneity of the metal oxide particles may also contribute
to an increased defect density and higher pore volume in the final composites [40,41].
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Figure 2. XRD patterns of CdBi0.1Fe1.9O4@SiO2, Zn0.1Cd0.9Bi0.1Fe1.9O4@SiO2, Ca0.1Cd0.9Bi0.1Fe1.9O4@SiO2,
Co0.1Cd0.9Bi0.1Fe1.9O4@SiO2 NCs calcined at (a) 300 ◦C, (b) 600 ◦C, (c) 900 ◦C and (d) 1200 ◦C.

At 900 ◦C, the XRD pattern of the undoped CdBi0.1Fe1.9O4@SiO2 NC reveals the
coexistence of the crystalline ferrite phase with secondary crystalline phases of CdO, α-
Fe2O3 (JCPDS card no. 33-0664), and Fe2SiO4 (JCPDS card no. 70-1861). For the Zn-doped
CdBi0.1Fe1.9O4@SiO2 NC, CdO is no longer detected, while the diffraction pattern consists
of the crystalline ferrite phase accompanied by α-Fe2O3 and Fe2SiO4. In the case of Ca-
doped CdBi0.1Fe1.9O4@SiO2, α-Fe2O3 also disappears, resulting in a diffraction pattern
containing the ferrite phase together with Fe2SiO4 as single secondary phase. The decom-
position of carboxylate precursors generates a reducing environment that partially converts
Fe3+ ions into Fe2+ ions, which subsequently interact with the SiO2 matrix, resulting in
the formation of Fe2SiO4 at 900 ◦C in all NCs [27,28,39]. The formation of α-Fe2O3 instead
of pure crystalline ferrite may result from the incomplete embedding of the ferrite within
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the SiO2 matrix and from suboptimal calcinations conditions [19,20]. The presence of
α-Fe2O3 indicates the decomposition of Fe(NO3)3 into α-Fe2O3, which promotes spinel
ferrite formation, while the excess of metal oxides in insoluble secondary phases may en-
hance densification by increasing pore volume and generating demagnetizing fields [37,40].
The formation of secondary phases is further influenced by the cation mobility and the
lattice strain induced during the calcination process. These effects also display as peak
broadening, increased crystallite size, and slight shifts in 2θ positions [14,27,28].

Following calcination at 600 and 900 ◦C, the ferrite phases remain poorly crys-
talline, while higher calcination temperatures promote the formation of larger crystal-
lites and accelerate the crystallite growth due to improved nucleation and growth ki-
netics [27,28]. The presence of sharp diffraction peaks at elevated temperature confirms
the development of well-crystallized spinel ferrite structures. At 1200 ◦C, both undoped
CdBi0.1Fe1.9O4@SiO2 and Zn0.1Cd0.9Bi0.1Fe1.9O4@SiO2 display four crystalline phases:
CdBi0.1Fe1.9O4, α-Fe2O3, cristobalite (JCPDS card no. 74-9378), and tridymite (JCPDS card
no. 42-1401), indicating partial crystallization of the SiO2 matrix in the absence of ferrite.
Ca2+ doping of CdBi0.1Fe1.9O4@SiO2 leads to the disappearance of the α-Fe2O3 phase,
resulting in the ferrite phase coexisting only with the crystalline SiO2 phases (cristobalite
and tridymite). In contrast, Co2+ doping results in the formation of a single-phase ferrite,
Co0.1Cd0.9Bi0.1Fe1.9O4, corresponding to CoFe2O4 (JCPDS card no. 22-1086), CdFe2O4

(JCPDS card no. 65-3115), and Bi2Fe4O9 (JCPDS card no. 74-1098). This behavior is
attributed to the atomic level cation mixing, which promotes the formation of a dense,
fine-grained, and homogeneous ferrite structure [40–43].

The diffraction peaks of the ferrite phases become more intense at 1200 ◦C, indicating
high crystallinity, uniform nucleation, and efficient crystal growth, with minimal influence
of from surface coatings [14,27,28]. Variations in peak intensity and signal-to-noise ratio
corresponds to the variations in crystallite size and degree of crystallinity [32].

Table 1 summarizes the structural parameters of the NCs calcined at 300, 600, 900 and
1200 ◦C, including average crystallite size (DCS), lattice parameter (a), unit cell volume (V),
physical (dp) and X-ray (dXRD) densities, hopping length at the A (dA) and B (dB) sites, and
porosity (P), as determined by XRD [44,45].

Table 1. Structural parameters and quantitative analysis of CdBi0.1Fe1.9O4@SiO2, Zn0.1Cd0.9Bi0.1Fe1.9O4@SiO2,
Ca0.1Cd0.9Bi0.1Fe1.9O4@SiO2, Co0.1Cd0.9Bi0.1Fe1.9O4@SiO2 NCs estimated by XRD.

Sample
Temp
[◦C]

DCS

[nm]
a

(Å)
V

(Å3)
dA

(Å)
dB

(Å)
dp

(g/cm3)
dXRD

(g/cm3)
P

(%)
Quantitative Analysis

CdBi0.1Fe1.9O4@SiO2

300 7.3 8.379 588 3.628 2.962 5.342 6.855 22.1 100% CdBi0.1Fe1.9O4
600 14.9 8.415 596 3.644 2.975 5.379 6.763 20.5 74% CdO/26% CdBi0.1Fe1.9O4

900 31.6 8.457 605 3.662 2.990 5.411 6.662 18.8 34%CdBi0.1Fe1.9O4/23%
Fe2SiO4/6%Fe2O3/37%CdO

1200 48.2 8.498 614 3.680 3.004 5.467 6.564 16.7 32% CdBi0.1Fe1.9O4/35% Fe2O3/33% SiO2

Zn0.1Cd0.9Bi0.1Fe1.9O4@SiO2

300 8.3 8.344 581 3.613 2.950 5.349 6.830 21.7 100% Zn0.1Cd0.9Bi0.1Fe1.9O4
600 16.5 8.376 588 3.627 2.961 5.393 6.749 20.0 100% Zn0.1Cd0.9Bi0.1Fe1.9O4
900 34.8 8.423 598 3.648 2.978 5.431 6.636 18.2 73% Zn0.1Cd0.9Bi0.1Fe1.9O4/ 22% Fe2SiO4/5%Fe2O3
1200 52.4 8.468 607 3.667 2.994 5.489 6.538 16.0 34% Zn0.1Cd0.9Bi0.1Fe1.9O4/35% Fe2O3/31% SiO2

Ca0.1Cd0.9Bi0.1Fe1.9O4@SiO2

300 9.6 8.366 586 3.623 2.958 5.359 6.714 20.2 100% Ca0.1Cd0.9Bi0.1Fe1.9O4
600 15.9 8.406 594 3.640 2.972 5.408 6.624 18.4 100% Ca0.1Cd0.9Bi0.1Fe1.9O4
900 36.2 8.446 603 3.657 2.986 5.449 6.525 16.5 72% Ca0.1Cd0.9Bi0.1Fe1.9O4/18% Fe2SiO4
1200 56.5 8.488 612 3.675 3.001 5.497 6.429 14.5 71% Ca0.1Cd0.9Bi0.1Fe1.9O4/29% SiO2

Co0.1Cd0.9Bi0.1Fe1.9O4@SiO2

300 7.9 8.353 583 3.617 2.953 5.352 6.792 21.2 100% Co0.1Cd0.9Bi0.1Fe1.9O4
600 15.7 8.389 590 3.633 2.966 5.398 6.711 19.6 100% Co0.1Cd0.9Bi0.1Fe1.9O4
900 33.0 8.435 600 3.652 2.982 5.440 6.599 17.6 100% Co0.1Cd0.9Bi0.1Fe1.9O4
1200 49.8 8.473 608 3.669 2.996 5.495 6.513 15.6 100% Co0.1Cd0.9Bi0.1Fe1.9O4

Across all calcination temperatures, the undoped CdBi0.1Fe1.9O4 exhibits the smallest
DCS, whereas doping with Zn2+, Ca2+, and Co2+ ions lead to a noticeable increase in DCS

(Table 1). The calcination temperature-driven growth of DCS can be explained by (i) elevated
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thermal energy, which enhances atomic diffusion, promotes particle coalescence, and favors
the formation of larger crystallites; (ii) agglomeration of incompletely crystallized particles,
which reduces the effective nucleation density and supports the formation of single, well-
defined crystals; and (iii) variations in cation valence and ionic radii, which induce lattice
strain, generate additional nucleation sites, and facilitate crystallite formation [14,27,28].
Additionally, peak broadening, lattice strain and the constraining effect of the SiO2 matrix
can further modulate the crystallite growth. DCS is a key determinant of the magnetic
behavior of the NCs, particularly when the particle size nears the crystallite size [14,23,24].
These results highlight that the synthesis strategy and calcination conditions critically
influence the structural and magnetic characteristics of the NCs. The Reference Intensity
Ratio (RIR) method was used to determine the quantitative phase analysis (Table 1) [45,46].

The lattice parameter (a) exhibits the highest values in undoped CdBi0.1Fe1.9O4 across
all calcination temperatures. Doping with Zn2+, Ca2+, or Co2+ ions leads to a reduc-
tion in the lattice parameter, ascribed to the smaller ionic radii of the dopants, namely
Zn2+ (0.74 Å) [3,9,46,47], Ca2+ (0.95 Å) [39], Co2+ (0.75 Å) [19,21,25] compared to Cd2+

(0.97 Å) [4,5,10,12]. The lattice parameter increases with calcination temperature from
8.344 to 8.498 Å, reflecting the combined effect of ionic radii, lattice distortions, and struc-
tural defects [14,16,23,27]. Differences between experimental and theoretical lattice parame-
ters arise from the idealized assumption that ions behave as rigid spheres within a perfectly
ordered lattice. In the CdBi0.1Fe1.9O4 structure, the Cd2+ ions and dopant (Zn2+, Ca2+ and
Co2+) ions predominantly occupy the A- sites, whereas Fe3+ and Bi3+ ions are distributed
across both A- and B- sites, depending on the degree of cation disorder and specific syn-
thesis conditions [10,17,18]. Lattice shrinkage is primarily governed by the cation charge
distribution, surface tension, and dipole interactions within the nanocrystallites, which also
limit grain growth. The internal stresses associated with variations in the lattice parameter
can hinder grain development further during calcination [16,23,27].

The cell volume (V) gradually increases with calcination temperature, ranging from 581 to
614 Å3. Doping CdBi0.1Fe1.9O4@SiO2 with Zn2+, Ca2+, Co2+ ions causes a slight reduction in
cell volume, likely due to the combined effects of higher molecular mass, the formation of
oxygen vacancies, and decreased crystallization temperature. These factors jointly offset the
expected volumetric contraction associated with the densification [14,27,28].

The hopping lengths for the tetrahedral A (dA) and octahedral B (dB) sites are closely
correlated to the lattice parameter. Lattice expansion is primarily driven by the greater ionic
radii of Cd2+, Ca2+, and Bi3+ ions compared to those of Zn2+, Co2+, and Fe3+ ions. Moreover,
the Cd2+ ions and the dopant ions (Zn2+, Ca2+, Co2+) show a limited preference for the A
sites, whereas Fe3+ and Bi3+ ions are unequally distributed between the A- and B- sites,
depending on the composition of undoped and doped CdBi0.1Fe1.9O4@SiO2 [14,27,28].

Higher dA and dB indicate greater cation separation, which increases the energy barrier
for charge carrier transfer and influences the magnetic characteristics. Since the crystal
field splitting at (A) sites is smaller than at the B sites, variations in cation distribution,
particularly of Zn2+, Ca2+, Co2+, Cd2+, and Fe3+ ions, and changes in the degree of inversion
can modify the 3d orbitals energy levels, resulting in band gap modifications [14,27,28,45].
Furthermore, replacing magnetic Cd2+ ions with Zn2+, Ca2+, or Co2+ ions adjust the cation
distribution within the ferrite lattice, thereby affecting the A-B superexchange interactions,
and enabling tunable magnetic behavior [45].

The dXRD reflects the dislocation density per unit volume in a crystalline mate-
rial [11,13] and is primarily influenced by the lattice parameter and molecular mass [15]. In
this study, the dXRD increases with Zn2+, Ca2+, Co2+ ions doping in CdBi0.1Fe1.9O4@SiO2

NCs, whereas it gradual decrease with the increasing calcination temperature (from 6.855 to
6.513 g/cm3), which could be attributed to the pore formation during the thermal treat-
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ment [15]. Variations in dXRD associated with changes in the lattice parameter are attributed
to modified cation distribution between the A- and B- sites. Replacing Cd2+ ions with Zn2+,
Ca2+, or Co2+ ions reduces grains compactness and promotes grain growth, likely due to
the pore development through calcination and subsequent sample processing. Additionally,
disparities in ionic radii introduce lattice strain and structural disorder, thereby perturbing
the spinel framework of the ferrite [11,13].

The porosity (P) of undoped CdBi0.1Fe1.9O4@SiO2 (22.1–16.7%) was higher than
that of Zn0.1Cd0.9Bi0.1Fe1.9O4@SiO2 (21.7–16%), Ca0.1Cd0.9Bi0.1Fe1.9O4@SiO2 (20.2–14.5%),
Co0.1Cd0.9Bi0.1Fe1.9O4@SiO2 (21.2–15.6%) NCs. This trend is attributed to enhanced va-
cancy generation and pore formation during synthesis, whereas higher calcination tem-
peratures facilitate densification, resulting in a progressive reduction in porosity [48,49].
Low porosity, as observed for Co0.1Cd0.9Bi0.1Fe1.9O4@SiO2 calcined at 1200 ◦C, is essential
for achieving superior magnetic performance, whereas higher porosity levels can neg-
atively affect magnetic behavior [14,27,28,48,49]. Additionally, doping with Zn2+, Ca2+,
Co2+ ions influences porosity by promoting the formation of oxygen vacancies, which
slightly expand the lattice while maintaining the structural symmetry of the ferrite frame-
work [14,27,28,48,49].

3.3. AFM Analysis

XRD analysis indicates that the calcination temperatures above 600 ◦C promotes the
development of well-defined ferrite crystallites, while the samples calcined at 300 ◦C
remain amorphous. High calcination temperatures also enhance the tendency of adjacent
particles to coalesce. Such behavior has been reported for fine clay particles [50], where
physical attraction without chemical bonds governs aggregation; dispersion in an aqueous
medium ensures proper particle separation and individualization [51]. Thus, the NCs
calcined at 600, 900 and 1200 ◦C were dispersed into the ultra-pure water by magnetic
agitation at 3000 rpm for 15 min. Afterward, glass slides were vertically immersed into the
dispersions, allowing the Brownian motion of nanoparticles to promote adsorption onto
the slide surface. The literature indicates that an adsorption time of 10–30 s is sufficient
to ensure a uniform a thin film of nanoparticles transferred onto the solid substrate [51].
Following this guideline, the ferrite nanoparticles were adsorbed for 15 s, followed by the
gentle extraction of the glass slide followed by natural drying. This procedure ensures
a proper individualization of the adsorbed nanoparticles and results in thin films with
topographical features that depend on the sample’s composition.

The CdBi0.1Fe1.9O4@SiO2 consists of very small, rounded nanoparticles after calcina-
tion at 600 ◦C, with a diameter of 18 nm (Figure 3a). This diameter is slightly larger than the
corresponding crystallite size of 14.9 nm, which can be attributed to the amorphous SiO2

shell embedding the ferrite crystallite as the composite core. Ferrite core increases with
the calcination temperature developing the rectangle shape characteristics of its crystal
structure. Thus, the particles calcined at 900 ◦C exhibit partial alteration of the rounded
shape due to the ferrite core growth alongside the amorphous SiO2 coating, leading to a
slight increase in diameter to about 35 nm (Figure 3b). This trend is further accentuated
after calcination at 1200 ◦C (Figure 3c) where the nanoparticles become slightly elongated
due to the extensive development of the ferrite crystallite core, resulting in diameters
up to 52 nm. These observations are consistent with literature reports on CdFe2O4 [52],
where nanoparticle elongation is evident in SEM images [53]. Moreover, the perovskite
structure of BiFeO3 has a square-to-elongated crystal lattice, in agreement with the AFM
observations [54], with particle sizes increasing with the calcination temperature [55].
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Figure 3. AFM topographic images of the powders’ thin films transferred onto solid substrate:
CdBi0.1Fe1.9O4@SiO2 NC calcined at (a) 600 ◦C, (b) 900 ◦C, (c) 1200 ◦C; Zn0.1Cd0.9Bi0.1Fe1.9O4@SiO2

NC calcined at (d) 600 ◦C, (e) 900 ◦C, (f) 1200 ◦C; Ca0.1Cd0.9Bi0.1Fe1.9O4@SiO2 NC calcined at
(g) 600 ◦C, (h) 900 ◦C, (i) 1200 ◦C; Co0.1Cd0.9Bi0.1Fe1.9O4@SiO2 NC calcined at (j) 600 ◦C, (k) 900 ◦C,
(l) 1200 ◦C.

Previous studies have shown that doping BiFeO3 with Cd2+ and Mg2+ ions signifi-
cantly improves its microstructural and magnetic properties by stabilizing the spinel phase,
thereby enhancing both dielectric and magnetic performance [56]. The AFM images indi-
cate a synergistic effect of Cd and Bi substitution on the growth and development of the
ferrite core. Nayak et.al emphasizes that structural changes within BiFeO3 play a key role
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in tailoring its magnetic behavior [57]. Building on this, we propose that additional tuning
of the ferrite characteristics can be achieved through the strategic incorporation of minor
dopants. This hypothesis is supported by the observed improvements in the crystal lattice,
as observed in XRD patterns presented in Figure 2.

Zn2+ doping of CdBi0.1Fe1.9O4 exhibits a pronounced effect, promoting well-developed
particles even at a relatively low calcination temperature (600 ◦C, Figure 3d). The nanopar-
ticles display a diameter of approximately 22 nm and a predominantly rounded shape. The
increase in calcination temperature facilitates optimal growth of the ferrite core, which al-
ters the nanoparticle morphology: the particles become slightly elongated after calcination
at 900 ◦C and develop a blockier, boulder-like shape with softened square corners after
calcination at 1200 ◦C, partially moderated by the amorphous SiO2 shell (Figure 3e,f). A
similar evolution in morphology is observed on the NCs doped with Ca2+ (Figure 3g–i).

Co2+ doping of CdBi0.1Fe1.9O4 exhibit hybrid behavior, revealing small, rounded
nanoparticles after calcination at 600 ◦C (Figure 3j) with a diameter of approximatively
19 nm, closely resembling the undoped CdBi0.1Fe1.9O4. The doping effect on the nanoparti-
cle structure becomes apparent after calcination at 900 ◦C (Figure 3k), inducing a significant
increase of the particle size to about 38 nm and pronounced elongation due to the enhanced
growth of the ferrite core. Further increasing the calcination temperature increases to
1200 ◦C leads to only a minor increase in particle diameter to 54 nm, but evidence a strong
consolidation of the ferrite core, ensuring optimal stability and well-defined individualiza-
tion of the NC structure.

Considering the approximate rounded shape of the nanoparticles and ferrite crystallite
cores, the thickness of the amorphous SiO2 shell is estimated to about 2 nm. This value is
consistent with the expectations of the synthesis procedure. It should be noted, however,
that AFM cannot reliably differentiate between the ferrite core and the amorphous SiO2

shell, whereas XRD analysis allows for this differentiation. This represents a limitation of
the present study.

Amorphous SiO2 shell provides an optimal insulation of the ferrite nuclei during
the ferrite crystallization, preventing the coalescence between adjacent crystallites. This
facilitates the optimal encapsulation of the ferrite core into well individualized composite
nanoparticles [58–60]. The optimal encapsulation promotes uniform dispersion of the
nanoparticles into the aqueous environment which favors the uniform adsorption onto the
solid substrate (e.g., glass slide) (Figure 4). The roughness of the surface strongly depends
on the nanoparticle’s diameter and the uniformity of adsorbed layer. For example, the
samples calcined at 600 ◦C exhibit low roughness and minimal local height variations
ensuring a thin and compact film (Figure 4a,d,g,j). The continuous growth of the ferrite
core partly alters the nanoparticle shapes (Figure 4b,e,h,k) leading to the relative increase
of the surface roughness (Table 2). The slightly roughness enhancement facilitates the
nanoparticle functionalization with biomedical agents (e.g., anticancer drug for targeted
delivery onto the tumor sites) according to the literature data [61,62]. Moreover, the higher
calcination temperature promotes optimal crystallization of the ferrite core and further
increases surface roughness due to the adsorption of larger and more irregularly shaped
nanoparticles. Despite this, the resulting thin films remain relatively uniform owing to the
well-individualized nanoparticles, which prevent coalescence. The literature highlights
the versatility and potential of such ferrites due to their structural stability in composite
materials, while also noting associated environmental concerns [63]. In our study, the
well-dispersed nanoparticles observed in the adsorbed thin films enable efficient recovery
from environmental media via magnetic separation, allowing applications such as oil spill
remediation [64] or degradation of dye pollutants [65].
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Figure 4. AFM tridimensional profiles of the powders’ thin films transferred onto solid substrate:
CdBi0.1Fe1.9O4@SiO2 NC calcined at (a) 600 ◦C, (b) 900 ◦C, (c) 1200 ◦C; Zn0.1Cd0.9Bi0.1Fe1.9O4@SiO2

NC calcined at (d) 600 ◦C, (e) 900 ◦C, (f) 1200 ◦C; Ca0.1Cd0.9Bi0.1Fe1.9O4@SiO2 NC calcined at
(g) 600 ◦C, (h) 900 ◦C, (i) 1200 ◦C; Co0.1Cd0.9Bi0.1Fe1.9O4@SiO2 NC calcined at (j) 600 ◦C, (k) 900 ◦C,
(l) 1200 ◦C.

Table 2. Topographic parameters and particle diameter measured with AFM.

Sample Temp, ◦C Height, nm Ra, nm D, nm

CdBi0.1Fe1.9O4@SiO2

600 9 0.89 18
900 9 1.14 35
1200 12 1.87 52

Zn0.1Cd0.9Bi0.1Fe1.9O4@SiO2

600 8 0.86 22
900 16 2.25 43
1200 59 9.06 72

Ca0.1Cd0.9Bi0.1Fe1.9O4@SiO2

600 7 0.90 20
900 12 1.54 41
1200 21 3.40 64

Co0.1Cd0.9Bi0.1Fe1.9O4@SiO2

600 10 1.10 19
900 5 0.63 38
1200 15 2.44 54
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3.4. Magnetic Behavior

The magnetic hysteresis loops M(μ0H) and their first derivatives (dM/d(μ0H) of NCs
calcined at 1200 ◦C exhibit typical soft ferrimagnetic behavior (Figure 5). At the nanoscale,
the high surface-to-volume ratio positions many atoms at or near the particle surface, where
broken bonds, defects, spin disorder, and spin canting generate surface spin effects that reduce
magnetization and broaden the Hc distribution [66]. As surface contributions increase, surface-
dominated interactions outweigh core effects, causing deviations from bulk behavior. Thus,
the magnetic characteristics are strongly governed by particle size, shape, and morphology,
which depend on synthesis and thermal treatment conditions [27,28,66,67].
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Figure 5. Magnetic hysteresis loops and magnetization derivative of (a) CdBi0.1Fe1.9O4@SiO2,
(b) Zn0.1Cd0.9Bi0.1Fe1.9O4@SiO2, (c) Ca0.1Cd0.9Bi0.1Fe1.9O4@SiO2, and (d) Co0.1Cd0.9Bi0.1Fe1.9O4@SiO2

NCs calcined at 1200 ◦C.

All samples exhibit characteristic S-shaped hysteresis loops (Figure 5), which indicated
that relatively high magnetocrystalline anisotropy (K) requires stronger fields for saturation.
The moderate Hc observed is attributed to partial particle coalescence, which enhances
interparticle magnetic coupling and overall magnetization. However, diminished magnetic
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performance may result from a magnetically inactive surface layer associated with defects,
altered cation distribution, incomplete saturation, and lattice defects [14,16,27].

The derivative curves dM/d(μ0H) vs. μ0H reveal magnetization reversal dynamics. For the
NCs calcined at 1200 ◦C, a dominant peak near Hc indicates a single magnetic phase [14,16,23],
while a broad peak reflects a distribution of particle sizes and Hc. The minimal peak shift from
the origin indicates a narrow Hc distribution due to strong interparticle coupling [68,69]. Sharp
peaks are associated with well-crystallized, magnetically homogeneous samples, whereas
broader features indicate increased size dispersion and internal defects [14,27]. These results
confirm the formation of uniform, well-crystallized nanocrystals.

Doping CdBi0.1Fe1.9O4@SiO2 with non-magnetic Zn2+, Ca2+, and Co2+ ions modifies
the magnetocrystalline anisotropy and particle size, leading to enhanced MS, remnant
magnetization (MR), magnetic moments per unit cell (nB), HC and K compared to undoped
CdBi0.1Fe1.9O4 [14,27,28]. This enhancement is attributed to the dopant ions which promote
soft ferrimagnetic behavior [14,16,23,27,67].

Ms of ferrites is primarily governed by the superexchange interactions between the
A- and B- sites. An increase in Dc enhances Ms by reducing surface-related defects and
improving magnetic ordering [67]. In this study, the highest Ms value (28.7 emu/g) was
observed for Co0.1Cd0.9Bi0.1Fe1.9O4@SiO2 NC, whereas the undoped CdBi0.1Fe1.9O4@SiO2

NC exhibited lower Ms values (15.4 emu/g). The surface phenomena such as broken
chemical bonds, deviations from the ideal cation distribution, lattice defects, and randomly
oriented magnetic moments, contribute to reducing the overall magnetic performance.
Additionally, the structural disorder at the particle surface can disrupt the alignment of
magnetic moments, a phenomenon typically associated with single-domain configura-
tions [14,16,23,27,67]. Partial substitution of Cd2+ with Zn2+, Ca2+, Co2+ ions may also
reduce Ms due to the spin canting arising from the triangular spin configuration within
the sublattice, as described by the Yaffet–Kittel [14,16,23,27]. Overall, the enhanced charac-
teristics of Co0.1Cd0.9Bi0.1Fe1.9O4@SiO2 NC, including its relatively high Ms and favorable
combination of structural and morphological characteristics, make it a promising candidate
for technological applications in communication devices [22,26,32].

The remanent magnetization (MR) of undoped CdBi0.1Fe1.9O4@SiO2 is 3.2 emu/g.
The doping with Zn2+ ions increases MR to 4.7 emu/g, while Co2+ ions doping results in
an even greater increase, reaching 8.2 emu/g, demonstrating the significant effect of the
dopant type on the MR of ferrites.

The K value was calculated under the assumption that the spinel ferrite nanoparticles
are approximatively spherical. The K is governed by crystal symmetry, intrinsic magneto
crystalline anisotropy, as well as particle size and shape [14,16,23,27]. Among the studied
NCs calcined at 1200 ◦C, Co0.1Cd0.9Bi0.1Fe1.9O4@SiO2 NC exhibits the highest K value
of 1.34 erg/dm3. The increase in K for the CdBi0.1Fe1.9O4@SiO2 NC with the addition of
dopant ions, reaching the highest value for Co0.1Cd0.9Bi0.1Fe1.9O4@SiO2 NC, follows a trend
similar to MS, although no clear linear or colinear correlation between MS and K is observed.
Generally, K values increase with doping, which can be attributed to several factors:
(i) partial pinning of surface spins in magnetically disordered surface layers, requiring
stronger magnetic fields to achieve saturation, and (ii) the presence of randomly oriented
grains and lattice vacancies, which further contribute to magnetic disorder. Additionally,
crystalline K is affected by the lattice strain arising from the partial substitution of Cd2+ by
Zn2+, Ca2+, or Co2+ ions, whichalters the local structural environment and contributes to K
enhancement [14,16,23,27].

The lowest nB value is observed in undoped CdBi0.1Fe1.9O4 (0.401) increasing upon
doping with Zn2+ (0.482), Ca2+ (0.603) or Co2+ (0.734) doping, which indicates an enhance-
ment of non-collinear spin structures as described by the Yafet–Kittel model. The low Ms
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in undoped CdBi0.1Fe1.9O4 is attributed to spin canting in the B- sublattice, Jahn-Teller
cations, surface magnetic dead layers, cation distribution deviations, incomplete satura-
tion, random moment orientation, and lattice defects. Magnetization in larger particles is
dominated by domain wall motion, while smaller particles form single domains aligned
with the applied field [69].

The modest increase in Hc values for the doped NCs can be attributed to the contri-
butions from magnetocrystalline anisotropy, microstrain effects, particle size distribution,
and reduction in magnetic domain dimensions [31]. The undoped CdBi0.1Fe1.9O4@SiO2

NC exhibits an Hc value of 530 Oe, whereas Co0.1Cd0.9Bi0.1Fe1.9O4@SiO2 NC exhibit the
highest HC of 690 Oe. This enhancement is likely related to the variations in Dc, K and the
formation of particle agglomerates that increase the particle size beyond the single-domain
threshold, resulting in multi-domain structures and reduced domain wall pinning at grain
boundaries [14,16,23,27,67]. Conversely, lower Hc values suggest surface spin distortion
arising from variations in the magnetocrystalline K. In addition, an increased density of
surface lattice defects, such as the atom displacement in the surface layers, could develop
local energy barriers that further contribute to increased HC [14,16,23,27,67].

Embedding of magnetic ferrites within the SiO2 matrix stabilizes and organizes the
magnetic domains, leading to well-defined magnetic nano-crystallites within the NC. This
structural reinforcement improves the mechanical integrity and processability, enabling poten-
tial applications in magnetic coatings, thin films, and other nanostructured devices [2,3,6,32].

4. Conclusions

The influence of Zn2+, Ca2+, Co2+ ions doping on the structural, morphological,
surface, and magnetic characteristics of CdBi0.1Fe1.9O4 was systematically investigated.
At 300 ◦C, the ferrites exhibited poorly crystallinity, whereas Co0.1Cd0.9Bi0.1Fe1.9O4@SiO2

calcined at 1200 ◦C displayed a well-defined single-phase ferrite structure. Doping not only
enhanced ferrite crystallinity but also promoted the development of crystalline SiO2 phases
(silicate, cristobalite, and tridymite). Although all NCs maintained a cubic spinel structure,
XRD analysis revealed that the dopant incorporation induced variations in the structural
parameters. AFM imaging confirmed that the ferrite crystallites observed by XRD are
encapsulated within amorphous SiO2, forming well-individualized nanoparticles. At lower
calcination temperatures, the nanoparticles are predominantly rounded, whereas higher
calcination temperatures enhance ferrite core growth, leading to distorted particle shapes
and increased sizes. The surface roughness of the adsorbed thin films strongly correlates
with nanoparticle size and morphology: small, rounded particles yield low roughness,
while larger, irregular nanoparticles significantly increase surface roughness, making them
suitable for targeted functionalization. The MS (15.4–28.7 emu/g), MR (3.2–8.2 emu/g),
Hc (530–690 Oe) and K (0.532–1.24 erg/dm3) diminished with the incorporation of dopant
ions, approaching soft ferrimagnetic-like behavior. The analysis using Néel’s collinear and
Yafet–Kittel spin-canting models, considering the surface spin effects, indicates that doping
and thermal treatment are critical factors in governing the magnetic behavior and particle
size distribution of the nanocomposites.
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Abstract: In this study, we analyzed the impact of hydroxyl and epoxy groups on the properties
of graphene oxide (GO) for the adsorption of methylene blue (MB) dye from water, addressing the
urgent need for effective water purification methods due to industrial pollution. Employing a dual
approach, we integrated experimental techniques with theoretical modeling via density functional
theory (DFT) to examine the atomic structure of GO and its adsorption capabilities. The methodology
encompasses a series of experiments to evaluate the performance of GO in MB dye adsorption under
different conditions, including differences in pH, dye concentration, reaction temperature, and contact
time, providing a comprehensive view of its effectiveness. Theoretical DFT calculations provide
insights into how hydroxyl and epoxy modifications alter the electronic properties of GO, improving
adsorption efficiency. The results demonstrate a significant improvement in the dye adsorption
capacity of GO, attributed to the interaction between the functional groups and MB molecules. This
study not only confirms the potential of GO as a superior adsorbent for water treatment, but also
contributes to the optimization of GO-based materials for environmental remediation, highlighting
the synergy between experimental observations and theoretical predictions in advances in materials
science to improve sustainability.

Keywords: adsorbent materials; graphene oxide; methylene blue; density functional theory; water
purification; environmental remediation

1. Introduction

Water pollution caused by industrial dyes represents a significant environmental
issue [1]. During the dyeing process in the textile industry, between 10% and 25% of
dyes are lost, and from 2% to 20% are directly discharged as aqueous effluents into the
environment [2]. This results in the release of substantial quantities of dyes into water
bodies, adversely affecting water quality, aquatic organisms, and human health. [3]. Beyond
the visual impact, many dyes that are released into the water are toxic, carcinogenic, or
mutagenic to living organisms, primarily due to the presence of aromatic compounds
such as benzidine and naphthalene [4]. Methylene blue (MB), a widely used dye in the
textile industry, has been classified as a high-risk compound due to its high toxicity and
persistence in the environment [5].

For the removal of methylene blue and other dyes from water bodies, various physico-
chemical and biological methods have been developed [6,7] Adsorption, a physicochemical
method, stands out for its low cost, simple operation and high efficiency, as well as the
use of technological advancements to improve the process, including the development of
new materials with a simple design [8–10]. This process relies on the electrostatic attraction
between the contaminant molecules and the adsorption sites on the surface of the adsor-
bent [11], which occurs through various mechanisms, including electrostatic interactions,
hydrogen bonding, and π–π interactions [12–14].
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The search for effective adsorbents for dye removal, such as methylene blue from
water, has led to the exploration of various materials, including graphene and its deriva-
tives [15–20]. Graphene (G), composed of a single layer of carbon atoms arranged in a
2D hexagonal lattice [21,22], exhibits high electrical and thermal conductivity, granting it
unique properties for contaminant adsorption [23,24]. Its high hydrophobic surface area
and theoretical specific surface area make it an effective adsorbent [25]. Graphene oxide
(GO), produced from graphene through oxidative processes [26–30], introduces functional
groups that enhance adsorption capacity through chemical interactions [31–35]. Reduced
graphene oxide (rGO) is derived from GO by reduction, partially restoring the graphene
structure and its adsorption properties [36,37].

Recently, interest in the use of graphene-based materials such as methylene blue for
water decontamination has increased, leveraging their large surface area and porous struc-
ture for efficient dye molecule adsorption, with removal efficiencies exceeding 95% [38–40].
Experimental and computational studies, including density functional theory (DFT) anal-
yses, have been conducted to elucidate the adsorption capacity of MB on graphene, GO,
and rGO, providing insights into the molecular adsorption mechanisms and predicting
material adsorption capacities [41–46].

Over the last century, the atomic structure of graphene oxide has been investigated,
with various models proposed for its functional group composition and arrangement. Ex-
perimental confirmations have identified epoxy and hydroxyl groups, and sp2 coordinated
carbons in carbon layers. Likewise, previous studies have identified carbonyl and carboxyl
functional groups at the edges of carbon layers. These experimental findings also suggest
the presence of non-oxidized aromatic “islands”, separated by aliphatic rings with hydroxyl
groups, epoxy, and double bonds. Furthermore, theoretical research highlights the role of
epoxy and hydroxyl groups in structural stability, suggesting a model where carbon layers
exhibit bulges and a random distribution of oxygen-containing groups [47,48].

Despite numerous models, the precise structure of graphene oxide remains unresolved.
Therefore, this study aims to understand the atomic structure of graphene oxide due
to its significant impact on electronic properties and, consequently, on methylene blue
adsorption capacity. The experimental and theoretical results presented here shed light on
the molecular adsorption of MB dye by graphene oxide. Furthermore, DFT calculations of
pristine graphene (G), hydroxyl-decorated graphene (GOL), epoxy-decorated graphene
(GOXI), and graphene decorated with both functional groups (GOL/GOXI) are explored to
determine their influence on the electronic properties of the material. Using the Vienna Ab
Initio Simulation Package (VASP), the molecular interactions and adsorption mechanisms
on G, GOL, and GOXI surfaces are investigated, comparing the effects of hydroxyl and
epoxy groups on MB adsorption capacity. Additionally, the experimental results aim to
establish the influence of solution pH, dye concentration, reaction temperature, and contact
time on graphene oxide’s ability to adsorb methylene blue dye.

The novelty of this study lies in its comprehensive approach that combines detailed
experimentation and theoretical analysis to clarify the adsorption mechanism of methy-
lene blue (MB) on graphene oxide (GO). This research highlights, for the first time, the
synergisms between experimentation and theory to achieve an in-depth and detailed un-
derstanding of the molecular-level interactions between GO and MB. By exploring the
effect of critical operational variables and detailing the vital role of functional groups in
enhancing adsorption, this study not only advances the scientific knowledge of adsorbent
materials but also opens new perspectives aimed at the development of more efficient and
sustainable technologies for wastewater treatment.

2. Materials and Methods

2.1. Materials

All chemicals were used as received, without further purification: graphite powder
(<150 μm, 99.99%, Sigma-Aldrich, Burlington, MA, USA); hydrochloric acid (HCl, 37%,
Sigma-Aldrich, Burlington, MA, USA); hydrogen peroxide (H2O2, 30%, Merk, Darmstadt,
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Germany); methylene blue (MB, C16H18N3ClS, Sigma-Aldrich, Burlington, MA, USA);
potassium permanganate (KMnO4, ≥99.0%, Sigma-Aldrich, Burlington, MA, USA); sodium
hydroxide (NaOH, 1310-73-2, 40.00 g/mol, Merk, Darmstadt, Germany); sulfuric acid
(H2SO4, 95.0–98.0%, Sigma-Aldrich, Burlington, MA, USA), Methanol (CH3OH, ≥99.8%,
Sigma-Aldrich, Burlington, MA, USA).

2.2. Graphene Oxide (GO) Synthesis

GO was obtained using the modified Hummers method [49]. A total of 3.0 g of
powdered graphite was added to 70 mL of sulfuric acid (H2SO4) with constant stirring.
Then, 9.0 g of potassium permanganate (KMnO4) was added with moderate stirring and
placed in an ice bath, where it was kept for 30 min. Next, the solution was transferred to a
water bath at a temperature of 50 ◦C with constant stirring for 30 min. Then, 150 mL of
distilled water (H2O) was added and stirred for 20 min, maintaining a temperature below
90 ◦C. A total of 500 mL of H2O and 15 mL of 30% hydrogen peroxide (H2O2) were added.
The resulting solution was kept at rest for 24 h at room temperature. Subsequently, the
precipitate was centrifuged at 1000 rpm for 12 min and washed with 15 mL of hydrochloric
acid (HCl) (1:10); this was carried out three times. Again, it was centrifuged at 1000
rpm for 12 min and washed with distilled H2O; this continued until a pH of around 7.00
was reached. Finally, the sample was transferred to a beaker and dried at 100 ◦C in the
oven for 24 h. After the oxidation process, 100 mg of the sample was dispersed in 1 L of
distilled water via sonication for 30 min. The resulting solution was centrifuged to separate
graphene oxide (GO) from non-exfoliated graphite oxide particles.

2.3. Characterization of Graphene Oxide (GO)

The characterization of samples was completed through applying the methodol-
ogy described in our previous study [50]. X-ray diffraction (XRD) measurements were
made using a Bruker-AXS D8-Discover diffractometer (Bruker AXS, Karlsruhe, Germany)
equipped with Cu Kα radiation (λ = 1.5406 Å). The identification of crystalline phases was
conducted via the Crystallography Open Database (COD, version 2023). For microstruc-
tural analysis, micrographs and energy-dispersive X-ray (EDX) spectra were acquired
with a JEOL JSM 6400 scanning electron microscope (SEM) (JEOL, Peabody, MA, USA),
which was fitted with an in-house-developed JEOL dispersive X-ray spectrometer (EDS).
Fourier-transform infrared (FTIR) spectra were captured on a PerkinElmer GX2000-FTIR
Spectrometer (PerkinElmer, Inc., Waltham, MA, USA). The specific surface area (SSA) of
graphene oxide (GO) was determined by liquid nitrogen physisorption at −196 ◦C using a
ChemiSorb 2720 instrument (Micromeritics, Norcross, GA, USA). The gas mixture used
for the analysis consisted of 30% nitrogen (N2) in helium (He). The SSA calculation was
based on the Brunauer–Emmet–Teller (BET) equation, utilizing the Chemisoft TPx system
(version 1.03; Micromeritics, 2011) for data analysis via the single-point method.

The point of zero charge (PZC) of GO was assessed at room temperature (20 ± 2
◦C). The methodology involved adding 0.1 g of GO powder to a 50 mL tube containing
25 mL of a 0.1 M NaCl solution. The pH was adjusted to values between 3 and 10 using
0.1 M HCl or NaOH, recorded as pHi. Following 24 h of agitation at 250 rpm, the pH of
the supernatant (pHf) was measured. The pHPZC was determined at the intersection of
the experimental curve (initial pH versus final pH) with the line defined by x = y (initial
pH = final pH). This procedure was replicated three times to calculate the average pHPZC
value for GO [51,52]. Lastly, the quantification of residual methylene blue (MB) in solutions
was performed using a Jenway 7350 spectrophotometer (Cole-Parmer, Staffordshire, UK) at
a wavelength of 623 nm.

2.4. Experimental Methodology

This investigation conducted a series of adsorption experiments utilizing graphene
oxide (GO) with aqueous solutions of methylene blue (MB) to evaluate the effects of various
parameters, including solution pH, initial adsorbate concentration, reaction system temper-
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ature, and adsorbate–adsorbent contact time. The acquired data were analyzed through
fitting with isotherm and kinetic models using the least-squares non-linear regression
method [53].

The adsorption capacity of GO (100 mg L−1) for an MB solution (10 mg L−1) was
assessed across a pH range from 3 to 12, adjusting the pH with 0.1 M HCl and 0.1 M NaOH
solutions. These solutions were stirred continuously for 24 h at ambient temperature
before measuring the residual MB concentration. Further adsorption experiments were
performed in a batch reactor at a controlled pH of 7.0 ± 0.1 and at room temperature
(20 ± 2.0 ◦C), using 200 mg L−1 of GO. To explore the maximum adsorption capacity
for MB, the concentration of a 500 mL MB solution was varied from 2.5 to 50 mg L−1.
Adsorption thermodynamics and kinetics for MB were investigated using a 20 mg L−1 MB
solution in a 500 mL volume, with absorbance measurements at 623 nm taken using a UV-
visible spectrophotometer and a pre-established calibration curve (R2 = 0.9987) according
to the Lambert–Beer Law. Experiments were performed in triplicate, and results were
reported as mean values. The amount of dye adsorbed onto GO was calculated using
Equation (2) [54], as presented in Table 1.

Table 1. Summary of the mathematical equations used in this study for data analysis.

Denomination Equation Parameters

Adsorbate adsorbed qe = (C0 − Ce)× v
w (1)

C0 = Initial concentration (mg L−1)
Ce = Equilibrium concentration (mg L−1)
w = Mass of the adsorbent (g)
v = Volume of the solution (L)

Langmuir Ce
qe

= 1
KLqmax

+ Ce
qmax

(2)

qmax = Maximum monolayer adsorption (mg g−1)
KL = Equilibrium Langmuir constant related to the
adsorption energy (L mg−1)
Ce = Concentration of adsorbate in solution at equilibrium
(mg L−1)

Freundlich qe = KFC
1
n
e (3)

KF = Freundlich constant (L mg−1)
1/n = Adsorption intensity constant.
Note: For favorable adsorption, the value of n should be
between 1 and 10

Temkin qe = B ln(ACe) (4)

qe = Adsorbate adsorbed per unit weight (mg g−1) at
equilibrium
A = Temkin isotherm constant (L g−1)
Ce = Concentration of adsorbate in solution at equilibrium
(mg L−1)
B = Constant related to the heat adsorption

Constant of heat
adsorption B = RT

b (5)
b = Temkin constant (J mol−1)
T = Absolute temperature (K)
R = Gas constant (8.314 J mol−1 K−1)

Separation factor RL = 1
(1+KLCe)

(6)

KL = Equilibrium Langmuir constant related to the
adsorption energy (L mg−1)
Ce = Concentration of adsorbate in solution at equilibrium
(mg L−1)
Note: 0 < RL < 1, suitable adsorption, RL > 1 suitable
adsorption, RL = 0 irreversible adsorption, RL = 1 linear
adsorption.

Gibbs free energy ΔG0 = −RT ln kC (7)
ΔG0 = Gibbs free energy (kJ mol−1),
ΔH0 = Enthalpy (kJ mol−1)
ΔS0 = Entropy (kJ mol−1 K−1)
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Table 1. Cont.

Denomination Equation Parameters

Van’t Hoff equation ln kC = −ΔH0

R × 1
T + ΔS0

R (8)
kC = Dimensionless parameter
T = Absolute temperature (K)
R = Universal gas constant (8.314 J mol−1 K−1)

kC = kL × Mw × 1000 × 55.5 (9) kL = Langmuir constant (L mg−1)
Mw = Adsorbate weight (g mol−1)

Pseudo first order ln
(
qe − qt

)
= ln

(
qe

)− k1t (10)

k1 = Rate constant (min−1)
qe = Adsorbate adsorbed per unit weight (mg g−1) at
equilibrium
qt = Adsorbate adsorbed per unit weight (mg g−1) at any time
(t)

Pseudo second order t
qt

= 1
k2q2

e
+ 1

qe
t (11)

k2 = Rate constant (g mg−1 min−1)
qe = Adsorbate adsorbed per unit weight (mg g−1) at
equilibrium
qt = Adsorbate adsorbed per unit weight (mg g−1) at any time
(t)

Elovich qt =
1
β ln(αβ) + 1

β ln(t) (12)

qt = Adsorbate adsorbed per unit weight (mg g−1) at any
time (t)
α = Constant related to chemisorption rate
β = Constant which depicts the extent of surface coverage

Intraparticle-
diffusion qt = k3t

1
2 + A (13)

k3 = Intraparticle diffusion rate constant (mg g−1 min−1/2)
A = constant indicating the width of the boundary layer (mg
g−1). The larger the value of A, the greater the boundary layer
effect.

Particle-diffusion − ln
(

1 −
(

qt
qe

)2
)
=

2π2Dp

r2 t (14)

qe = Adsorbate adsorbed per unit weight (mg g−1) at
equilibrium
qt = Adsorbate adsorbed per unit weight (mg g−1) at any time
(t)
Cz = Ion concentration o the adsorbent (mg kg−1).
Dp = Diffusion coefficient in the adsorbent phase (m2 min−1)
r = Average radius of the adsorbent particles (1 × 10−7 m)
t = Contact time (min)

External-film-
diffusion − ln

(
1 −

(
qt
qe

))
= DfCs

h r Cz
t (15)

qe = Adsorbate adsorbed per unit weight (mg g−1) at
equilibrium
qt = Adsorbate adsorbed per unit weight (mg g−1) at any time
(t)
Df = Diffusion in the film phase surrounding the adsorbent
particles (m2 min−1)
Cs = Ion concentration in the solution (mg L−1)
h = Film thickness around the adsorbent particles (10−6 m in
poorly stirred solutions)
r = Average radius of the adsorbent particles (1 × 10−7 m)
t = Contact time (min)

Adsorption energy Eads =
Esorb/surf − Esurf − Esorb

(16)

Esorb/surf = Energy of the supersystem produced by the
adsorbed molecule on the surface (eV)
Esurf = Energy of the surface (eV)
Esorb = Energy of the isolated molecule in vacuum (eV)

Equilibrium adsorption of MB was analyzed using the Langmuir [55], Freundlich [56],
and Temkin [57] isotherm models, represented by Equations (3)–(5), respectively, as detailed
in Table 1. Additionally, the adsorption heat (B) and separation factor (RL) constants
were calculated using Equations (6) and (7) [55], providing insight into the adsorption
characteristics.

Thermodynamic parameters, including Gibbs free energy (ΔG0), enthalpy (ΔH0),
and entropy (ΔS0), were determined using Equation (8) in Table 1 [58]. The relationship
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between these parameters was established using the van’t Hoff equation, represented by
Equation (9) in Table 1. The dimensionless parameter kC was calculated by multiplying kL
by the molecular weight of the adsorbate (Mw) and adjusting for the presence of 1000 moles
of pure water per liter, as detailed in Equation (10) [59] in Table 1.

Adsorption kinetics were examined using pseudo-first-order, pseudo-second-order,
Elovich, intraparticle diffusion, external-film diffusion, and internal-pore diffusion mod-
els [56,57], each described by mathematical expressions (11) through (16), as outlined in
Table 1. Finally, GO was desorbed after one treatment cycle to evaluate its recyclability. MB
desorption from the loaded adsorbent was achieved using pure methanol. The adsorbent
was then dried and reused under identical conditions for subsequent cycles. This recycling
process was repeated over three cycles [60]. In each cycle, a new 500 mL MB solution
(20 mg L−1) was used with the GO concentration maintained at 200 mg L−1.

2.5. Theoretical Methodology

The Density Functional Theory (DFT) investigation was conducted following the
methodology outlined in our previous study [50]. Theoretical calculations were carried
out using the Vienna Ab Initio Simulation Package (VASP) version 6.0, developed by VASP
Software GmbH in Vienna, Austria [61,62]. Molecular modeling and visualization were
performed using BioVia Materials Studio, version 5.5, provided by BioVia in San Diego,
CA, USA.

The ionic potential of both inner nuclei and electrons was represented using pseu-
dopotentials, which utilized the projector augmented wave (PAW) methodology [63]. All
calculations employed the Perdew–Burke–Ernzerhof (PBE) generalized gradient approxi-
mation (GGA) function to describe electronic exchange–correlation interactions, which is
known for its effectiveness in characterizing interactions between adsorbates and various
surfaces, including sp2 carbon-based materials [64]. The plane wave cutoff energy was es-
tablished at 500 eV. Kohn–Sham equations were solved in a self-consistent manner, ensuring
that energy variations between computational cycles remained below 10−5 eV [65].

Recognizing the limitation of GGA functionals, including hybrids, in describing
the long-range electron correlations crucial for van der Waals (vdW) forces, this study
incorporated the Grimme dispersion correction (DFT-D2) approach. This was particularly
relevant for accurately modeling interactions in systems involving large atoms/molecules,
such as those with aromatic rings [66–68]. The dispersion correction was applied to simulate
both the surface structure and the adsorption of MB molecules onto the GO surface.

Given the complex nature of the structure and chemical composition of GO, it is
generally accepted that epoxy (–C–O–C–) and hydroxyl (–OH) functional groups are
randomly distributed on the GO sheet surface, while carboxyl (–COOH) and carbonyl
(–C=O) groups are predominantly found at the edges [69]. The theoretical adsorption study
thus considered two configurations of functionalized graphene oxide, focusing on models
with either epoxy or hydroxyl groups.

The simulation of methylene blue (MB) molecule adsorption onto GO surfaces uti-
lized optimized lattice parameters: a = 22.22 Å, b = 38.48 Å, and c = 16.00 Å, with the
angles between the lattice vectors set to <90◦ × 90◦ × 120◦> [70]. The dynamic configura-
tion adopted point symmetry P1, and the Brillouin zone was sampled using Γ-centered
(2 × 1 × 2) Monkhorst–Pack grids [71]. Simulations were performed under non-spin-
polarized conditions, with atomic positions relaxed until forces on the atoms were reduced
to below 0.01 eV/Å. The GO model was represented by a p(5 × 5) supercell containing
370 carbon atoms, two oxygen-containing groups, and a 15 Å vacuum region in the out-
of-plane direction. Surface energies (γs) of the GO structures were calculated following
Equation (17), as outlined in Table 1 [72,73]. The adsorption energy (Eads) of MB molecules
on the surfaces of graphene oxide was determined using Equation (18) in Table 1 [74,75].

For a deeper understanding of the chemical interactions between MB and GO, a popu-
lation analysis was conducted using Bader’s method, a valuable approach for assessing
bond ionicity by quantifying the charge transfer between atoms [76,77]. Charge difference
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analysis further quantified the redistribution of charge on the GO surface due to MB ad-
sorption [76]. Additionally, the electron localization function (ELF) was employed to gain
insights into the nature of MB-GO interactions [78], where the distribution of maximum
electron density (Region of Maximum Density (RMD)) around atomic nuclei provides
information on the interaction type. Symmetric RMD distribution suggests ionic or van der
Waals interactions, while the migration of RMD between atomic centers indicates increasing
covalent character, achieving ideal covalent symmetry [79].

3. Results

3.1. Characterization of GO
3.1.1. XRD Analysis

Figure 1 presents the X-ray diffraction pattern obtained for the synthesized material.
According to the literature, graphite shows a sharp peak at approximately 2θ = 26.00◦
(d = 0.34 nm), which corresponds to the diffraction peak (0 0 2), while, due to the increase in
the distance between layers, graphite oxide graphite and graphene show a sharp peak at ap-
proximately 2θ = 11.15◦ (d = 0.81 nm) that corresponds to the diffraction peak (0 0 1) [80,81].
As can be seen in Figure 1, the diffraction pattern agrees with the literature, since it shows
a peak at 2θ = 12.12◦ (d = 0.73 nm) that corresponds to the (0 0 1) diffraction peak of
graphene oxide. Furthermore, another peak is observed at 2θ = 22.87◦, characteristic of
reduced graphene oxide, indicating that part of the graphene oxide was reduced during
the synthesis process.

Figure 1. X-ray diffraction pattern of GO synthesized using the Hummers method.

3.1.2. SEM and EDS Analysis

To study the morphology of the synthesized material surface, an SEM analysis was
performed. Figure 2 shows a somewhat rough structure of the material, with sheets folded
over each other. The GO morphology shown at different magnifications in Figure 2a,b
indicates that the exfoliation process was carried out successfully and some GO layers were
synthesized.

To investigate the composition of the synthesized material, EDS measurements were
performed. The results shown in Figure 3 reveal that there was only elements C (52.6%) and
O (47.4%) were present in the synthesized material, suggesting high purity or no source of
significant contamination for the obtained product.

49



Nanomaterials 2024, 14, 714

(a) (b)

Figure 2. SEM micrographs of GO at magnifications of (a) 1 μm and (b) 100 nm.

Figure 3. EDS spectra of synthesized GO.

3.1.3. FTIR Analysis

The presence of oxygen functional groups, especially hydroxyl, epoxy and carboxyl,
which are key to the functionality of GO [82], was confirmed by FTIR analysis. The existence
of these groups demonstrates the good oxidation of graphite. Figure 4 shows the spectrum
of GO and GOr to compare and analyze their structural and functional differences.

Figure 4. Fourier transform infrared spectra of GO and GOr.
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Likewise, the adsorption of MB dye on GO was confirmed by FTIR analysis. Figure 5
shows the spectrum of MB, GO-MB, and GO, illustrating the changes in functional groups
and molecular interactions upon dye adsorption.

Figure 5. Fourier transform infrared spectra of MB, GO-MB and GO.

3.2. Experimental Adsorption Studies
3.2.1. Effect of pH on MB Adsorption

Figure 6 illustrates the ability of graphene oxide (GO) to remove MB dye as a function
of the solution pH. This figure reveals that the dye can be adsorbed at acidic pHs below
PZC (pHPZC = 5.5). As the pH of the dye solution increases, the adsorption of cationic MB
dye molecules on the GO surface is enhanced. However, Figure 6 also shows a decrease in
adsorption capacity starting at pH > 10, which could be due to the hydrolysis of GO [83].
According to the literature, GO is stable at pH values between 4 and 10 [84].

Figure 6. Effect of solution pH on MB adsorption (GO concentration = 100 mg L−1; MB
concentration = 10 mg L−1; temperature = 20 ± 2.0 ◦C; time = 24 h).

3.2.2. Effect of Initial Concentration of MB

The effect of the initial concentration of the dye is closely related to its concentration
and the sites present on the adsorbent surface [85]. The effect of the initial concentration
of MB on the adsorption capacity of GO was determined by measuring the amount of
residual MB in the solution via UV-Vis spectrophotometry at λ = 623 nm and applying
Equation (1), as shown in Table 1. The adsorption maximum of GO was calculated using
equilibrium isotherms at different initial concentrations of MB, from 1.5 to 50 mg L−1. The
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fit of the experimental data is presented in Figure 7 for the Langmuir, Freundlich and
Temkin isotherm models, according to Equations (2)–(4), as shown in Table 1, respectively.
According to Figure 7, a better fit was demonstrated with the Langmuir isotherm model.

Figure 7. Effect of concentration on MB adsorption (GO concentration = 200 mg L−1; solution
pH = 7.0 ± 0.1; temperature = 20 ± 2.0 ◦C).

The parameters calculated from the isotherms are presented in Table 2. The estimated
constants for the Langmuir, Freundlich, and Temkin models at absolute temperatures of
293.15 K, 303.15 K, and 313.15 K are also displayed in Table 2. In this table, the values of
the separation factor or equilibrium parameter (RL) are in the range of 0–1. Similarly, the
coefficient “n”, which reports the adsorption intensity, is within the range of 1–10.

Table 2. Isotherm parameters for MB adsorption on GO at different temperatures.

Isotherm Parameters 293.15 K 303.15 K 313.15 K

Langmuir

qmax (mg g−1) 163.30 (±5.90) 197.94 (±6.56) 214.27 (±6.95)
KL (L mg−1) 0.13 (±0.02) 0.17 (±0.03) 0.21 (±0.03)

RL 0.28 0.23 0.19
χ2 6.05 6.33 6.79
R2 0.98 0.97 1.00

Freundlich

KF (L mg−1) 34.09 (±2.98) 38.22 (±2.94) 44.72 (±2.74)
N 2.59 (±0.45) 2.90 (±0.49) 3.40 (±0.53)

1/n 0.39 0.34 0.29
χ2 2.42 3.12 3.45
R2 0.90 0.92 0.95

Temkin

B 34.39 (±2.87) 38.55 (±2.24) 45.12 (±2.98)
A 1.39 (±0.31) 1.55 (±0.42) 1.82 (±0.45)
χ2 2.92 3.06 3.86
R2 0.96 0.93 0.96

3.2.3. Effect of Temperature on MB Adsorption

It is widely known that the adsorption process depends on the temperature of the
solution. In this context, thermodynamic parameters provide insight into the viability and
spontaneity of a process [86]. To determine these thermodynamic parameters, in particular
the Gibbs free energy change (ΔG◦), enthalpy change (ΔH◦), and surface entropy change
(ΔS◦), the equilibrium constant was established at various temperatures, according to
Equations (7)–(9), as shown in Table 1. Figure 8 displays the results of this analysis.
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Figure 8. Temperature effect on MB adsorption (GO concentration = 200 mg L−1; solution
pH = 7.0 ± 0.1; temperature = 20 ± 2.0 ◦C).

The values of the thermodynamic parameters obtained in this study are described in
Table 3. ΔG◦ indicates the degree of spontaneity in the process, and the more negative the
values are, the more favorable the adsorption. On the other hand, positive values of ΔH◦
suggest that the process is endothermic, while positive values of ΔS◦ suggest an increase in
randomness at the solution–solid interface during the adsorption process.

Table 3. Thermodynamic parameters of the MB adsorption onto GO.

Temperature (K) ln kC ΔG◦ (kJ mol−1) ΔH◦ (kJ mol−1) ΔS◦ (kJ mol−1 K−1)

293.15 12.18 −29.69
18.21 0.16303.15 12.40 −31.25

313.15 12.66 −32.96

3.2.4. Effect of Contact Time on MB Adsorption

In this study, the kinetics of the adsorption process of MB on GO were investigated.
For this, three models were used: the pseudo-first-order model (Lagergren), the pseudo-
second-order model (Ho), and the Elovich Model. Figure 9 shows the fit of the experimental
data based on Equations (10)–(12), as presented in Table 1.

Figure 9. Time effect on MB adsorption (GO concentration = 200 mg L−1; MB
concentration = 20 mg L−1; solution pH = 7.0 ± 0.1; temperature = 20 ± 2.0 ◦C).

As shown in Figure 8, all models exhibit an initial phase of rapid adsorption followed
by a second phase of slow adsorption. Table 4 shows that the pseudo-second-order model
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best describes the kinetic behavior of the dye adsorption process on the GO surface, which
agrees with the reports of other authors [87].

Table 4. Kinetic parameters for MB adsorption onto GO.

Kinetic Parameters 293.15 K

Pseudo-first-order

qmax (mg g−1) 292.39 (±5.57)
k1 (L mg−1) 0.02 (±1.77 × 10−3)

χ2 6.84
R2 0.97

Pseudo-second-order

qmax (mg g−1) 332.29 (±2.30)
k2 (L mg−1) 9.01 × 10−5 (±3.33 × 10−6)

χ2 11.21
R2 1.00

Elovich

A 30.82 (±5.61)
B 0.02 (±9.39 × 10−4)
χ2 6.34
R2 0.98

Intraparticle diffusion
k (mg g−1 min−1/2) 145.18 (±8.54)

A 44.53 (±7.12)
R2 0.91

External-film diffusion Df (m2 min−1) 6.12 × 10−12

R2 0.89

Internal-pore diffusion Dp (m2 min−1) 1.44 × 10−18

R2 0.91

On the other hand, the adjustment of the intraparticle diffusion model (Figure 10)
shows, according to Equation 13 of Table 1, that the adsorption of MB on GO takes place in
three stages: an initial stage of fast speed (k1 = 231.45 mg g−1 min−1/2), another, slower,
intermediate stage (k2 = 66.85 mg g−1 min−1/2), and a final stage that tends to equilib-
rium (k3 = 9.28 mg g−1 min−1/2). The values of the kinetic constants for each stage,
as well as the values of the effective diffusion coefficients Df and Dp, calculated using
Equations (14) and (15) of Table 1, respectively, are shown in Table 4.

Figure 10. Diffusional effects on MB adsorption (GO concentration = 200 mg L−1; MB
concentration = 20 mg L−1; solution pH = 7.0 ± 0.1; temperature = 20 ± 2.0 ◦C).

From Figure 10, it is evident that in the first, higher-speed, stage, MB molecules diffuse
from the liquid film toward the adsorbent surface. In the second stage, the diffusion

54



Nanomaterials 2024, 14, 714

rate was lower, probably because the adsorption process occurred. In the last phase, the
equilibrium trend was characterized by a much lower rate due to the decrease in MB
concentration in the aqueous solution and the reduction in active sites in the adsorbent.

3.2.5. Desorption and Reusability of GO for MB Removal

Since the recycling and regeneration of the adsorbent is very important in practical
applications, GO recycling experiments were carried out for five consecutive cycles. After
each cycle, the materials were washed with methanol to desorb the adsorbed dye and were
again subjected to the adsorption process, maintaining the same operational conditions as
the previous cycle. Figure 11 shows that the recovery efficiency of GO is generally high,
and the adsorption capacity is little affected over five consecutive adsorption–desorption
cycles. In fact, after the fifth cycle, the MB adsorption capacity of GO decreased by only
12%. From these results showing a high recycling efficiency, it is suggested that the GO
synthesized in this study is suitable for practical application.

Figure 11. Recovery efficiency of GO after MB adsorption (GO concentration = 200 mg L−1; MB
concentration = 20 mg L−1; solution pH = 7.0 ± 0.1; temperature = 20 ± 2.0 ◦C).

3.3. Computational Studies
3.3.1. Optimization of Adsorbent Structures

In this study, the effect of the hydroxyl and epoxy functional groups in graphene was
determined using 3 × 3 supercells. These groups are common in oxidized graphene and
are considered impurities in its structure. Several experimental studies have shown that
oxidized graphene sheets have a thickness that is an integer multiple of approximately
6.7 Å, suggesting the likely presence of hydroxyl and epoxy groups on both sides of the
graphene sheet [69]. However, the focus of this work is on possible configurations on a
single side of the graphene oxide sheet.

Figure 12 shows the simulation models for pristine graphene (G), graphene oxide
decorated with only one hydroxyl group (GOL), graphene oxide decorated with only one
epoxy group (GOXI), and graphene oxide decorated with both hydroxyl and epoxy groups
(GOL/GOXI). It is worth mentioning that analyzing the hydroxyl and epoxy functional
groups, in isolation and in combination, is essential to understand the effects of impurity
dispersion and doping in graphene [88].

As can be seen in Figure 12, the hydroxyl group forms a bond perpendicular to
the plane of graphene, causing changes in bond lengths and angles. On the other hand,
the epoxy group establishes a bond with two adjacent carbon atoms, which generates
distortions in the graphene structure. The structures obtained in our calculations agree
well with those reported in other theoretical studies [47,48].
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(a) (b)

(c) (d)

Figure 12. Simulation models of (a) pristine graphene (G), (b) GO-hydroxyl (GOL), (c) GO-epoxy
(GOXI), and (d) GO-hydroxyl/epoxy (GOL/GOXI). The brown balls are C atoms, the red balls are O
atoms, and the white balls are H atoms.

3.3.2. Electronic Properties of Adsorbent Structures

In this study, the electronic properties of pristine graphene and graphene oxides were
determined by analyzing the band structure (SB) and the density of states (DOS). Figure 13
shows the band structures (SB) for the configurations of (a) pristine graphene (G) and
the graphene oxides—(b) GOL, (c) GOXI, and (d) GOL/GOXI—along the high-symmetry
directions A—L—M—Γ—A—H—K [89]. This figure shows that the presence of oxygenated
functional groups in the graphene monolayers does not shift the Dirac point regarding the
Fermi level.

(a)

Figure 13. Cont.
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(b)

(c)

(d)

Figure 13. Band structure (BS) of (a) pristine graphene (G), (b) GO-hydroxyl (GOL), (c) GO-epoxy
(GOXI), and (d) GO-hydroxyl/epoxy (GOL/GOXI).

On the other hand, the DOS of pristine graphene (G) and graphene oxides GOL,
GOXI, and GOL/GOXI are shown in Figure 14a–d, respectively. Figure 14b,c show that
the GOL and GOL/GOXI oxides present a sharp peak in the density of states near the
Fermi level, which indicates the presence of highly localized electronic states in this region.
Furthermore, the comparison between the density of states of pristine graphene and
graphene oxides highlights the differences in the electronic properties of these materials,
which has important implications for the design and development of electronic devices
and advanced materials.
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(a)

(b)

(c)

Figure 14. Cont.

58



Nanomaterials 2024, 14, 714

(d)

Figure 14. Density of states (DOS) of (a) pristine graphene (G), (b) GO-hydroxyl (GOL), (c) GO-epoxy
(GOXI), and y (d) GO-hydroxyl/epoxy (GOL/GOXI).

Figure 14a shows the density of states (DOS) of pristine graphene (G), evidencing the
location of the Fermi level at zero. The DOS of Figure 14b shows, for the GOL oxide, the
existence of a distinctive peak at the Fermi level, which could be induced by the neutral
OH group with an odd number of electrons in the supercell. In Figure 14c, the epoxy group
of the GOXI oxide eliminates the localized state at the Fermi level, generating a small band
gap (approximately 0.1 eV) in the DOS of the system. Finally, in Figure 14d, the DOS of
GOL/GOXI oxide shows a similar trend to GOL oxide, with a distinct peak at the Fermi
level.

3.3.3. Computational Adsorption Studies

Figure 15 shows the simulation models for MB adsorption on the surfaces of pristine G
(graphene), GOL (graphene oxide decorated with a hydroxyl group), and GOXI (graphene
oxide decorated with an epoxy group). This figure shows that the hydroxyl and epoxy
functional groups are randomly distributed in the respective GO monolayers. As can be
seen from Figure 15b,c, the presence of hydroxyl and epoxy groups can cause significant
local distortion in the structure of pristine graphene.

(a)

Figure 15. Cont.
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(b)

(c)

Figure 15. Optimized structures of (a) MB adsorbed on Graphene (G), (b) MB adsorbed on GOL
oxide, and (c) MB adsorbed on GOXI oxide. The brown balls are C atoms, the red balls are O atoms,
the white balls are H atoms, the gray balls are N atoms, and the yellow balls are S atoms.

Table 5 summarizes the values of adsorption energy, interfacial distance, and trans-
ferred charge for the optimized reaction systems. By convention, transferred load values
show a (+) sign when the structure gains load (e) and a (−) sign when it loses load (e).

Table 5. Calculated values of absorption energy, interfacial distance, and transferred charge.

Optimized
System

Adsorption Energy
(kJ mol−1)

Interfacial Distance
(Å)

Charge Transfer (e)

Surface MB

G-MB −25.96 C-HMB = 3.05 +0.39 −0.39
GOL-MB −67.27 H-SMB = 2.47 +0.68 −0.68
GOXI-MB −53.53 O-HMB = 2.26 +0.57 −0.57

The most energetically stable adsorption for the MB molecule occurred on graphene
oxide (GO) structures, and was higher for GOL than for GOXI. These results were confirmed
in the Bader analysis, which demonstrated a greater charge transfer for the GOL-MB system,
as seen in Table 5.

Likewise, to verify the chemical interaction between the adsorbent surfaces (G, GOL,
and GOXI) and the MB molecule, a population analysis of the G-MB, GOL-MB, and GOXI-
MB systems was performed using the Bader method [77,90]. This analysis is valuable
as it allows for a description of the ionicity of chemical bonds by evaluating the charge
transfer between the bonded atoms [76]. Table 6 shows, for each system, the average charge
per atom type, before (BA) and after (AA) MB adsorption. The atoms belonging to the
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adsorbent surface were designated with the subscript (surf) while those belonging to the
methylene blue molecule were designated with the subscript (MB).

Table 6. Calculated values of transferred charge.

Atoms
G-MB GOL-MB GOXI-MB

BA (e) AA (e) ΔCharge BA (e) AA (e) Δcharge BA (e) AA (e) ΔCharge

Csurf 0.0000 −0.0012 0.0012 0.0060 0.0040 0.0020 0.0141 0.0099 0.0042
Osurf - - - −1.4837 −1.4913 0.0076 −1.1389 −0.9428 −0.1961
Hsurf - - - 0.9999 0.9999 0.0000 - - -
CMB 0.0802 0.4812 −0.4009 0.0802 0.4609 −6.0916 0.0802 0.4670 −0.3868
HMB 0.2756 0.0186 0.2498 0.2756 0.0463 4.1264 0.4870 0.2005 0.2865
NMB −2.2436 −2.6266 0.3830 −2.2436 −2.5924 0.2421 −2.2436 −2.6007 0.3395
SMB 0.4870 0.2372 0.2570 0.4870 0.2449 1.0465 0.2756 0.0386 0.2370

Furthermore, the electron localization function (ELF) was used in this study to gain a
deeper understanding of the G-MB, GOL-MB, and GOXI-MB interactions [78]. In the ELF
analysis, when the region of maximum density (RMD) is more symmetrically distributed
around the nucleus, it means that a more ionic or Van der Waals interaction is taking
place. In contrast, as the covalent character of a bond strengthens, RMD migration between
centers becomes more pronounced until a perfectly symmetric geometry is achieved in the
ideal covalent scenario. The ELF section for the G-MB, GOL-MB, and GOXI-MB interactions
is shown in Figure 16. As can be seen in this figure, there is a slightly stronger interaction
between the MB molecule and the hydroxyl functional group of graphene oxide. The figure
shows that the RMDs are located along the line connecting the nuclei and can be separated
from the nuclei themselves by a path. However, RMDs do not surround the nucleus in
either system [79].

(a)

(b)

Figure 16. Cont.
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(c)

Figure 16. ELF analysis of (a) MB adsorbed on graphene (G), (b) MB adsorbed on GOL graphene
oxide (GOL), and (c) MB adsorbed on GOL graphene oxide (GOXI). The red, green, and blue (RGB)
color scale for ELF analysis represents electronic localization (dark red) to electronic delocalization
(light blue).

4. Discussion

4.1. Characterization of GO

In the XRD analysis, the peak in GO is greater than that of GOr, due to the incorpo-
ration of oxygen functional groups and intercalated water. This result agrees with that
reported in other studies [80], where the increase in interlayer spacing facilitates exfoliation
and improves dispersibility in aqueous solutions, a desirable property for applications in
composites and adsorption materials.

The rough and folded morphology observed in SEM analysis is related to surface
defects due to the deviation from the sp2 to sp3 character as a consequence of the high
density of oxygen functional groups [91]. According to the literature, the use of ultrasound
during the exfoliation of graphite oxide sheets to generate layers of graphene oxide, as well
as the thermal treatment used during the drying process, could cause deformations in the
structure of the sheets and their folding [80]. Moreover, the elemental composition, with
a C/O ratio close to 1.25, is comparable to that reported in the literature [92], reflecting
significant oxidation but preserving the essential carbonaceous structure for conductivity
and mechanical strength.

Regarding the FTIR analysis, it is evident that hydroxyl, epoxy, carboxyl, and carbonyl
are the dominant functional groups in GO. Thus, the band at around 2900 cm−1 repre-
sents the C-H stretching of heterocyclic compounds. The bands observed at 1714 cm−1

and 1575 cm−1 depict the vibrations of the stretching carboxylic acid group (C=O) and
C=C aromatic stretching, respectively. GO also showed strong characteristic peaks at
1377 cm−1, 1219 cm−1, and 1031 cm−1, corresponding to the bending vibrations of C–OH,
and stretching vibrations of both C–O in C–OH and C–O–C (epoxy), respectively. The
band at around 500 cm−1 may correspond to C–O stretching vibrations. These results agree
with those reported by other authors [93]. The broad peak between 3000 and 3600 cm−1 is
due to the vibration of O–H stretching for carboxyl and hydroxyl groups and the water
molecules adsorbed between the GO sheets. From these results, it can be suggested that
the most likely configuration of the graphene oxide sheet consists of a combination of
clean graphene regions and fully oxidized regions where the functional groups would be
locally arranged in a random manner. However, due to the highly unstable nature of the
oxidation process, several intermediate phases may still exist in the experimental samples.
In the same context of FTIR analysis, GO was evaluated after adsorbing MB. The results
indicate that, in addition to the characteristic peaks of GO, there are new peaks that would
be related to the structure of MB. The new peaks were observed at 1540 cm−1, 1458 cm−1,
1397 cm−1, and 1335 cm−1, corresponding to the C=C stretching, C=N stretching, C–H3
bending, and C–N stretching vibrations of the terminal saturated dimethyl amino group,
respectively [94]. Furthermore, the adsorption of methylene blue (MB) on graphene oxide
(GO) induces characteristic changes in the FTIR bands of GO, providing detailed infor-
mation on the underlying adsorption mechanisms. The decrease in intensity in the O-H
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band at around 3400 cm−1 suggests that the hydroxyl groups of GO are involved in the
formation of hydrogen bonds with MB, while the changes in the C=O stretching band at
around 1720 cm−1 could indicate interactions between the carboxylic groups of GO and
the positive charges of MB, consistent with electrostatic interactions. Furthermore, the
alteration in the bands associated with C=C bonds at around 1620 cm−1 reflects possible
π–π interactions between the aromatic rings of GO and MB [94]. These spectral changes
not only confirm the adsorption of MB on the GO surface, but also highlight the synergistic
role of hydrogen bonds, electrostatic forces and π–π interactions in the adsorption process,
which is important for the efficient removal of organic contaminants in aqueous solutions.

In this study, the specific surface area (SSA = 178.4 m2 g−1), monolayer volume
(MV = 40.9 cm3 g−1) and point of zero charge (PZC = 5.5) of the synthesized GO were also
evaluated. SSA is an important indicator of the adsorbent capacity of a material, with
higher values generally indicating a better adsorption performance due to the larger surface
area available for interaction with the adsorbate molecules. Compared to other graphene-
based materials reported in the literature, with SSA in the range of 30–880 m2 g−1 [95],
the GO synthesized here shows good potential, especially considering that its surface
functionalities offer specific sites for the adsorption processes. This balance between the
surface area and chemical functionality of GO is crucial for applications where a specific
interaction with the adsorbate is desired, such as in the selective removal of contaminants.
On the other hand, the results of PZC shown in Figure S1, suggest that the surface of the
adsorbent will be positively charged when the pH of the solution is lower than 5.5, and
negatively charged when the pH of the solution is superior to this value. Therefore, a
pH > pHPZC would promote favorable electrostatic interactions between the adsorbent
surface and cationic molecules, such as MB dye [96]. The combination of PZC and SSA
in the characterization of GO offers a comprehensive view of how this material can be
optimized for specific applications. For instance, in contaminant adsorption processes,
understanding the PZC allows for pH adjustment to maximize electrostatic interactions,
while a high SSA ensures the wide availability of adsorption sites. However, it is important
to note that the presence of oxygen functional groups, as evidenced in the FTIR analysis,
can impact both the PZC and SSA by introducing porosity and increasing the dispensability
of the material, which could affect the accessibility of the pores and the charge distribution
on the GO surface. Additionally, the interaction between PZC and SSA under different
environmental conditions can significantly influence the stability and reusability of GO.
For example, in highly acidic or basic environments, modifications to the surface charge
can not only affect the adsorption efficiency but also the structural stability of the material,
which is critical for repetitive adsorption applications.

4.2. Experimental Adsorption Studies
4.2.1. Effect of pH on MB Adsorption

The effect of pH on the adsorption of MB dye on graphene oxide (GO) is a fundamental
aspect of understanding the interaction between the adsorbate and the adsorbent, as well
as optimizing the adsorption efficiency in practical applications. The adsorption process
depends on the pH of the solution, since this influences both the distribution of surface
charges on the adsorbent and the speciation of the dye in the solution [97]. According
to the literature, molecular MB can exist in an aqueous solution as an undissociated
molecule (MB◦) and as a cationic species (MB+). At pH = 3, the MB◦ form predominates,
at pH = pKa = 3.8, MB◦ and MB+ coexist in equal proportions, and at pH > 6, the cationic
form MB+ is practically the only species present [98].

In this study, it was observed that GO exhibits a higher MB adsorption capacity as the
pH of the solution increases, up to an optimum close to pH = 7.0. However, at extremely
basic pH values, the adsorption capacity drastically decreases, which can be attributed
to the destabilization of GO and the creation of positively charged sites on its surface,
leading to electrostatic repulsion with MB molecules [99,100]. Furthermore, according
to the literature, the molecular structure of MB could be modified at a high pH due to
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gradual demethylation [101]. The variation in the adsorption capacity of MB with pH
can be explained by the modification of the surface charge of GO and the ionization of
MB molecules. At a low pH, the acidic environment facilitates the protonation of oxygen
functional groups on the GO surface, generating a positive surface charge that can repel
cationic MB. As the pH increases, these groups are deprotonated, giving rise to a more
negatively charged surface that favors the adsorption of MB through electrostatic attraction.

The high adsorption capacity observed at alkaline pH values can be attributed to
the increase in hydroxyl ions, resulting in greater electrostatic attraction between the MB+

cationic species and the negatively charged surface of graphene oxide [102]. However, at ex-
tremely high alkaline pH levels, OH ions can form complexes with other ions, such as MB+,
potentially influencing dye adsorption on the adsorbent surface [103]. This phenomenon
could result in the precipitation of dye molecules on the GO surface. Consequently, the
adsorption mechanism at an alkaline pH is likely to be a combination of electrostatic at-
traction and precipitation [104]. On the other hand, Figure 6 also shows that graphene
oxide has a reasonably good MB+ adsorption capacity at pH < pHPZC, where electrostatic
interactions do not favor adsorption. Under these experimental conditions (pH < 5.5), it is
suggested that the adsorption of the dye could occur via ion exchange since the cationic
species MB+ would be competing with H+ for the active sites on the GO surface [18].

4.2.2. Effect of Initial Concentration of MB

The adsorption capacity of GO was evaluated using Langmuir, Freundlich, and Temkin
adsorption isotherms, and a favorable fit was found with the Langmuir model, suggesting
monolayer adsorption on homogeneous surfaces of GO. This behavior indicates a specific
and uniform interaction between MB and the active sites on GO, which is crucial for
purification applications where high selectivity and efficiency are required. From the
Langmuir model, the maximum adsorption capacity (qmax) was estimated, reflecting
the maximum amount of MB that can be adsorbed per unit mass of GO under optimal
conditions. Furthermore, in this study, it was found that the value of the Langmuir
separation factor (RL) was in the range of 0 < RL < 1 for the tested initial MB concentrations,
indicating that adsorption is favorable under the experimental conditions that were used.
Values of RL between 0 and 1 suggest favorable adsorption, while RL > 1 would indicate
unfavorable adsorption [105]. The fit of the data to both the Langmuir model, and the RL
values indicates not only the feasibility and favorability of MB adsorption on GO but also
that surface saturation occurs in a monolayer. This is indicative of a high affinity between
MB and GO, possibly due to π–π interactions between the aromatic rings of MB and the
graphene structure of GO, as well as possible electrostatic interactions depending on the pH
of the solutions. The coefficients obtained from the Freundlich model, especially the value
of n, which falls between 1 and 10, suggest that the adsorption is physical and favorable.
The physical nature of adsorption is beneficial from the perspective of adsorbent reusability,
as physical interactions are generally easier to reverse than chemical ones, facilitating the
regeneration of GO.

4.2.3. Effect of Temperature on MB Adsorption

The effect of temperature on the adsorption of methylene blue (MB) on graphene
oxide (GO) is a key factor in understanding the thermodynamic nature of the adsorption
process. In this study, it was observed that, with an increase in temperature, the adsorption
capacity of MB on GO also increases, indicating that adsorption is an endothermic process.
This behavior suggests that at higher temperatures, there is a greater affinity between MB
and GO, probably due to the increased mobility of the MB molecules and the expansion
of GO pores, which facilitates access to more adsorption sites. Additionally, the obtained
thermodynamic parameters, such as the change in Gibbs free energy (ΔG◦), enthalpy (ΔH◦),
and entropy (ΔS◦), confirmed the endothermic nature of the process. Negative values of
ΔG◦ at different temperatures indicate that adsorption is spontaneous, while a positive
value of ΔH◦ reinforces the idea that the process is endothermic. The positive increase in
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ΔS◦ suggests an increase in disorder at the solid–liquid interface during adsorption, which
is typical in physical adsorption processes.

4.2.4. Effect of Contact Time on MB Adsorption

This study reveals that the adsorption kinetics of MB on GO follow the pseudo-second-
order model, indicating that the rate of adsorption depends on the amount of MB adsorbed
at equilibrium and the amount of MB adsorbed at any given time. According to the pseudo-
second-order model, rate of MB adsorption increases over time until equilibrium is reached,
which fits well with the model, suggesting that the rate-limiting step is the chemical
interaction between MB and the active sites on the GO surface. The high correlation
coefficient R2 values for this model indicate a good fit of the experimental data, reflecting
the applicability of the model in describing the adsorption kinetics of the GO-MB system.
The fit with the pseudo-second-order model underscores the characteristics of GO as a
material with active sites capable of chemically interacting with MB molecules, facilitating
efficient adsorption. This observation is in line with the implications of the Langmuir
isotherm observed in this study, where the formation of a monolayer of MB on the GO
surface indicates that adsorption occurs at specific sites with a uniform adsorption energy.

On the other hand, MB adsorption on GO showed typical intraparticle diffusion
behavior, where three distinct stages were identified based on the kinetic constant of
each stage. The first stage, characterized by a high kinetic constant, corresponds to the
external diffusion of MB towards the GO surface. The second stage, with a lower kinetic
constant, reflects the intraparticle diffusion of MB within the pores of GO. Finally, the last
stage, with the lowest kinetic constant, indicates adsorption equilibrium, where the rate of
adsorption slows down due to the saturation of adsorption sites. The diffusion coefficients
in the external film phase (Df) and the adsorbent phase (Dp) provide information on the
resistance to mass transfer during the adsorption process. In this study, the values of
Df and Dp indicate that intraparticle diffusion and mass transfer through the external
film boundary significantly contribute to the adsorption kinetics, which is consistent with
the results obtained in the kinetic modeling. The relationship between these coefficients
and the results reflects the complexity of the adsorption process, where both diffusion
mechanisms (intraparticle and through the film boundary) play important roles in the
overall rate of adsorption. This highlights the need to optimize operational conditions,
such as agitation and adsorbent particle size, to minimize resistance to mass transfer and
maximize adsorption efficiency.

Finally, evidence from the experimental study showed that the maximum MB adsorp-
tion capacity (qmax) of the synthesized GO is comparable to that of other adsorbents, as
previously reported by other authors (Table 7).

Table 7. Comparison of adsorption capacity with other studies.

Adsorbent Adsorption Capacity (mg g−1) Reference

Graphene Oxide 332 [106]
Graphene Oxide 287 [107]
Graphene Oxide 244 [108]

3D Graphene Oxide sponge 397 [109]
Graphite Oxide 351 [110]

Graphene 154 [111]
Reduced Graphene Oxide 68 [112]

Coconut-Shell-Activated Carbon 200 [113]
Multi-Wall Carbon Nanotube 48 [114]

Graphene Oxide 145 [115]
Magnetic Graphene Oxide 25 [116]

Fe3O4/Chitosan/Graphene 48 [117]
Graphene Oxide 163 This study
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A comparison of the methylene blue (MB) adsorption capacity of graphene oxide
(GO) synthesized in this study, with a capacity of 163 mg g−1, against other adsorbents
reported in the literature, offers a detailed perspective on the performance of different
materials in the adsorption of contaminants. The GO in this study shows an intermediate
performance compared to other forms of GO, with capacities ranging from 145 mg g−1 to
397 mg g−1 for the 3D GO sponge, suggesting that specific structural modifications, such as
increasing the three-dimensionality, can significantly improve the adsorption capacity. This
is probably due to an increase in the surface area available for adsorption and possibly the
presence of more active sites. On the other hand, reduced graphene oxide (rGO) shows wide
variability in its capacity, from as low as 68 mg g−1, indicating how reduction treatments
significantly affect its adsorption properties, possibly altering the quantity and nature of the
functional groups on the surface of the material. Compared with other types of activated
carbon and nanomaterials, such as coconut-shell-activated carbon with 200 mg g−1 and
multi-walled carbon nanotubes with 48 mg g−1, it is evident that the GO synthesized here
shows a competitive ability, especially considering that nanotubes and activated carbon
are highly optimized for adsorption. Differences in the adsorption capacity of the tested
materials can be attributed to variations in their morphology, surface area, porosity, and
surface chemistry. Therefore, to improve the adsorbent capacity of synthesized GO in
future research, it would be beneficial to explore structural modifications, such as creating
nanoscale pores or increasing porosity through chemical or physical activation techniques.
Furthermore, functionalization of the GO surface with chemical groups that have a high
affinity for MB could increase the specific adsorption capacity of this compound. It would
also be interesting to investigate the synergy between GO and other materials in hybrid
composites, which could combine the unique properties of various adsorbents to achieve
superior adsorption capacities and specific selectivity for different contaminants.

4.3. Computational Studies
4.3.1. Optimization of Adsorbent Structures

This study focused on analyzing how the introduction of hydroxyl and epoxy func-
tional groups affects the structural and electronic properties of GO, and therefore, its
adsorption capacity. The findings reveal that the functionalization of GO with these groups
can significantly modify both the morphology and surface chemistry of the material, which
has direct implications for its performance as an adsorbent.

The introduction of hydroxyl and epoxy groups into the structure of GO was optimized
to increase the efficacy in the adsorption of MB molecules. These functional groups not only
improve the dispersibility of GO in water but also offer specific sites for adsorption through
hydrogen bonding and van der Waals forces interactions. The optimized structure of GO
showed a significant improvement in adsorption capacity compared to non-functionalized
graphene, which is attributed to the increased available surface area and the presence of
active sites for adsorption.

4.3.2. Electronic Properties of Adsorbent Structures

The introduction of oxygen functional groups into graphene, such as hydroxyls and
epoxys, induces significant changes in the electronic structure of the material, which are
reflected in the density of states (DOS) and the band structure (BS). These changes have
profound implications for the hybridization of orbitals, the Fermi level, and the Dirac
point, key elements for understanding and applying the material in electronic devices and
sensors. Pure graphene possesses an sp2 hybridization of carbon orbitals, which gives
it a flat structure and unique electronic properties, such as high electrical conductivity.
The introduction of oxygen functional groups disturbs this sp2 hybridization, introducing
regions of sp3 hybridization. This results in a local distortion of the graphene flat structure
and the formation of defective electronic states that affect the mobility of charge carriers
and the optical and electrical properties of the material. The Fermi level in pure graphene
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is located at the Dirac point, where the conduction and valence bands meet, resulting in a
null bandgap and high intrinsic conductivity.

The functionalization of graphene with oxygenated groups can shift the Fermi level
due to charge transfer between graphene and the functional groups. This shift modifies the
conduction properties of the materials, as the Fermi level dictates the occupancy of available
electronic states and, therefore, the conductivity. The Dirac point, characteristic of graphene,
is the crossing point of the conduction and valence bands in the band diagram, which are
crucial for the unique electronic properties of graphene. In this study, the functionalization
of graphene with oxygenated groups produced a slight perturbation at the Dirac point, as
electronic states were introduced into the bandgap, potentially opening a small energy gap
at the Dirac point. This change could certainly reduce the electronic mobility of the material
but increases its semiconductivity, allowing for graphene to be adapted for applications
that require a bandgap, such as in transistors or gas sensors.

Several authors have shown how the introduction of defects and functional groups
alters the electronic properties of graphene and improves its adsorption capacity, corrob-
orating the findings of this study. This phenomenon is probably due to the introduced
functional groups, which could increase the chemical compatibility between the adsorbent
and adsorbate, facilitating the adsorption process [118,119]. Therefore, the results of this
study support the idea that the functionalization of graphene is an effective strategy to
increase its versatility and effectiveness as an adsorbent material.

4.3.3. Computational Adsorption Studies

The computational study of the molecular adsorption of methylene blue (MB) on
graphene (G) and graphene oxides (GO) sheds light on how these interactions can be
optimized for applications such as water purification and sensor design. Table 7 provides
detailed data on the adsorption of MB on graphene and graphene oxide (GO) surfaces,
highlighting differences in adsorption energy, interfacial distance, and charge transfer.
These parameters are crucial for understanding the interaction between MB and the dif-
ferent graphene-based materials. The adsorption energy is an indicator of the strength of
the interaction between the adsorbate (MB) and the adsorbent (G or GO). The negative
values achieved in this study indicate that all adsorptions are spontaneous processes. The
adsorption energy of −25.96 kJ/mol, calculated for the G-MB system, indicates a moder-
ately strong interaction, suggestive of predominant physical interactions, such as van der
Waals forces and π–π stacking between the aromatic rings of MB and the graphene surface.
In the GOL-MB system, the adsorption energy significantly increases to −67.27 kJ/mol,
indicating a much stronger interaction compared to pure graphene. This suggests that the
presence of hydroxyl groups on GO facilitates additional interactions, possibly through hy-
drogen bonding, increasing the adsorbent affinity for MB. Finally, the adsorption energy of
−53.53 kJ/mol for the GOXI-MB system also shows a strong interaction, although slightly
less than that of GO with hydroxyl groups. This could be due to the specific characteristics
of the epoxy groups, which also allow for strong interactions, but with a different bonding
dynamic compared to hydroxyls.

The interfacial distance between MB and the adsorbent surface provides an idea
of how close the molecules are to each other, which directly affects the nature of the
interaction. The interfacial distance of 3.05 Å in the G-MB system is consistent with non-
covalent interactions, such as van der Waals forces and π–π stacking. In contrast, the
shorter distances of 2.47 Å and 2.26 Å calculated for the GOL-MB and GOXI-MB systems,
respectively, suggest stronger interactions, likely due to the formation of hydrogen bonds
between the functional groups of GO and MB, in addition to π–π interactions.

The charge transfer from the adsorbent to the adsorbate (or vice versa) is an indicator
of the formation of a chemical bond or significant electrostatic interactions. The charge
transfer of ±0.39 e in the G-MB system indicates a moderate interaction, consistent with
van der Waals forces and π–π stacking. Meanwhile, the more significant charge transfers
of ±0.68 e and ±0.57 e from the GOL-MB and GOXI-MB systems, respectively, suggest
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a stronger chemical interaction, possibly due to the formation of hydrogen bonds and
increased polarization at the interface.

It is important to mention that the horizontal orientation of the MB molecule on the
G and GO surfaces adopted in this study is justified by maximizing the π–π interactions
between the aromatic systems of MB and the graphene-based structures. This adsorption
mechanism is consistent with the findings of other studies, which highlight how the
horizontal orientation facilitates a larger contact surface, increasing the interaction between
the adsorbate and the adsorbent [120,121]. The choice of this orientation is supported
by molecular dynamics simulations and total energy calculations that show an energetic
preference for the horizontal arrangement over vertical or inclined configurations. The
ELF analysis reinforces this interpretation, showing a redistribution of electronic density
that favors the formation of weak bonds and potentially hydrogen bonds between MB and
the functional groups of GO. The ELF analysis provides a detailed view of the electronic
distribution at the adsorbate–adsorbent interface, revealing areas of high electronic density
indicative of possible chemical interaction sites. In the case of the horizontal orientation of
MB, the ELF analysis suggests that π–π interactions between the aromatic rings of MB and
graphene/GO are prominent, with the possible participation of hydrogen bonds between
the oxygenated groups of GO and the methyl groups of MB. This type of interaction
contributes to a more stable and stronger adsorption, which is crucial for adsorption
efficiency.

The experimental and theoretical results of this study demonstrate that the functional-
ization of graphene with hydroxyl and epoxy groups significantly increases its efficiency
as an adsorbent material, not only by improving the existing physical interactions (π–π
stacking), but also by introducing new chemical interactions (hydrogen bonds). From the
experimental results, it can be inferred that the modified GO exhibits optimal adsorption ca-
pacity under alkaline conditions and at elevated temperatures, suggesting that adsorption
is an endothermic process and that the interactions between GO and MB are strengthened
with increasing temperature. The influence of pH can be attributed to changes in the surface
charge of GO and the ionization of MB, favoring adsorption through electrostatic interac-
tions in alkaline environments. Furthermore, it was observed that the adsorption capacity
increases with the initial concentration of MB until reaching equilibrium, indicating the sat-
uration of the available adsorption sites in the GO. The contact time also plays a crucial role,
as the amount of adsorbed MB was found to increase with time until equilibrium is reached,
reflecting the dynamics of the interaction between the adsorbate and the adsorbent. From
the theoretical perspective, the use of density functional theory (DFT) allowed for GO-MB
interactions to be explored at the atomic and molecular levels, providing a deep under-
standing of the underlying mechanisms. DFT calculations revealed that oxygen functional
groups on GO facilitate the more effective adsorption of MB by creating specific adsorption
sites and enhancing electrostatic and hydrogen bonding interactions. A simulation of the
modified GO structures showed how surface modifications alter the electronic properties
of the material, directly influencing its interaction with MB. These theoretical results not
only corroborate the experimental findings but also provide a framework to understand
how the structural and functional characteristics of GO contribute to its effectiveness as an
adsorbent material.

Figure 17 illustrates the proposed mechanism for the adsorption of methylene blue on
graphene oxide. The figure represents the three key interactions: electrostatic interactions,
hydrogen bond formation, and π–π interactions.
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Figure 17. Proposed mechanism for MB adsorption on GO. The gray sticks are C bonds, the red sticks
are O bonds, the white sticks are H bonds, the blue sticks are N bonds, and the yellow sticks are S
bonds.

5. Conclusions

This study furthers the understanding of the adsorption capabilities of modified
graphene oxide (GO) for the removal of methylene blue (MB) dye from aqueous solutions,
focusing on the implications for water purification and environmental remediation. The
successful modification of GO via the incorporation of oxygen functional groups, such
as hydroxyls and epoxides, transforms both the structure and surface chemistry of the
material. This transformation, evidenced through characterization techniques such as
XRD and SEM/EDS/FTIR, results in an increase in the interlaminar distance and the
introduction of surface defects, which are crucial to improve the adsorption capacity of GO.

The research reveals that the underlying adsorption mechanisms benefit significantly
from the presence of these functional groups, which not only increase the hydrophilicity
of GO, facilitating its dispersion in aqueous media, but also provide specific sites for the
adsorption of MB molecules through hydrogen bonds and electrostatic interactions. Fur-
thermore, the influence of factors such as pH, temperature, the initial concentration of MB,
and contact time on the adsorption efficiency was highlighted, showing that alkaline condi-
tions and elevated temperatures favor the interaction between GO and MB, highlighting
the endothermic character of the adsorption process.

From a theoretical perspective, density functional theory (DFT) calculations provide a
detailed understanding of the molecular interactions between GO and MB, corroborating
and complementing the experimental findings. These calculations suggest that surface
modifications to GO not only favor the creation of specific adsorption sites but also alter the
electronic properties of the material, thus improving its interaction with MB. This detailed
understanding of GO-MB interactions at the molecular level lays the foundation for the
rational design of carbon-based materials with optimized adsorption properties for specific
applications in water treatment and environmental remediation.

Finally, this study demonstrates the potential of modified GO as an efficient adsorbent
material for the removal of organic contaminants from aqueous solutions, marking a
significant advance in the search for sustainable and effective solutions to the global
challenges of water purification and environmental remediation. The findings underline the
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importance of careful chemical modification and the optimization of operating conditions
to maximize adsorption efficiency, opening new avenues for the future development of
more advanced water treatment technologies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano14080714/s1, Figure S1. Point of zero charge (PZC) of GO.
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Abstract: This study employs numerical simulations and experiments to examine the cold
spray deposition of nanostructured hydroxyapatite (Ca10(PO4)6(OH)2, HA)/70wt.%Ti com-
posite particles under different processing conditions, based on the features of nanocom-
posites that strengthen interfacial adhesion and improve coating interfacial strength. Using
ABAQUS/CAE combined with LS-PrePost 4.9-x64 software, the deposition behavior of the
composite particles during deposition under various impact velocities was analyzed, along
with the stress of the HA and Ti particles within the composite particle. The deposition
behavior of both single and multiple composite particles under different gas temperatures
was studied through cold spray experiments, and composite coatings were fabricated. The
microstructure and phase composition were analyzed using scanning electron microscopy
(SEM) and X-ray diffraction (XRD). The results showed that the numerical simulations
were consistent with the experimental analyses. As the particle velocity or gas temperature
increased, the degree of particle deformation upon deposition became more pronounced,
accompanied by phenomena such as cracking or fragmentation and splashing rebound.
At a gas temperature of 700 ◦C, both the bonding density of individual particles and the
bonding effectiveness of multi-particle deposits were lower than those achieved at 500 ◦C.
The coating prepared at a gas temperature of 500 ◦C exhibited a flatter surface, better
overall bonding with the Ti interlayer, and higher internal density.

Keywords: cold spray; HA/Ti coating; numerical simulation; deposition behavior

1. Introduction

In addition to demonstrating certain biological properties, bone repair materials must
also exhibit excellent mechanical properties and interfacial bonding [1,2]. Hydroxyapatite
(Ca10(PO4)6(OH)2, HA) is commonly employed as a biocoating material for the surface
modification of titanium and its alloys due to its biological properties [3,4]. However, the
application of pure HA materials in load-bearing areas of the human body is significantly
limited due to poor mechanical properties, substantial physicochemical differences between
the substrate and the body, and low interfacial bonding caused by issues such as insuffi-
cient crystallinity or phase transition/decomposition during the preparation process [5].
Research has demonstrated that in nanocomposites, the introduction of nanoparticles
with an elevated specific surface area promotes interfacial strengthening between phases,
while grain size reduction leads to corresponding enhancements in interfacial bonding
strength [6]. In contrast to conventional micro-HA, nano-HA offers better mechanical
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performance in tissues and promotes stronger interfacial integration [6,7]. Additionally,
due to the superior mechanical properties of Ti, the incorporation of nano-Ti particles into
nano-HA can achieve reinforcement and toughening effects, while mitigating residual
stress between the coating and substrate to enhance interfacial bonding strength [8].

The current the preparation methods for HA composite coatings primarily include
magnetron sputtering [9,10], electrochemical deposition [11,12], laser cladding [13–15], and
thermal spraying [3,4,16–19], among others. However, due to the challenges involved in
controlling the composition and crystallinity of HA coatings or the presence of significant
residual stresses, it is difficult to effectively improve the interfacial bonding strength of the
coatings. As a result, the performance of HA composite coatings still struggles to meet
the application requirements for bone repair materials. Thus, a novel and highly efficient
technique for the fabrication of HA composite coatings must be developed to enable precise
control over their microstructure, composition, and crystallinity.

Cold spraying is a coating deposition method based on the low-temperature solid-state
plastic deformation of high-kinetic-energy particles upon impact with the substrate sur-
face [20]. It has achieved applicable progress in the preparation of metal [20–23], alloy [24],
and ceramic [25] coatings. Moreover, owing to its low-temperature deposition charac-
teristics, cold spraying has emerged as a novel technology for fabricating coatings from
thermally sensitive materials, such as WC-Co cermets [26–29], HA bioceramics [30–32],
and nano-structured materials [26,29,30,32,33]. Compared with thermal spraying technol-
ogy, cold spraying can transfer the original microstructure of the powder to the coating,
which not only preserves the inherent structure of the sprayed material but also avoids
issues such as decomposition, phase transformation, and grain growth in nanostructured
materials caused by high-temperature [26]. Furthermore, the compressive stresses induced
by cold spray deposition can significantly improve interlayer adhesion. By precisely con-
trolling the deformation and bonding behavior of particles during deposition, it becomes
feasible to regulate both coating porosity and interparticle interfacial bonding [27]. This
offers a novel approach for fabricating HA composite coatings with diverse compositions
and microstructures.

At present, numerous researchers are focusing primarily on experiments on the deposi-
tion behavior of cold-sprayed micronstructured HA/Ti (mHA/Ti) composite particles [34].
However, there is relatively limited research on the cold spray deposition behavior of
nanostructured HA/Ti (nHA/Ti) composite particles, especially in the area of numeri-
cal simulations. Therefore, based on the characteristics of low-temperature deposition
and particle impact compaction in cold spraying for enhancing interfacial bonding, as
well as the features of nanocomposites that strengthen interfacial adhesion and improve
coating interfacial strength through the addition of second-phase nanoparticles, the deposi-
tion behavior of nHA/Ti using both experimental and numerical simulation approaches
was investigated. The main innovations and research objectives of this study are as fol-
lows: (1) dual-nano HA/Ti composite powder was successfully prepared using nano-HA
and nano-Ti; (2) Numerical simulations of the deposition deformation of the dual-nano
HA/Ti composite particles were conducted at different particle velocities to analyze the
deformation mechanism and the stress evolution of both nano-HA and nano-Ti particles
during deposition; (3) The bonding behavior during single- and multi-particle deposition
of HA/Ti composites was examined using cold spray technology at different gas temper-
atures, thereby providing experimental validation for the numerical simulation results;
(4) nanostructured HA/Ti composite coatings were successfully fabricated via cold spray-
ing under varying gas temperatures, and the underlying coating bonding mechanism
was elucidated.
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2. Materials and Methods

Needle-shaped nano HA powder with an average particle size of 15 nm (Beijing Dk
nano S&T Ltd., Beijing, China) and angular nano Ti powder with a mean particle size of
40 nm (Beijing Dk nano S&T Ltd., China) were selected as raw materials. Agglomeration-
sintering method was used to prepare nHA/Ti composite powder with a HA: Ti mass ratio
of 3:7. Figure 1 shows the surface morphology, particle size distribution, XRD pattern, and
TEM morphology of nHA/Ti composite powder. The surface morphology shows that the
nHA/Ti composite particles exhibits a spherical shape (Figure 1a) with a median particle
size (D50) of 29.3 μm (Figure 1b). The XRD pattern (Figure 1c) confirms the exclusive
presence of HA and Ti phases in the nHA/Ti composite powder, indicating no impurity
formation during the preparation process. The TEM morphology of nHA/Ti composite
particles (Figure 1d) reveals that the nano HA exhibits a needle-like morphology with sizes
ranging between 7 and 22 nm, while the nano Ti displays an angular morphology with
sizes of 30–50 nm. High-magnification TEM analysis of the nHA/Ti composite particles
(Figure 1e) reveals well-defined lattice fringes, confirming the high crystallinity of both
the nano HA and nano Ti starting powders. Furthermore, the absence of halo features in
the corresponding selected-area electron diffraction (SAED) pattern (Figure 1f) provides
conclusive evidence for the fully crystalline nature of these nanomaterials.

 

Figure 1. (a) Surface morphology; (b) particle size distribution; (c) XRD pattern; (d–f) TEM morphol-
ogy of nHA/Ti composite powder.
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The deposition of individual nHA/Ti splats and coating was performed using a cold
spray system, which has been described in detail elsewhere [26,30]. Ti6Al4V was used
as the substrate material. Prior to individual splat deposition, the substrate surface was
polished. Before coating deposition, the substrate surface was sandblasted using 700 μm
alumina particles, followed by deposition of a Ti buffer layer for subsequent nHA/Ti
coating deposition. The detailed deposition parameters for both individual splats and
coatings are listed in Table 1.

Table 1. The detailed deposition parameters for both individual splats and coatings.

Parameters Unit Value

Accelerating nitrogen gas pressure MPa 2.0
Powder-feeding nitrogen gas pressure MPa 2.2

Gas temperature for individual nHA/Ti splats ◦C 300 ± 10, 500 ± 10, 700 ± 10
Gas temperature for nHA/Ti coating ◦C 500 ± 30, 700 ± 30
Gas temperature for Ti buffer layer ◦C 200 ± 30

Transverse speed for individual nHA/Ti splats mm/s 500
Transverse speed for nHA/Ti coating mm/s 30
Transverse speed for Ti buffer layer mm/s 150

Spray distance mm 20

The surface morphology of the nHA/Ti composite powder and individual splats and
the surface and cross-sectional morphologies of the nHA/Ti composite coating were char-
acterized by scanning electron microscopy (SEM, KYKY-EM8000, KYKY Technology Co.,
Ltd., Beijing, China). Transmission electron microscopy (Tokyo TEM, EM-2010, HR, JEOL
Japan, Tokyo, Japan) was employed to analyze the microstructure and crystallographic
properties of nHA/Ti composite powder. The phase composition of both the nHA/Ti
composite powder and coatings was determined by X-ray diffraction (XRD, Bruker D8
Advance, Karlsruhe, Germany).

The particle size distribution of nHA/Ti composite powder was measured using a laser
diffraction particle size analysis meter (GSL-1020, Liaoning Instrument Research Institute
Co., Ltd., Dandong, China), and the in-flight velocity of composite particles under different
temperature conditions during cold spraying was measured using a DPV eVOLUTION
system (Tecnar Automation Ltd., Saint-Bruno-de-Montarville, QC, Canada).

In the ABAQUS/CAE module, the number of particle meshes is configured (con-
strained between 30,000 and 50,000) to generate a spherical particle model. The particle is
then discretized using a hexahedral mesh, resulting in a fully meshed spherical particle
(as shown in Figure 2a). As the substrate plate is a regular geometric model, hexahedral
meshing was applied directly to the substrate, resulting in a fully meshed substrate model
(as shown in Figure 2b). Through Python 3.9-based secondary development, the meshed
spherical particle was randomly distributed according to a HA/Ti volume ratio of 1:1.59
(corresponding to a mass ratio of 30:70), categorizing the elements stochastically into HA
and Ti phases, where yellow particles represent Ti and green particles denote HA (as shown
in Figure 3). After importing the meshed composite particle model file into LS-PrePost
4.9-x64 software, a locally sectioned view of the spherical particle model could be obtained,
where red particles represent Ti and blue particles denote HA (as shown in Figure 4). The
established substrate model (Figure 2b) and randomly distributed spherical particle (Fig-
ure 3) were imported into LS-PrePost 4.9-x64 software to obtain an integrated composite
particle–substrate model (as shown in Figure 5). For enhanced simulation accuracy, the
parameters of nano-HA and nano-Ti particles in the nHA/Ti composite must be input into
the LS-PrePost 4.9-x64 software, as both sets of nanoparticle parameters have been reported
in the references [35].
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Figure 2. Meshing of (a) spherical particle; (b) substrate.

 

Figure 3. The surface morphology of a randomly distributed spherical particle.

 
Figure 4. A locally sectioned view of the spherical particle model.
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Figure 5. An integrated composite particle–substrate model.

Considering the simulation computation time, the powder feeding pressure for indi-
vidual composite particle deposition simulation (with particle size set to 20 μm) was set at
2.2 MPa, with a spraying distance of 20 mm, nitrogen as the spraying gas, substrate initial
temperature of 300 K, and particle initial temperature of 773 K. The deposition velocities of
individual particles were set to 400 m/s, 500 m/s, 600 m/s, 700 m/s, and 800 m/s.

Particles deposited on the substrate surface are typically characterized using the
particle compression ratio to quantify the degree of deformation. The particle compression
ratio (η) is defined as shown in Equation (1):

η = (hi − hd)/hi (1)

where η is the particle compression ratio, hi is the initial particle diameter, and hd is the
post-deformation height of the particle.

3. Results and Discussion

3.1. Numerical Simulation of Deposition Behavior for Individual Composite Particles at Varying
Particle Velocities

Figure 6 illustrates the simulated instantaneous deformation morphologies of
nHA/Ti composite particles after impacting on the substrate at velocities ranging from
400 to 800 m/s. The instantaneous simulation time was 3 × 10−8 s. The side views of the
deformed particles are shown in Figure 6a,c,e,g,i, and the top views in Figure 6b,d,f,h,j.
When the particles impacted the substrate at a relatively low velocity (400 m/s), the com-
posite particles experienced limited deformation, largely maintaining their hemispherical
morphology (Figure 6a). Only a small number of particles surrounding the deformation
zone exhibited phenomena such as splattering (indicated by green arrows), rebounding-off
(marked by blue arrows), or crack formation (denoted by yellow arrows). With increas-
ing particle velocity, the deformed particles progressively evolved from hemispherical
to flattened configurations (Figure 6c), while the splattering, rebounding-off and crack
phenomena at the periphery of deformed particles became significantly more pronounced
(Figure 6d). As the particle velocity further increased (Figure 6e,g,i), the phenomena of
particle rebounding-off, splattering and cracking intensified significantly. Concurrently, the
bonding between deformed particles and the substrate deteriorated progressively, leading
to the formation of distinct gaps at the particle–substrate interface (indicated by purple
arrows in Figure 6g,i), whose dimensions exhibited a positive correlation with impact
velocity (Figure 6i). Ultimately, such interfacial failure may cause macroscopic spallation
of deposited particles from the substrate surface. The compression ratios for deformed
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composite particles at different particle velocities (400 m/s to 800 m/s) were 37.0%, 47.0%,
59.9%, 64.3%, and 76.2%, respectively.

Figures 7 and 8 present the stress value curves of eight randomly selected Ti and HA
particles from the composite particles deposited under varying particle velocity condi-
tions, respectively. Figure 7 revealed that the stress value of the Ti particle unit rapidly
peaked during the initial collision instant, demonstrating the occurrence of adiabatic shear
instability (ASI). After sustaining a stabilized stress state for a duration, the stress curve
of the Ti particle unit manifested a progressive decline. This phenomenon arose from
thermomechanical coupling during impact: plastic work dissipates as thermal energy,
inducing thermal softening in the Ti particles and consequently leading to stress value
decrease. Figure 8 showed that the stress value in the HA particle unit also rose quickly
to its peak value during the initial collision phase. Meanwhile, the peak stress in the HA
particle unit increased with increasing particle velocity.

Figure 6. Cont.
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Figure 6. Simulated morphologies of HA-70wt.%Ti composite particles deposited under different
particle velocity conditions: (a,b) 400 m/s; (c,d) 500 m/s; (e,f) 600 m/s; (g,h) 700 m/s; (i,j) 800 m/s.

3.2. Deposition Behavior Analysis of Cold-Sprayed Single nHA/Ti Composite Particle

Figure 9 shows the surface morphologies of cold-sprayed single nHA/Ti composite
particle at different temperatures. When the gas temperature was relatively low (300 ◦C), the
composite particle after deposition deformation exhibited a hump morphology at the center
(as illustrated in Figure 9a), accompanied by peripheral spreading (as indicated by the black
arrow), ejecta (as indicated by the blue arrow), and groove (as indicated by the yellow arrow)
phenomena around the deposited particles. Compared to the deposition characteristics
of composite particles at a gas temperature of 300 ◦C, elevating the gas temperature to
500 ◦C resulted in significantly enhanced deformation and more pronounced splattering
phenomena upon particle deposition on the substrate surface (Figure 9b). Furthermore, the
deformed particles exhibited a greater flattening degree, accompanied by the formation
of more distinct grooves around the deposition zones. Compared with the deposition
behavior at gas temperatures of 300 ◦C and 500 ◦C, as the gas temperature increased
to 700 ◦C, the particles deposited on the substrate surface exhibited more pronounced
deformation (Figure 9c). Upon impact with the substrate, individual particles underwent
fragmentation (as indicated by the red arrow) and cracking (as indicated by the purple
arrow), accompanied by a rebound-splattering phenomenon of the fractured particles
(marked with a blue dot circle). This indicated that experimental results of composite
particle deposition validated simulation predictions (as shown in Figure 6). Compared to
previous studies [35], individual HA/70Ti composite particles exhibited relatively smaller
deformation under the same cold spraying conditions. This indicates that the variation in
the ceramic phase content of the composite powder affects particle deposition deformation.
The increase in the hard and brittle HA ceramic phase makes it prone to cracking and
rebound/splattering during the deposition process, which in turn leads to a greater extent
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of deformation. Figure 10 shows the bonding morphologies of nHA/Ti composite particles
deposited on the substrate at different gas temperatures. It can be observed from the Figure
that as the gas temperature increased from 300 ◦C to 500 ◦C, the density of composite
particles bonded to the substrate surface gradually increased. However, when the gas
temperature increased to 700 ◦C, the particle bonding density became slightly lower than
that at 500 ◦C. Intense particle impaction at elevated temperature caused this phenomenon,
inducing severe deformation, fragmentation, and cracking, which led to partial particle
rebound and splashing from the substrate surface. Meanwhile, the measured average
velocities of nHA/Ti composite particles at 300 ◦C, 500 ◦C, and 700 ◦C were 526 m/s,
685 m/s, and 758 m/s, respectively.

Figure 7. Stress curves of Ti particulate units in HA-70wt.%Ti composite particles after deposition
under different particle velocity conditions: (a) 400 m/s; (b) 500 m/s; (c) 600 m/s; (d) 700 m/s;
(e) 800 m/s.
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Figure 8. Stress curves of HA particulate units in HA-70wt.%Ti composite particles after deposition
under different particle velocity conditions: (a) 400 m/s; (b) 500 m/s; (c) 600 m/s; (d) 700 m/s;
(e) 800 m/s.

Figure 9. Cont.

85



Nanomaterials 2025, 15, 1807

Figure 9. Surface morphologies of cold-sprayed single HA-70wt.%Ti composite particles at different
gas temperatures: (a) 300 ◦C; (b) 500 ◦C; (c) 700 ◦C.

Figure 10. Bonding morphologies of cold-sprayed HA-70wt.%Ti composite particles at different gas
temperatures: (a) 300 ◦C; (b) 500 ◦C; (c) 700 ◦C.

3.3. Deposition Behavior Analysis of Cold-Sprayed Multiple nHA/Ti Composite Particles

Figure 11 shows the surface morphologies of cold-sprayed multiple nHA/Ti composite
particles at different temperatures. It revealed that at a relatively low gas temperature
(300 ◦C), the deposited multiple particles exhibited limited deformation upon impact with
the substrate. However, interparticle collisions resulted in noticeable splattering. As the gas
temperature increased to 500 ◦C, the multiple particles’ deformation and flattening became
more pronounced, forming near-complete stacking between particles, accompanied by
moderate splattering. When the gas temperature continued to rise to 700 ◦C, multiple
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particles underwent severe deformation after deposition, and the splashing phenomenon
caused by the impact of deposited particles on the substrate and the mutual collision
between particles also became more serious. This was consistent with the results of particle
deposition simulations, further indicating that as the gas temperature increased, the degree
of particle deformation increased accordingly, as did the intensity of mutual collisions
between particles. Although the degree of multi-particle deposition deformation increased
with the rise in gas temperature, the bonding effect of multi-particle deposition was better
at a gas temperature of 500 ◦C. This also indicated that the bonding effect of particle
deposition did not improve monotonically with increasing gas temperature. The main
reason for this is that at a gas temperature of 700 ◦C, the poor deformability of both HA and
Ti materials led to particularly severe particle splashing during deposition, which resulted
in inferior bonding quality.

 

Figure 11. Surface morphologies of cold-sprayed multiple HA-70wt.%Ti composite particles at
different gas temperatures: (a) 300 ◦C; (b) 500 ◦C; (c) 700 ◦C.

3.4. Microstructure of Cold-Sprayed nHA/Ti Composite Coatings

Based on the analysis of particle deposition deformation and bonding, it was found
that both particle deformation and bonding were poor at a gas temperature of 300 ◦C.
Therefore, the gas temperatures selected for coating preparation were 500 ◦C and 700 ◦C.
Figure 12a,b show the surface morphologies of nHA/Ti coatings at gas temperatures of
500 ◦C and 700 ◦C, respectively. It can be observed that both coatings exhibit relatively
dense and rough surface structures. However, the surface of the coating fabricated at a
gas temperature of 500 ◦C exhibited a flatter morphology than that prepared at 700 ◦C.
Figure 12c,d show the cross-sectional morphologies of nHA/Ti coatings at gas temperatures
of 500 ◦C and 700 ◦C, respectively. It can be observed that at the gas temperature of 500 ◦C,
the coating exhibited good bonding with the Ti buffer layer, and the internal density of the
coating was relatively high. However, longitudinal cracks were generated in the coating
during the deposition process. When the gas temperature was 700 ◦C, the bonding between
the coating and the Ti buffer layer was poor, and the bonding between particles inside
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the coating was also weak. The main reason was that at a gas temperature of 700 ◦C,
the splashing phenomenon caused during the particle deposition process led to poor
bonding between internal particles and between the coating and the substrate. The average
thicknesses of nHA/Ti coatings deposited at gas temperatures of 500 ◦C and 700 ◦C were
162.43 μm and 126.11 μm, respectively. The XRD analysis patterns of nHA/Ti coatings
are shown in Figure 13. It can be seen that the phases of both coatings were consistent
with those of the original powder, indicating that no phase transformation or new phase
formation occurred in the nHA/Ti powder particle during the deposition process.

 

Figure 12. Surface and cross-sectional morphologies of cold-sprayed HA-70wt.%Ti composite coat-
ings at different gas temperatures: (a,c) 500 ◦C; (b,d) 700 ◦C.

 

Figure 13. Cont.
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Figure 13. XRD patterns of HA-70wt.%Ti composite coatings at different gas temperatures: (a) 500 ◦C;
(b) 700 ◦C.

4. Conclusions

In this study, the deposition behavior for cold sprayed nano-structured nHA/Ti
composite coating using both experimental and numerical simulation approaches was
investigated. The results of single particle deposition simulations indicated that as the
particle velocity increased, the cracking phenomenon of the splat became more severe and
the bond between the splat and the substrate deteriorated. As the gas temperature increased,
the degree of particle deformation and the particle impact velocity both increased. The
results from cold-sprayed multi-particle deposition experiments indicated that as the gas
temperature increased, the extent of interparticle impact and deformation correspondingly
increased. The coating fabricated at a gas temperature of 500 ◦C exhibited a flatter surface
morphology and better bonding with the Ti buffer layer than that prepared at 700 ◦C. The
phases present in the coatings were consistent with those of the original powder.
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Abstract: Nanomaterials are usually associated with modern technologies and advanced
processing methods. Three silver Dacian bracelets within Cehei hoard (Salaj County,
Romania) are tougher than they should be according to the apparently higher silver content.
The microstructural investigation reveals that all three bracelets have silver content of
about 90 wt.%. The metallographic inspection of a bracelet sample reveals a very refined
microstructure of α grain while fewer eutectic grains are almost undetectable, indicating
intensive plastic deformation. XRD patterns of the bracelets reveal relevant peaks for silver
(without copper) having a much-broadened aspect indicating nanostructural level. The
nano-grains were evidenced at high magnification of SEM imaging: 55 nm for bracelet 1,
95 nm for bracelet 2 and 75 nm for bracelet 3. Elemental maps reveal that the nanograins
are basically formed by α phase; the finest eutectic traces are situated and uniformly
dispersed within α phase, appearing as small red spots. Vickers μHV10 micro indentation
was calibrated on a pure silver 999.9 ‰ in annealed state, resulting in 37 HV10. The
nanostructured bracelets have about 56 μHV10 for bracelet 1; 50 μHV10 for bracelet 2 and
52 μHV10 for bracelet 3. Dyrrachium drachmas have Vickers microhardness of about 37
μHV10. The obtained results confirm the historian’s supposition that Dyrrachium drachmas
could be the source for silver but also clearly indicate that the final steps of bracelets
manufacturing were effectuated by cold deformation with intensive cold hardening. It
results that cold deformation of the bracelets rods induces a nanostructural state that
significantly increases their microhardness instead of their higher silver title.

Keywords: nanostructured silver; Dacian bracelets; Vickers microhardness

1. Introduction

Archeological science needs help from the other scientific fields for a proper under-
standing of the artifacts: how were they made and from which materials? Metallic artifacts’
shape and microstructure strongly depend on the manufacturing technological procedures
and require specific investigations such as X-ray diffraction (XRD), Scanning Electron
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Microscopy (SEM) coupled with Energy Dispersive Spectroscopy (EDS), X-ray fluorescence
(XRF) and metallographic microscopy when it is suitable [1,2].

It is well known that the intensive cold working of the metals and alloys induces
the cold hardening effect which makes the alloys tenacious and steely because of the
intensive refining of the grain structure such as in, for example, the cold rolling [3] or
cryomilling process [4]. It has certain benefits in tailoring the alloys microstructure, but
the excessive cold hardening causes the inter-granular failure and breaking of the worked
metallic parts [5,6]. An increased tenacity of the metallic parts requires proper annealing
between the cold working sessions in a similar manner to the Japanese samurai swords [7]
to allow internal restructuring of the grains [8,9].

The search within international journals databases did not retrieve any results re-
garding the metallic artifacts’ nanostructure resuming the investigated aspects to their
microstructure, a fact understandable if considering the relatively poor metallurgical pro-
cesses in antiquity compared with the key parameters control nowadays. But the search
returns many new results regarding the nanostructured system used for the restoring of
ancient artifacts like nanostructured metal oxides used for conservation of cultural her-
itage [10] and the effect of organo-silicon on the nanostructure of waterlogged archeological
oak [11]. Some of the ancient artifact production techniques might cause the grains size
after refinement to drop below 99 nm, making them nanostructural by chance, not by
intended purpose. For example, Dacian civilization has less written archeological sources
but certain references to their culture and practice are found in Roman and Greek sources.
There are also a lot of metallic archeological findings (including gold and silver beside
bronze) including metallurgical workshops [12,13]. It is very interesting to look for a Dacian
hoard discovery.

Discovered on 25 April 1986, in Cehei (the town of S, imleu Silvaniei), the hoard consists
of a brooch, three bracelets and a chain, all made of silver, as well as 552 Dyrrhachium
drachmas, of which 445 are original and contain no less than 26 associations of names of
the issuing magistrates and 7 are imitations [14]. The hoard was discovered in the area of
the Dacian settlement of S, imleu Silvaniei-Observator, located on an important trade route:
the salt road, which entered Sălaj county from the southeast, passed through the Meses,
Gates and headed towards the Crasna Valley through Sărmăs, ag or along the Barcăului
Valley towards Marca, reaching S, imleu Silvaniei along the way [15].

The Cehei hoard is part of a series of numerous monetary hoards buried in the Second
Iron Age, La Tène D1, sometime between the end of the 2nd century BC and the first two
decades of the 1st century BC [15]. Since its publication, it has been hypothesized that
the good quality silver in the five objects of adornment (jewelry), valued at a fineness of
800/1000, came from the coins that make up the hoard. At that time, the idea was that a
good part of the Dacian ornaments came from the coins that entered Dacia after the middle
of the 2nd century BC, namely tetradrachms of Macedonia I, drachms of Dyrrhachium and
Apollonia, tetradrachms of Thasos and Roman Republican denarii [14].

The authors assumed that to make the five ornaments, the coins were first melted
and then transformed into silver bars during “a quasi-mandatory intermediate stage” for
the transformation of coins into ornaments. Taking into account a 10% loss as a result of
melting the coins and transforming them into bars, the authors concluded that the raw
material for making the five ornaments in the hoard was the equivalent of 120 drachmas of
Dyrrhachium [14].

The actual evaluation of the hoard components reveals an increased tenacity of the
bracelets, compared to the other jewelry from the hoard (e.g., necklace and fibulae) having a
strong steely behavior unspecific to silver. Thus, simply melting the Dyrrhachium drachma
and subsequently casting into bars is an insufficient assumption to fully characterize the
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bracelets. Such toughness would require alloying with hardening elements or, as previously
mentioned, the cold working induces an advanced refining of the microstructure, improv-
ing its tenacity. Therefore, assuming the typical protocol for investigation of nanostructured
materials, the current investigation aims to reveal the precise composition of the bracelets
and to figure out the ancient manufacturing technology. The intensive cold working of the
bracelets might turn their material into a nanostructured one, a very possible fact which
could be revealed by advanced investigations like XRD associated with SEM and EDS.

2. Materials and Methods

2.1. Samples Description and Preparation

The investigated bracelets belong to the Cehei Hoard, Figure 1, in custody of Zalau
Museum of History and Art, Romania. Their shape is typical for the Dacian culture, the
terminations being decorated with specific motifs resembling snake heads (bracelet 1) and
fir branches in bracelets 2 and 3, Figure 1c,d. These are simple bracelets without spirals,
allowing their easy investigation through the nondestructive methods. All hoard pieces are
perfectly cleaned and preserved according to the standard of practice for being able to be
presented in exhibitions; therefore, they are suitable for direct investigations without any
other preparations.

 

Figure 1. The investigated pieces from Cehei Hoard: (a) Dyrrhachium drachma, (b) bracelet 1,
(c) bracelet 2 and (d) bracelet 3.

A very small splinter about 1 mm length was gently sampled from the inside part of
each bracelet for metallographic investigation. The sampling procedure was effectuated
with care to not affect the artifact state. The collected splinters were embedded in Bakelite
and subsequently grinded with different granulation sandpapers: 1000, 2000, 4000 and
8000. The final polishing step was performed on a felt disc impregnated with colloidal
alumina. The metallographic samples were etched using a swabbing method with a reagent
based on ferric chloride and sodium thiosulfate [16].

Since the hypothesis made by the authors who published the hoard discovery men-
tioned that Dyrrhachium drachmas were used as raw material for bracelets, we selected a
representative coin which was investigated for comparison. Their metallographic aspect
was revealed on its side through a minimally invasive procedure by vertical embedding
in Bakelite, and care was taken to ensure minimal loss during grinding and polishing
procedures.
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2.2. Investigation Methods

The alloy phases and oxide traces from the artifact natural patina were evidenced
by the X-ray diffraction (XRD) which was performed on a Bruker D8 Advance (Bruker
Company, Karlsruhe, Germany) using Cu kα radiation (1.540562 Å). The patterns were
registered at a speed of 1 degree/minute. Peaks assignment was performed with Match 1.0
software equipped with a PDF 2.0 database (Crystal impact Company, Bonn, Germany).

Metallographic microscopy was effectuated on a specific optical microscope IOR MC8
(IOR company, Bucharest, Romania) equipped with a digital capture of the images Sony
14MPX (Sony company, Minato, Japan).

Scanning Electron Microscopy (SEM) coupled with Energy Dispersive Spectroscopy
(EDS) was used for the investigation of the morphological aspects correlated with the ele-
mental distribution. Therefore, the morphological aspects were observed on the Secondary
electron images (SEI), and the elemental distribution map was displayed on the Backscat-
tered Electron Image (BSE) taken on the same area as SEI image. All these operations were
performed with a Hitachi SU8230 microscope (Hitachi Company, Tokyo, Japan) operated in
high vacuum mode at an acceleration voltage of 30 kV. Elemental analysis was effectuated
with EDS detection module X-Mas 1160 EDX (Oxford Instruments, Oxford, UK) installed
on the SEM device.

Transmission Electron Microscopy (TEM) was performed with Hitachi TEM series
HD-2700 (Hitachi Company, Tokyo, Japan) on the collodion replicas taken from the samples
surface. The images were further analyzed with specific software Image J version 1.53t
(National Institute of Health, Bethesda, Rockville, MD, USA).

Microhardness was effectuated with a Duramin40 AC3 device (Struers Company,
Ballerup, Denmark) operated with Vickers indenter μHV10 type at a dwell time of 10 s
and a load of 10 g. There were at least three indentations taken on each sample (in the less
visible side of the bracelets), and the mean value was calculated along with the standard
deviation. The mean values were statistically analyzed using Anova method followed by
Tukey post hoc test at a relevance level of 0.05. The graphical plot and statistical analysis
were effectuated with Origin 9b software (Microcal Co., Amherst, MA, USA).

3. Results

3.1. Alloy Phases and Their Microstructural Constituents

The alloys phases (e.g., pure metals or intermetallic compounds) can be detected by
XRD with high accuracy, giving advanced qualitative characterization. Thus, Dyrrhachium
drachma has a diffraction pattern featuring very well-developed peaks with strong intensi-
ties and narrow shape, Figure 2. It corresponds to a well-annealed metallic sample. The
drachma composition is dominated by Ag while the smaller amount of copper appears to
be oxidized as CuO (crystallized as Tenorite), a fact in good agreement with the antique look
of the coin. It makes it difficult to establish a semi-quantitative of the Ag/Cu ratio within.

On the other hand, the XRD patterns resulting from bracelets have a completely
changed shape with less intense peaks and broadened width. This aspect clearly indicates
advanced refinement of the microstructure most likely induced by the cold working, as
shown in Figure 2.

XRD peaks of all three bracelets are dominated by the Ag peaks followed by sig-
nificantly smaller Cu peaks. The oxide amount on their surface is below diffractometer
detection limit and therefore the specific peaks are not observed. It allows applying the
Relative Intensity Ratio (RIR) method for establishing the silver amount [17,18]. Briefly,
there are two phases which generated diffraction peaks, and they are co-related as follows:
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where Ia is the most representative intensity of phase a, and Ib is the same for phase b; xa
and xb are the mass percentage concentrations for the two phases and fa and fb are their
Corundum factors. Finally, it results that bracelets have the silver amount of about 90–95%
regarding copper.

 

Figure 2. XRD patterns obtained for the investigated pieces from Cehei Hoard. The following cards
from the PDF database were used for the peaks assignment: Ag PDF 65-2871; Cu PDF 89-2838 and
CuO PDF 89-2529.

The full width at half height (FWHM) of the diffraction peaks allows calculation of
the crystallite size. Scherrer formula is generally used for the mineral samples and for
crystalline matter which was not subjected to the intense mechanical stress [19,20]; it is
described by Equation (2):

D =
kλ

B cos θ
. (2)

where D represents the crystallite size, k is the Scherrer constant typical 0.9 for metals and
alloys, B is FWHM and θ is the Bragg angle.

When the alloy amorphization is induced by mechanical stress like in the mechanical
alloying, the remnant strains accumulated into the crystal lattice superimpose a widening
effect of the diffraction peaks beside the crystallite refinement. In consequence, the strain
component must be subtracted from the crystallite size calculation. Williamson–Hall is one
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of the effective methods of fulfilling this requirement [21,22]. This method assumes that
the FWHM is induced by crystallites size refinement Bsize as well as due to the remnant
strains Bstrain at the crystal lattice level described as

Btotal = Bsize + Bstrain, (3)

which further becomes
Btotal =

kλ

D cos θ
+ Cε tan θ. (4)

The remnant strain component is represented by Cε. Equation (4) has a straight-line
form; the plot intersection to the origin gives the crystallite size D, and the slope of the line
gives the strain component Cε.

Both methods, Scherrer and Williamson–Hall, were applied to the bracelets XRD
pattern, and the obtained values are centralized in Table 1.

Table 1. The data calculated on the XRD patterns.

Sample Ag, wt.%
Crystallite Size, nm

Scherrer Williamson–Hall

Bracelet 1 91 5.22 50
Bracelet 2 90 17.46 80
Bracelet 3 95 8.49 70

Scherrer equation results in very small nano-crystallites of only a few nanometers
which are not likely to be found in the alloy structure and represent a misquantification
of the strains induced at the crystal phase’s level. Therefore, the Williamson–Hall method
provides more reliable values, as shown in Table 1, having a great chance to be observed
by advanced microstructural investigation. However, these strains induced by the intense
cold working cannot be relaxed in a sustainable manner unless the annealing treatment
is applied.

The metallographic investigation, shown in Figure 3, provides more insight into the
phase’s distribution within the investigated artifacts. Dyrrhachium drachma has a typical
cast microstructure with a large amount of α phase organized in polyhedral grains of about
8 μm in diameter with borders less visible due to the silver matrix coherence and to the
reduced etching of the used reagent. The eutectic grains corresponding to the equilibrium
α + β phase (e.g., organized in a very refined lamellar structure alternating Ag with Cu
sheets [23,24]) have rounded shape and are uniformly distributed in α matrix having brown
color due to the ferric chloride etching copper components of the microstructure. Their
diameter is situated preponderantly on 8–10 μm, but some smaller eutectic grains are
observed around 2.5–3 μm. Small inclusions are observed having grey–black nuance under
chemical etch and most likely belong to the sand grains from the casting mold.

The dies struck applied on the cast round pellet has a minor influence on the mi-
crostructure, causing only a small elongation of some eutectic grains due to the suddenly
compressive effort induced by the hammering.

All bracelet samples have similar microstructures revealed by the metallographic
investigation in Figure 3b–d. White spots correspond to α grains; eutectic grains appear in
orange hue due to the refined intercalation of α with β sheets. The grain structure is much
kneaded with the eutectic grains, severely destructured and scrambled into the α matrix.
Therefore, α grains are considerably divided into small fractions difficult to be quantified
by their diameter because of the irregular shape but still allow observing that the sizes are
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situated below 1 μm. Several dark spots appear associated with a grey hue, indicating the
significant presence of nonmetallic inclusions.

 

Figure 3. Metallographic images of the investigated pieces volume: (a) Dyrrhachium drachma,
(b) bracelet 1, (c) bracelet 2 and (d) bracelet 3.

The dark aspect indicates the presence of amorphous carbon or traces of iron from
the metallurgic process like the literature data concerning ancient artifacts [25]. Such an
appearance would have been found mainly on the bracelet surface, not in the polished
metallographic samples. Moreover, their dissolution within adjacent grains like grey
hue indicates an intensive intermixing of the microstructural constituents. Generally, the
cold working of alloy slabs induces the grains texturing under the drawing of rolling
direction [26,27]. The nonmetallic inclusions and the lack of specific texturing within
the bracelets indicates that they were included into the alloy bulk during working pro-
cedures, a fact which requires detailed discussion regarding a close correlation with the
morphological aspects.

3.2. Sample’s Morphology and Nanostructure

Dyrrhachium drachma surface has a worn surface that affects the grain structure,
shown in Figure 4a, with partly scratched α grains maintaining their cohesion. The worn
effect erodes the eutectic grains which appear slightly eroded, forming local topographic
depressions.

 

Figure 4. SEM investigation of the Dyrrhachium drachma surface: (a) SEI image revealing the
morphological aspects, (b) BSE image with the elemental distribution map and (c) EDS spectrum.

The elemental map in Figure 4b clearly reveals the α matrix (yellow nuance) contain-
ing rounded eutectic grains (red coloration) in good agreement with the metallographic
microscopy. The turquoise label belongs to oxygen which is less observed on the surface,
bringing greenish hues to the deeper scratches having mild oxidation (below the XRD
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detection limit). Therefore, the elemental composition of the alloy was determined by
subtracting the oxygen component within the spectrum in Figure 4c. It results in a silver
content of 91.3 wt.% Ag and 8.7 wt.% Cu. It certainly corresponds to the hypoeutectic
region of the Ag–Cu phase diagram [28]. Overall, the cast characteristics of the drachma
clearly appear on its surface microstructure, having significant influence on the worn
characteristics. Also, it indicates that the coin was in circulation for a relatively long time.

The surface of bracelet 1 has a totally changed morphology, as shown in Figure 5a.
It has worn marks represented by several scratches randomly disposed on the image’s
observation field. There are also some small depressions with a darkened aspect which
correlates with the nonmetallic inclusions observed at the metallographic observation.
These nonmetallic inclusions keep their equiaxed aspect but with irregular sides sustaining
their dispersion through intensive cold working of the metal piece. Alloy grains cannot
be distinguished at this magnification. However, the alloy composition was measured by
the EDS spectrum in Figure 5b in a region free of nonmetallic inclusions. The bracelet’s
surface has a mild oxidation below the XRD detection limit but sufficient to be detected by
SEM–EDX, and thus oxygen was subtracted from the counting.

 

Figure 5. SEM image of the bracelet 1 surface: (a) SEI image revealing the morphological aspects,
(b) EDS spectrum, (c) nanostructural detail and (d) BSE image with the elemental distribution map
for the nanostructural detail.

The bracelet 1 surface was observed at the same magnification as Dyrrhachium
drachma. Therefore, we proceed with inspection of the bracelet’s surface in high-
magnification operation mode at ×70,000 (a scale bar of 500 nm), as shown in Figure 5c.
The nanostructural detail was taken in a smooth area free of scratches and nonmetallic
inclusions. It reveals a dense structure of nanograins having irregular shapes caused by the
advanced destructuring of the initial cast α phase and eutectic grains. Overall, assuming
an equiaxed shape of the nano grain, their size results around 55 nm. The elemental map in
Figure 5 indicates an advanced mixing of the eutectic grains cannot be detected from the α

phase; in fact, copper spots appear uniformly distributed within silver mass. It confirms
the metallographic observations.

Bracelet 2 has more randomly dispersed worn scratches on its surface but less non-
metallic inclusions, as shown in Figure 6a. It makes it easy to choose the proper area for the
EDS spectrum in Figure 6b by revealing the alloy compound. The surface also has minor
oxidation which must be subtracted from the elemental analysis counting.
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Figure 6. SEM image of the bracelet 2 surface: (a) SEI image revealing the morphological aspects,
(b) EDS spectrum, (c) nanostructural detail and (d) BSE image with the elemental distribution map
for the nanostructural detail.

The nanostructural details in Figure 6c reveal a more heterogeneous arrangement of
the nanograins, with most of them having boulder-like shape and sizes preponderantly
about 95 nm, but very often they are surrounded by some finer ones indicating advanced
intra-granular fragmenting. It would indicate that the eutectic grains were more intensively
fragmented than α grains. This assumption is infirmed by the elemental map in Figure 6d
revealing a uniform distribution of copper in the silver mass.

The surface of bracelet 3 reveals parallel flow marks indicating the alloy texturing
during the cold working. The edges of the flow marks have worn marks making them
brighter in SEI image. The nonmetallic inclusions are scarcer; few of them can be observed
in the upper left corner in Figure 7a.

 

Figure 7. SEM image of the bracelet 3 surface: (a) SEI image revealing the morphological aspects,
(b) EDS spectrum, (c) nanostructural detail and (d) BSE image with the elemental distribution map
for the nanostructural detail.

EDS spectrum in Figure 7b reveals the alloy composition taking into consideration
the mild oxidation of the surface. The nanostructural detail in Figure 7c reveals a cold
deformation flow mark looking like a depression positioned vertically in the left side of
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the image. It looks like two layers of the same nanostructured material were pressed
one to another until they became the same bulk. The nanograins also have fragmented
boulder-like shapes and sizes of about 75 nm. It is interesting that the nanostructure has
embedded some white rounded nanograins into the material bulk. The elemental map
in Figure 7d allows us to observe that these rounded grains are in fact pure α phase; the
yellow nuance clearly shows that they are free of mild oxidation. The rest of the bulk mass
has a uniform distribution of copper into silver mass.

SEM observations are centralized in Table 2, revealing that the overall composition
of the alloy from the coin is found in all bracelets with minor variations. The grain size
decreases about 100 times from the coin’s microstructure to the bracelet’s nanostructure. It
is a severe structural modification induced by severe deformation.

Table 2. The data resulted from SEM investigation.

Sample Ag, wt.% Cu, wt.%
Grain Size, nm

SEM TEM

Drachma 91.3 8.7 8000 -
Bracelet 1 90.5 9.5 55 55 ± 15
Bracelet 2 92.1 7.9 95 95 ± 25
Bracelet 3 91.3 8.7 75 75 ± 20

TEM investigation of solid bulk materials is impossible because the accelerated elec-
tron beam cannot penetrate the samples depth. Therefore, a thin film of collodion was
applied on the bracelet samples in the area observed by SEM. Collodion film solidification
ensure a thin replica of the surface microstructure, allowing its observation under TEM
conditions obtaining the images in Figure 8.

 

Figure 8. TEM image of the bracelet samples: (a) bracelet 1, (b) bracelet 2 and (c) bracelet 3. The
grain size distribution plots are presented below each TEM image. The blue line in the grain size
distribution histograms represent the Gaussian fitting curve.

TEM images in Figure 8 allow better observing of the grain’s nanostructure insight.
Ferric chloride reagent used for metallographic investigation etches only copper, bringing
dark aspects to the eutectic grains and keeping α phase grains un-etched. Thus, the
eutectic distribution within α phase grains borders is evidenced by bright contrast as
a consequence of the chemical etching process, while the silver grains appear darker.
The uniform distribution of eutectic grains regarding α phase grains gives a valuable
clue indicating that it was partly melted during the silver bulk consolidation, suggesting
that the coins were transformed into bracelet bars by pressure welding. It most likely
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happened closely to the eutectic temperature of 779 ◦C. On the other hand, α phase grains
have irregular margins as a consequence of the intensive cold working associated with
fine parallel lines inside the grain, indicating their random orientation. Unfortunately,
the collodion replica does not allow their observation at high resolution. SEM–EBSD
investigation is a powerful tool able to elucidate the crystallographic orientation of grains,
but unfortunately it is unavailable at the current stage of investigation. Thus, HR-TEM
associated with SEM-EBSD would be the next step of advancement of these precious
artifacts for Romanian Cultural Heritage.

Nanostructural differences were also evidenced in TEM images, indicating an ad-
vanced grain refinement with a narrow distribution of the grain sizes in bracelet 1, as
shown in Figure 8a, and the Gaussian fitting confirmed the SEM observation. The precise
mean value with the corresponding standard deviation is presented in Table 2. Bracelet 2,
shown in Figure 8b, has a broader grain size distribution, but the average value is given by
the dominant size of 95 nm in good observation with SEM measurements. The histogram
distribution in Figure 8c also has a narrow aspect with dominant size of about 75 nm, the
mean value and corresponding standard deviation being presented in Table 2.

3.3. Mechanical Properties

Unfortunately, the bracelets cannot be subjected to tensile testing for investigating their
mechanical properties, but microhardness testing allows a proper quantitative observation
of their mechanical behavior, as shown in Figure 9.

 

Figure 9. Reflected light microscopy images of the Vickers microhardness indentations: (a) bracelet 1,
(b) bracelet 2, (c) bracelet 3, (d) Dyrrhachium drachma and (e) Annealed silver ingot 999.9‰.

Such cold-hardened nanostructure definitely would resist better to the penetration
of the Vickers indenter compared to the cast microstructure of the Dyrrhachium drachma.
Still, a comparative standard must be investigated. Therefore, a pure 999.9 silver ingot in
annealed state was used for this purpose. The aspect of indentation marks reveals slim
cross marks for all bracelets, as shown in Figure 9a–c, while the coin’s indentation has a
more deeply rhombic shape and a bigger size, as shown in Figure 9d. The annealed ingot
has a greater plasticity than the indentation cross and is less visible, while the rhombic
shape of the edges becomes more visible, as shown in Figure 9e.

The mean values of microhardness resulted for the investigated bracelets ranges
from 50 to 56 μHV10 in the samples, as shown in Figure 10. Bracelet 1 is the tougher
one because of its smaller nanostructure, while bracelet 2 is the softer one because of
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the bigger nanograins. However, the microhardness resulted for all bracelets forms a
statistically relevant group (p > 0.05). On the other hand, the Dyrrachium drachma has a
lower microhardness comparable with the annealed pure silver ingot, being situated at
about 37 HV10 and forming the second statistically relevant group. The statistical analysis
also reveals a significant difference between the two identified groups (p < 0.05). Thus, the
microhardness investigation confirms the assumption regarding the cold hardening and its
subsequent nanostructure development.

Figure 10. Mean values of Vickers microhardness variation.

4. Discussion

Dyrrhachium drachmas were very popular coins within antiquity because of their
stable weight of 2.98 g (diameter about 18 mm having side approximate round) and a
silver title about 90–95 wt.% depending on the literature source and their archeological
deposits [13,29]. These drachmas were issued during the Roman protectorate on the
ancient Dyrrhachium during 229–30 BC, and their quality was controlled and ensured
by two magistrates, their names being inscribed on the obverse and reverse, in our case
Damenos on the obverse and Meniskos on the reverse. The magistrate names combination
and particular style of the coins allow a proper date of their issue during the circulation
period [30]. The good quality of Dyrrhachium drachmas make them want for commercial
exchange into Dacian territories being related to the salt and slave commerce as well as
stipendium for the mercenary activities [31].

As observed, the historical context explains the massive presence of such drachmas
in the Cehei hoard. The higher amount of good silver coins sustains the archeologist’s
arguments that they were used as raw material for jewelry production. The initial assump-
tion made by the archeologists in 1986 indicates their re-melting and casting in ingots
which were further processed by hammering. It is a reasonable assumption which is partly
unsustained by the current results. The coins re-melting would collect the nonmetallic
impurities and oxides into the slag, conducting to a cleaner cast microstructure [32,33]. It
would result in a better microstructural distribution than the one observed in drachma be-
cause of advanced removal of mineral inclusions embedded from the original casting mold.
The successive hammering (there is no archeological evidence for metal rolling in Dacian
workshops) would have textured the grain shapes under the metal flow direction [34], a fact
not sustained by our observations. The intermediary re-crystallization annealing would
restore the equiaxed shape of the grains, inducing a regulated microstructure regarding α

and eutectic grains in a similar manner with the data reported in the literature [35].
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The bracelets’ kneaded microstructure does not resemble any conventional technologi-
cal pathways available nowadays. There is a forgotten welding technique by hammering
the welded parts when they are heated at high temperature but below the melting point,
ensuring the alloy diffusion from one part into another into a continuous microstructure.
This technique was used by blacksmiths for welding the chain links known as pressure
welding [36,37]. Thus, we proposed another technological method for the conversion of
Dyrrhachium drachmas into bracelets bars without re-melting. The coin pile is heated
at high temperature below the melting point in a range beginning closely below eutectic
temperature of 779 ◦C and closing slightly above this temperature. It allows partial melting
of the eutectic grains while α grains remain in solid state but have an increased plasticity.
Subsequently, hammering of the heated coin pile causes their welding into a single metal
piece which is continuously modeled into a bar. This procedure ensures the kneading of
α grains while partly melted eutectic ensures their cohesion, a fact sustained by the TEM
images in Figure 8. Heating in coal-auctioned furnaces and hammering on the iron anvil
induces significantly the observed nonmetallic inclusions. The proposed technological
pathway is fully sustained by the metallographic analysis results.

The further cold hammering of the bracelets activates the cold hardening mechanism,
causing an extra refinement of the microstructure, turning its grains into nanostructured
ones. The nano-crystallites induce diffraction peaks broadening due to their size reduction
and because of the remnant strains at the crystal lattice level, and thus the Williamson–Hall
method allows a proper quantification of the nanograins size [21,22], values confirmed by
the high magnification SEM images. Thus, the nanograins’ size is about 55 nm for bracelet
1, 95 nm for bracelet 2 and 75 nm for bracelet 3. They have preponderantly boulder-like
shapes with irregular margins well embedded within the eutectic grains looking diffused
within the α matrix. The elemental maps clearly indicate uniform distribution of Cu within
silver mass without contouring precise eutectic grains. This nanostructural refinement
indicates that the silver alloy bar was produced by pressure welding instead of re-melting
followed by casting.

It is well known that silver melting has significant loss through evaporation if a proper
artificial slag layer is induced during crucible heating [38,39]; thus, the ancient re-melting
would lead to a significant loss in the silver amount. Applying the pressure welding method
has the advantage of keeping the silver amount about the same, ensuring a maximization
of the coins’ conversion to jewelry. Drachmas processing through melting as Chirila and
Matei stated in 1986 [14] would have caused a sensitive decrease in the silver title because
of its peculiar evaporation in a melted state at high temperatures. Our SEM observation
reveals that the drachma’s silver title is similar with the silver title of the bracelets. Thus,
our results sustain that the drachmas were processed into raw bars for bracelets through
pressure welding techniques which avoid silver evaporation through the melted bath.

Nanostructuring through cold hardening of the silver alloy induces a significant
increase in the Vickers microhardness of the bracelets in comparison with the coin having
similar microhardness with the annealed pure silver ingot, confirming once more that the
proposed technology was applied to obtain the bracelets. The bracelets’ increased values of
the Vickers microhardness clearly sustain their nano-structuring compared to Dyrrhachium
drachma and annealed silver ingot. The literature reveals that the coin’s surface is very
affected by the strong indentations like the demonetization marks imprinted in the modern
issues [40,41]. Thus, smaller and thin indentations on the bracelets contrast with the bigger
and wider indentations of the coin’s surface.

The current study’s limitations reside in nondestructive methods which are absolutely
necessary when valuable archeological artifacts are involved. Tensile strength testing
and subsequent SEM fractography would have brought additional information of the
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production technology, but they are not available for now. The future archeological finds
maybe will bring out some similar bracelets fragments which perhaps allow tensile testing.
A further nondestructive investigation should be conducted using Electron Backscatter
Diffraction (EBSD) for evidencing the crystallographic orientation of the grains within
the investigated alloy samples [42,43] and to find similar archeological artifacts to verify
if the proposed technology is confirmed in other similar artifacts. The validation of the
proposed manufacturing technology should be proved in further research by replication of
the process with materials as close as possible to the original ones and their comparison
with the other metallurgical archeological finds in Salaj County.

5. Conclusions

The high tenacity of almost pure silver bracelets from the Cehei Dacian hoard is
caused by the advanced refinement of the microstructure induced by the cold hardening
process occurring during cold working of the final steps. XRD and SEM observation reveal
that all three bracelets are in fact nanostructured with nanograins of 55 nm for bracelet 1,
95 nm for bracelet 2 and 75 nm for bracelet 3. The bracelet alloy nano-structuring causes
its microhardness to increase to 56 μHV10 for bracelet 1; 50 μHV10 for bracelet 2 and
52 μHV10 for bracelet 3, while the Dyrrhachium drachma and annealed pure silver ingot
hardness is situated around 37 HV10. Finally, it results that the coins were used as raw
material for the bracelets, but it was processed by pressure welding instead of casting
preserving the metal amount. The advanced cold working during the final step of bracelets
manufacturing ensures the grains nanostructuring.
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Abstract: To mitigate the adverse effects of immersion in fluoride-containing solutions on
the surface corrosion of orthodontic stainless steel archwires, carbon films were fabricated
on these archwires under various deposition times and substrate bias voltages using a
self-designed plasma sputtering system. Structural analysis revealed that the carbon films
deposited at lower substrate bias voltages were classified as amorphous carbon films,
whereas those fabricated at higher substrate bias voltages were identified as graphene
nanocrystalline carbon films. Particularly, immersion tests and electrochemical experiments
demonstrated that carbon film prepared at a substrate bias voltage of +50 V for 80 min
exhibited exceptional corrosion resistance. Furthermore, a low friction coefficient and low
wear rate were obtained even after soaking in a fluoride toothpaste mixed solution. The
mechanisms underlying the corrosion resistance and friction properties of these superior
carbon films were thoroughly investigated. This study provides valuable insights into the
application of carbon film for reducing friction and wear while enhancing corrosion resis-
tance, thus promoting their practical clinical applications in coated orthodontic stainless
steel archwires.

Keywords: orthodontic archwire and bracket; carbon film; graphene sheets; fluoride
toothpaste; corrosion; peeling; friction and wear

1. Introduction

Malocclusion is one the three most common oral diseases in clinical application (global
prevalence of 56% [1–5]), which not only significantly affects the facial aesthetics of patients,
but also affects their mental health and functionality of the oral and maxillofacial systems.
Nowadays, clinical orthodontic treatment serves as a prevalent method for correcting
malocclusion. A metallic fixed appliance, which consists of brackets bonded to the teeth
and archwires that connect the brackets, is designed to align teeth and restore the occlusal
relationship by precisely controlling the three-dimensional tooth movement [6–12].

The oral cavity is a highly complex biological environment. Temperature fluctuations,
pH changes, high humidity, mechanical stress, and the presence of microorganisms in
the oral environment all make it highly conducive to the promotion of the corrosion of
metallic orthodontic appliances, with electrochemical corrosion being the main type [13–16].
Fluorine, as an active chemical element, demonstrates a pronounced anti-caries effect, on
the one hand, while on the other hand, it could induce severe corrosion damage in metallic
materials, thus accelerating material degradation and metal ion release [17–21].

The corrosion resistance of the archwires and brackets has been significantly enhanced
through the application of surface coatings, such as metallic layers, metal oxides, polymers,
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and diamond-like carbon (DLC) [22–24]. Specifically, Ryu et al. [25] incorporated platinum
(Pt) into silver (Ag) films by using the physical vapor deposition technique to enhance the
chemical stability. Potentiodynamic polarization tests revealed that the corrosion resistance
of the AgPt-film-coated stainless steel archwires was significantly improved with the Pt
content reaching up to 7%. Wu et al. [26] deposited Al–SiO2 composite coatings onto the
surfaces of the NiTi and stainless steel archwires using a magnetron sputtering technique.
The surface smoothness and overall corrosion resistance of the materials were strongly
enhanced, while exhibiting no significant cytotoxicity. Espinar et al. [27] achieved a nickel-
free surface through a novel oxidation treatment method. The generated titanium oxide
layer markedly improved the corrosion resistance of the NiTi archwires and suppressed
the release of nickel ions. Zhang et al. [28] deposited DLC coatings onto the surface of
stainless steel archwires using plasma-enhanced chemical vapor deposition (PECVD), and
applied salt bath nitrocarburizing to achieve surface hardening of the archwires. It was
found that both DLC coating and nitrocarburizing treatment significantly enhanced surface
hardness, reduced the friction coefficient, and exhibited favorable biocompatibility. A
reduction in corrosion current density by two orders of magnitude was also observed for
the DLC-coated archwire. Sui et al. [29] fabricated DLC coatings onto the surface of the NiTi
archwires using an ion implantation technique and clarified that the DLC coating not only
significantly improved the corrosion resistance of the NiTi archwires but also effectively
inhibited the release of nickel ions. Kobayashi et al. [30] immersed both DLC-coated and
uncoated NiTi archwires in physiological saline at 37 ◦C for a duration of up to six months
and assessed the cytotoxic effects of nickel ion release using squamous carcinoma cells. It
was revealed that the DLC coating reduced the nickel ion concentration in the solution by
one-sixth, indicating its role as a diffusion barrier in corrosive environments and confirming
its favorable biocompatibility. Fróis et al. [31] deposited the a-C:H coatings on the SS316L
substrate with a Cr-based interlayer. The common corrosion, delamination, and coating
detachment from the substrates could not be observed after a 30-day immersion test in
artificial saliva solution. However, it is still a great challenge for fabricating an exceptional
functional coating that could satisfy various functions, such as low friction, wear resistance,
corrosion resistance, and even biocompatibility.

In our previous work, graphene nanocrystalline films were deposited onto stainless
steel archwires to reduce the friction coefficients of the archwire–bracket sliding contacts
in artificial saliva environment [32,33]. Therefore, the main objective of this work was
to achieve low friction, low wear rate, and corrosion resistance of stainless steel arch-
wires with outstanding carbon film for potential clinical applications. Versatile carbon
films were fabricated on the working surfaces of the stainless steel archwires to mitigate
the adverse effects of fluoride-containing solution immersion on the surface corrosion
of the stainless steel archwires. Subsequently, friction and wear experiments as well as
electrochemical analyses were conducted. Finally, the stainless steel archwires were charac-
terized, and the corrosion prevention mechanism as well as low friction mechanism were
systematically discussed.

2. Materials and Methods

A commercial AISI 304 stainless steel archwire (06Cr19Ni10) with rectangular cross-
sectional dimensions of 0.017 inch × 0.025 inch (0.42 mm × 0.64 mm) (HXH-0023, Xihubiom,
Hangzhou, China) was applied. The orthodontic archwire was engaged in an AISI 304
stainless steel bracket (0Cr18Ni9) with a slot size of 0.022 inches (0.56 mm) (ALS-0008,
Alice Dental, Hangzhou, China). Prior to being loaded into the deposition chamber, the
archwire and bracket were sequentially cleaned in an ultrasonic bath (M2800-C, BRANSON,
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Shanghai, China) using acetone, ethanol, and deionized water, each for a duration of
20 min.

A photograph of the customized mirror confinement electron cyclotron resonance
(MCECR) plasma sputtering apparatus is shown in Figure S1. Detailed information on
the ECR sputtering system has been reported in our previous studies [34,35]. The main
working principle involves the formation of electron cyclotron oscillation acceleration
under the control of a mirror confined magnetic field (875 G). When a positive bias voltage
is applied to the substrate, the oscillating electrons are attracted to irradiate the substrate
surface, thus enabling the deposition of the carbon films under the low energy electron
irradiation working mode. The detailed parameters for preparing the carbon films on the
surface of stainless steel archwires are presented in Table S1.

To evaluate the corrosion resistance of carbon-film-coated archwires, the specimens
were soaked in a fluoride toothpaste mixed solution (i.e., fluoride toothpaste of 10 g
and deionized water of 30 mL) for 16 h [36]. The working surface of the archwire was
carefully observed using an optical microscope (LV-150N, NIKON, Tokyo, Japan) and a
scanning electron microscope (SEM, Scios, FEI, Hillsboro, OR, USA) before and after the
immersion test.

A custom-designed tribo-system was developed and constructed to assess the friction
and wear behavior of orthodontic archwire–bracket contact combinations under an artificial
saliva environment, as schematically illustrated in Figure 1. Comprehensive details regard-
ing the structure of the tribo-system have been reported in our previous studies [32,33].
The system primarily comprised an electrically controlled displacement platform, an arch-
wire fixation and pre-tensioning module, a bracket fixation unit, a three-axis stage, a data
acquisition system, a thermostatic water bath, and a peristaltic pump. During the experi-
mental procedure, the bracket was secured to a cantilever beam connected to the three-axis
stage, while the archwire was actuated by a stepper motor-driven displacement platform,
which induced reciprocating motion in the archwire fixation module. Concurrently, strain
signals produced during the sliding process were captured by the strain gauge affixed to
the cantilever beam and transmitted in real time via the data acquisition system to the
computer for continuous recording. The peristaltic pump delivered commercial artificial
saliva (ISO.10271.2011, pH = 6.9, dripping speed of 3.6 mL/min), preheated to a controlled
temperature, onto the contact interface between the archwire and the bracket. The tempera-
ture of the droplet artificial saliva at the contact interface was maintained at approximately
37 ◦C, closely simulating the physiological temperature of the human oral cavity. The
tribological experiment was conducted at a tensile force of 10 N, a normal load of 1 N, a
reciprocating displacement of 0.15 mm, a sliding speed of 0.19 mm/s, and a sliding period
of 5000 cycles.

The nanostructures of the deposited carbon films were examined using a double spher-
ical aberration corrected transmission electron microscope (TEM, Titan3 Cubed Themis
G2 300, THERMO FISHER, Hillsboro, OR, USA) operated at an accelerating voltage of
80 kV. The bonding structure configuration of the fabricated carbon film was obtained
using a Raman spectroscope (LabRAM HR Evolution, HORIBA, Kyoto, Japan).

A 3D laser confocal microscope (VK-X250K, KEYENCE, Osaka, Japan) was applied
to measure the surface roughness of the carbon-film-coated archwires (scanning area of
600 mm × 300 mm) and observe the wear scars on the coated archwires (scanning area
of 200 mm × 150 mm) with a depth resolution of 0.2 mm. The observed raw data were
evaluated with a standard F-filter filtering process under a cut-off value of 80 mm. The
worn surfaces of the archwires were analyzed using an optical microscope and an SEM
equipped with an energy dispersive X-ray spectroscope (EDS, THERMO FISHER, Hillsboro,
OR, USA).
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Figure 1. Schematic illustration of the orthodontic stainless steel archwire–bracket reciprocating
sliding tribometer. Inset shows an enlarged diagram of the sliding contact of the archwire and bracket.

The electrochemical experiments were performed on an electrochemical workstation
(Reference 600+, Gamry, PA, USA). A standard three-electrode cell configuration was
established, comprising a platinum wire as the counter electrode (CE), a saturated Ag/AgCl
electrode serving as the reference electrode (RE), and the surface of carbon-film-coated
archwire as the working electrode (WE). The corrosion solution was a specially prepared
fluoride toothpaste mixed solution (the mass ratio of fluoride toothpaste to deionized water
is 1:3). In the potentiodynamic polarization test, the measured data were imported into
Gamry Echem Analyst software (Version 7.05) to obtain the Tafel curve. A suitable linear
region of the curve was selected for Tafel extrapolation to determine the corrosion potential
and corrosion current density of the archwire.

3. Results

3.1. Characterization of the Carbon-Film-Coated Archwires

The surface characterization of the as-deposited carbon films prepared under various
substrate bias voltages is summarized in Figure 2. The surface morphology and roughness
profiles of the carbon-film-coated stainless steel archwires under different substrate bias
voltages are shown in Figure 2a–e. Clearly, the surface roughness (Ra) of the stainless
steel archwire increased gradually from 0.686 μm to 0.843 μm with an increase in substrate
bias voltage from +5 V to +50 V. The increase in surface roughness could be attributed to
the increased electron irradiation intensity associated with higher substrate bias voltage.
Stronger electron irradiation promoted the growth of nanoscale graphene sheets, leading
to a larger grain size, as described in previous studies [35].
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Figure 2. Characterization of the as-deposited carbon films prepared under various substrate bias
voltages. Three-dimensional laser microscopy image of the carbon film fabricated at a substrate bias
voltage of (a) +5 V, (b) +10 V, (c) +20 V, and (d) +50 V. (e) Two-dimensional cross-sectional profiles
of the fabricated carbon films from the selected positions marked with white dotted lines in the
corresponding optical images. Raman spectrum of the carbon film fabricated at a substrate bias
voltage of (f) +5 V, (g) +10 V, (h) +20 V, and (i) +50 V. Plan-view HRTEM images of the carbon film
fabricated at a substrate bias voltage of (j) +5 V and (k) +50 V. Insets in (j) and (k) show FFT images
of the marked regions in the corresponding TEM images.

Structural information on the carbon film was further characterized using Raman
spectroscopy, as shown in Figure 2f–i. Specifically, the D peak corresponded to the degree
of disorder in sp2 hybridized carbon bonding, and the G peak represented the vibrational
modes associated with the sp2-bonded carbon network. The appearance of the 2D peak
distinctly indicated the existence of graphitic or graphene-like structures [37]. Particularly,
higher substrate bias voltage led to sharpening of both the D and G peaks, suggesting an
enhancement in the crystallinity of the carbon film. Moreover, the progressive intensifi-
cation of the 2D peak implies a structural evolution from a disordered to a more ordered
arrangement of carbon atoms [38]. The ID/IG ratio increased straightly from 0.88 to 1.31
with the increase in substrate bias voltage from +5 V to +50 V. Contrastingly the D peak
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position decreased continuously from 1350 cm−1 to 1336 cm−1 with the increase in the
substrate bias voltage from +5 V to +50 V. Thus, the carbon films deposited at +5 V and
+10 V were clarified as amorphous carbon films, whereas those deposited at +20 V and +50 V
were identified as graphene nanocrystalline carbon films. Furthermore, high-magnification
TEM imaging revealed that the carbon film prepared under a substrate bias voltage of +5 V
exhibited a highly disordered state, lacking any distinct structural features, as evidenced
by the dispersive ring pattern observed in the Fourier transformed filtering (FFT) image, as
shown in Figure 2j. In contrast, the carbon film fabricated under a substrate bias voltage of
+50 V displayed a well-defined layered crystalline structure, characterized by two distinct
points in the FFT image. The interplanar spacing was measured to be approximately
0.340 nm, as illustrated in Figure 2k.

3.2. Immersion Test of the Carbon-Film-Coated Archwires

Firstly, the stainless steel archwires were coated with carbon films fabricated under a
substrate bias voltage of +5 V and deposition time varied from 25 min to 80 min (thereafter
denoted as +5 V & 25 min, +5 V & 35 min, +5 V & 50 min, and +5 V & 80 min), and
subsequently soaked in a fluoride toothpaste mixed solution for 16 h. After the immersion
test, the surface morphology of the archwires was observed using an optical microscope and
an SEM–EDS. Figure 3 presents the optical image and corresponding SEM–EDS analysis
results of the coated stainless steel archwires. Severe peeling of the carbon film from
the stainless stee archwire occurred after soaking in mixed solution for 16 h, and the
peeling phenomenon of the carbon films mainly occurred at the edges of the stainless steel
archwire, as typically shown in Figure 3f,k,p,u. The detachment of the carbon film from the
archwire surface resulted in the depletion of the carbon (C) element (e.g., Figure 3h), and
the enrichment of the oxygen (O, e.g., Figure 3i) and fluorine (F, e.g., Figure 3j) elements. It
was also found that the extent of the peeling from the archwire surface gradually decreased
with the increase in deposition time from 25 min to 80 min. The great change in element
distribution was mainly attributed to the direct exposure of the stainless steel archwire to
the fluoride toothpaste solution after the peeling of the carbon film, thus triggering the
corrosion of fluoride ions on the stainless steel [23,39]. Therefore, more attention was paid
to further optimize the deposition parameters to improve the corrosion resistance and
long-term stability of the carbon film in a fluoride-containing environment.

Figure 4 presents the optical images and corresponding SEM–EDS analysis results of
the coated stainless steel archwires with carbon film prepared under the deposition time of
80 min and various substrate bias voltages (+5 V to +50 V, and thereafter denoted as +5 V &
80 min, +10 V & 80 min, +20 V & 80 min, +50 V & 80 min) and subsequently soaked in a
fluoride toothpaste mixed solution for 16 h. The degree of the carbon film peeling from
the stainless steel archwire after the long-term immersion test was relatively lower than
that shown in Figure 3. Moreover, the extent of carbon film peeling after soaking in the
fluoride toothpaste mixed solution gradually diminished with the increase in the substrate
bias voltage from +5 V to +50 V. At a substrate bias voltage of +20 V, only minor peeling
occurred at the edges of the carbon film, as shown in Figure 4p, whereas at a substrate bias
voltage of +50 V, the carbon film remained largely intact on the stainless steel archwire, as
shown in Figure 4u, exhibiting excellent protective performance. With the mitigation of
the peeling degree of the carbon film on the archwire, the distribution of carbon element
greatly increased (e.g., Figure 4w) followed by a strong decrease in fluoride element (e.g.,
Figure 4y) on the archwire. Therefore, it could be concluded that the presence of the GSEC
film significantly minimized the corrosive effects of the fluoride-containing solution on the
stainless steel archwire.
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Figure 3. Optical images (a,f,k,p,u) and corresponding SEM–EDS images ((b–e,g–j,l–o,q–t,v–y),
marked with yellow rectangular dotted line) of the carbon-film-coated stainless steel archwires after
soaking in a fluoride toothpaste mixed solution for 16 h. (f–j) +5 V & 25 min, (k–o) +5 V & 35 min,
(p–t) +5 V & 50 min, and (u–y) +5 V & 80 min. The unsoaked results of the carbon-film-coated
stainless steel archwire (+5 V & 25 min) are also shown in (a–e) for reference. The scale bar in the
SEM–EDS image is 20 mm.

 

Figure 4. Optical images (a,f,k,p,u) and corresponding SEM–EDS images ((b–e,g–j,l–o,q–t,v–y),
marked with yellow rectangular dotted line) of the carbon-film-coated stainless steel archwires after
soaking in fluoride toothpaste mixed solution for 16 h. (f–j) +5 V & 80 min, (k–o) +10 V & 80 min, (p–t)
+20 V & 80 min, and (u–y) +50 V & 80 min. The unsoaked results of the carbon-film-coated stainless
steel archwire (+5 V & 80 min) are also shown in (a–e) for reference. The scale bar in SEM–EDS image
is 20 mm.
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3.3. Friction Behavior of the Carbon-Film-Coated Archwires

The friction curves and corresponding friction coefficients of the uncoated and un-
soaked archwire (thereafter denoted as uncoated/unsoaked), coated and unsoaked arch-
wire (thereafter denoted as uncoated/unsoaked), as well as coated and soaked archwire
(thereafter denoted as uncoated/unsoaked) sliding against stainless steel bracket under
artificial saliva environment are shown in Figure 5. The uncoated/unsoaked archwire
exhibited a relatively high and stable friction coefficient throughout the entire sliding fric-
tion test, as shown in Figure 5a. On the contrary, the coated/unsoaked archwire exhibited
a fast running-in process and then stabilized after approximately 25 cycles, as shown in
Figure 5b. Similarly, the coated/soaked archwire maintained a stable stage after 75 cycles
of the running-in process, as shown in Figure 5c. The above results definitely showed that
lower friction coefficients were observed with the carbon-film-coated archwire, regardless
of the soaking process. Specifically, at the early stage, the friction curve of the uncoated
archwire remained at a relatively high level compared to the coated archwires, although
the difference was minor, as shown in Figure 5d. However, at the final stage, the friction
coefficient of the uncoated archwire became significantly higher than that of the coated
archwire, which maintained a consistently stable friction coefficient for the whole test, as
shown in Figure 5e.

Figure 5. Friction behaviors of the reciprocating sliding contacts of three types of stainless steel
archwires and brackets in artificial saliva environment. The carbon film was deposited onto the
stainless steel archwire surface at a substrate bias voltage of +50 V and a deposition time of
80 min. The term “soaked” means the carbon-film-coated stainless steel archwire was soaked in a
fluoride toothpaste mixed solution for 16 h. (a) Typical friction curve of the uncoated and unsoaked
stainless steel archwire. (b) Typical friction curve of the carbon-film-coated and unsoaked stainless
steel archwire. (c) Typical friction curve of the carbon-film-coated and soaked stainless steel archwire.
(d) Typical friction curve of the initial three cycles (i.e., 1–3). (e) Typical friction curve of the
final three cycles (i.e., 4997–4999). (f) Maximum static friction coefficients and stable average
friction coefficients.

The maximum static friction coefficient and average friction coefficient of three types
of sliding contact combination are summarized in Figure 5f. The maximum static fric-
tion coefficient and average friction coefficient of 0.34 and 0.17 were observed with the
uncoated/unsoaked archwire, respectively. Interestingly, the lowest maximum static fric-
tion coefficient and average friction coefficient of 0.20 and 0.04 were obtained with the
coated/soaked archwire, respectively. There was no degradation of the frictional perfor-
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mance of the carbon-film-coated archwire after the soaking treatment; nevertheless, the
friction coefficient was slightly decreased from 0.06 to 0.04. Hence, the carbon-film-coated
archwire fabricated under a substrate bias voltage of +50 V and a deposition time of
80 min not only exhibited excellent corrosion resistance, but also retained friction-reducing
property even after the long-term exposure to a fluoride-containing environment.

Optical images of the wear scars on three types of stainless steel archwires after sliding
against stainless steel brackets in an artificial saliva environment are shown in Figure 6a–f.
It was clearly observed that carbon film still covered the whole wear scar on the coated
stainless steel archwire, regardless of soaking or not, after running against a stainless steel
bracket in an artificial saliva environment, as shown in Figure 6d,f. The peeling off or
detachment of the carbon film from the archwires could not be found for the soaked carbon
film. Moreover, the SEM–EDS images (i.e., Figure 6g–n) of the wear scar on the carbon-
film-coated stainless steel archwires further confirmed that the carbon film did not wear
out after the reciprocating sliding friction test in an artificial saliva environment. Mild wear
of the carbon film was achieved in an artificial saliva environment whether soaked or not
in a fluorine-containing environment. With respect to the wear scar dimensions, the width
of the wear scars remained consistent for both soaked and unsoaked carbon-film-coated
archwires; however, the length of the wear scar on the unsoaked archwire (i.e., Figure 6d)
was approximately twice that of the soaked one (i.e., Figure 6f). Moreover, mild wear was
clearly observed on the wear tracks of the brackets, as shown in Figure S2.

Figure 6. Optical images and SEM–EDS images of the worn surfaces on the stainless steel archwires
after running against stainless steel brackets in an artificial saliva environment. (a,b) Wear scar on the
uncoated/unsoaked archwire. (c,d,g–j) Wear scar on the coated/unsoaked archwire. (e,f,k–n) Wear
scar on the coated/soaked archwire. (a–f) Optical images and (g,k) SEM images of the wear scars on
the archwires. (h,l) Carbon element, (i,m) oxygen element, and (j,n) fluorine element distributions
of the wear scars on the carbon-film-coated stainless steel archwires. The scale bar in EDS image is
20 mm.
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4. Discussion

4.1. Electrochemical Corrosion of the Carbon-Film-Coated Archwires

Figure 7 presents the polarization curves of the carbon-film-coated stainless steel
archwires prepared under different substrate bias voltages, which exhibit distinct cor-
rosion behaviors in a fluoride toothpaste mixed solution. Detailed electrochemical cor-
rosion parameters are summarized in Table 1. It was clarified that the carbon film de-
posited at the substate bias voltage of +50 V exhibited the highest corrosion potential
(−135.1 mV), whereas the carbon film deposited at the substrate bias voltage of +5 V
showed the lowest value (−226.3 mV), both significantly higher than that of the un-
coated stainless steel archwire (−303.1 mV). Regarding corrosion current density, the
highest value (0.229 μA/cm2) was observed for the +5 V specimen, while the lowest value
(0.072 μA/cm2) was recorded for the +50 V specimen, all of which were lower than the un-
coated stainless steel archwire (0.336 μA/cm2). A higher corrosion potential together with a
lower corrosion current density was obtained with the increase in the substrate bias voltage
from +5 V to +50 V. These findings indicated that increasing the substrate bias voltage led to
a gradual increase in corrosion potential and a corresponding decrease in corrosion current
density, thus demonstrating the enhanced corrosion resistance of the carbon-film-coated
stainless steel archwires. Moreover, in the previous studies of corrosion resistance of stain-
less steel archwire, the potential and current density of AISI 304 stainless steel (18% Cr and
8% Ni) were evaluated to be −447 mV and 0.08 μA/cm2, respectively, in an artificial saliva
environment [40]. The potential and current density of AISI 316L stainless steel (18% Cr
and 12% Ni) were measured to be −483 mV and 0.02 μA/cm2, respectively, in an artificial
saliva environment [41]. Therefore, a relative increase in the current density and corrosion
rate in a fluoride-containing environment is reasonable in the present work. Hence, it was
confirmed that the carbon film deposited for 80 min at a substrate bias voltage of +50 V
exhibited the best corrosion-resistant performance.

Figure 7. Polarization curves of the uncoated and carbon-film-coated stainless steel archwires in a
fluoride toothpaste mixed solution.
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Table 1. Electrochemical corrosion parameters of uncoated and carbon-film-coated stainless steel
archwires in a fluoride toothpaste mixed solution.

Substrate Bias Voltage
(V)

Potential
(mV/SCE)

Current Density
(μA/cm2)

Corrosion Rate
(mpy)

None −303.1 0.336 62.81 × 10−3

+5 −226.3 0.229 34.40 × 10−3

+10 −200.8 0.253 37.97 × 10−3

+20 −159.5 0.084 12.63 × 10−3

+50 −135.1 0.072 10.74 × 10−3

The experimental results revealed that when the substrate bias voltage was set at
+5 V, the carbon films detached after soaking in the fluorine-containing environment for
16 h, regardless of the deposition time. Raman spectroscopy and TEM characterizations
confirmed that the carbon films deposited under +5 V exhibited an amorphous carbon
structure, which demonstrated poor stability in the fluorine-containing environment and
failed to provide effective protection for the underlying archwire substrate. In contrast,
when the deposition time was fixed at 80 min, the degree of film detachment decreased
progressively with increasing substrate bias voltage, and no detachment was observed at
+50 V. Furthermore, Raman and TEM analyses indicated that the carbon films deposited
at +50 V exhibited a nanocrystalline graphene structure, suggesting enhanced corrosion
resistance and the ability to effectively resist the aggressive effects of active fluorine species.

A hypothesis for the corrosion mechanisms of amorphous carbon-film-coated and
GSEC-film-coated stainless steel archwires in fluoride-containing solutions is proposed, as
schematically shown in Figure 8a,b, respectively. Specifically, Figure 8(a1,a2) illustrates that
when soaking in a fluoride-containing environment, the amorphous carbon film (e.g., +5 V
& 25 min) undergoes partial delamination due to the aggressive attack of active fluoride
ions. This delamination re-exposed the underlying stainless steel archwire to the corrosive
medium. Surface composition analysis revealed enrichment of F and O elements in the
exposed regions, whereas their concentrations remained relatively low in the regions still
covered by the intact carbon film. It was clarified that the amorphous carbon film provided
a certain degree of protection as long as it remained intact. However, once delamination
occurred, the protective capability was markedly reduced, allowing fluoride ions to further
corrode surface of the stainless steel archwire. It was suggested that amorphous carbon
film was inherently unstable in the fluoride-containing environment and was unable to
provide sustained protection. On the contrary, Figure 8(b1,b2) demonstrates that the GSEC
film exhibits a vertically aligned and densely packed microstructure on the stainless steel
archwire surface, indicating superior structural integrity. Surface composition character-
ization confirmed that the levels of F and O elements on the GSEC film were minimal,
suggesting strong adhesion even under fluoride exposure. While active fluoride ions may
slightly affect the amorphous carbon regions at the edges, the nanocrystalline structure
itself remained largely unaffected. It was revealed that the graphene nanocrystalline carbon
film effectively acted as a barrier against fluoride ion penetration, therefore preventing
severe corrosion of the stainless steel archwire in a fluoride-containing environment.

4.2. Wear Rate of the Carbon-Film-Coated Archwires

To further investigate the wear resistance of carbon-film-coated archwires, 3D laser
confocal microscopy was employed to systematically characterize the surface morphol-
ogy of the worn surfaces on the stainless steel archwires. Figure 9a–d illustrates the
three-dimensional images and corresponding two-dimensional cross-sectional profiles at
five distinct points across the wear scar, measured along the white dashed lines. The wear
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depth and width of the carbon-film-coated archwires remained relatively consistent at ap-
proximately 0.65 μm (less than the thickness of the film, as shown in Figure S3) and 70 μm,
respectively. However, a notable difference was observed in the wear scar length, where
the length of the unsoaked coated archwire (100 mm) was approximately twice that of the
soaked one (50 mm). As shown in Figure 9e, the wear volume of the unsoaked/coated
archwire was 5.30 × 10−6 mm3, whereas that of the soaked/coated archwire was
2.30 × 10−6 mm3, with the former being around twice that of the latter. In terms of
wear rate, the values were 4.82 × 10−6 mm3/Nm and 4.43 × 10−6 mm3/Nm, respectively,
indicating a relatively small difference between the two experimental conditions. It was
confirmed that soaking in a fluoride toothpaste mixed solution for 16 h did not significantly
degrade the performance of the GSEC-film-coated stainless steel archwire, which retained
its excellent wear resistance.

Figure 8. Schematic illustrations of the corrosion mechanism of the carbon-film-coated stainless steel
archwire in a fluoride-containing environment. (a) Amorphous carbon film (+5 V & 25 min)-coated
stainless steel archwire. (a1) Initial stage and (a2) corrosion process for amorphous carbon film.
(b) Graphene-sheet-embedded-carbon film (+50 V & 80 min)-coated stainless steel archwire.
(b1) Initial stage and (b2) corrosion process for GSEC film.

4.3. Low Friction Mechanism of the Carbon-Film-Coated Archwires

Carbon films with varying deposition times and substrate bias voltages were de-
posited on the surface of orthodontic archwires, followed by the immersion test in a
fluorine-containing environment. The results revealed that the carbon film prepared un-
der a deposition time of 80 min and a substrate bias voltage of +50 V exhibited superior
corrosion resistance. Following 16 h of soaking, a friction and wear test was performed
between the archwire and bracket. The experimental data indicated no significant change
in the friction coefficient or wear rate before and after soaking. Specifically, the friction
coefficient was measured at 0.06 prior to soaking and decreased to 0.04 after soaking, while
the corresponding wear rates were 4.82 × 10−6 mm3/Nm and 4.43 × 10−6 mm3/Nm,
respectively. Similarly, no statistically significant difference in static friction force was
observed among the artificial saliva corrosion, mouthwash corrosion, and non-corrosion
groups upon introduction of the DLC-coated metal bracket [42]. It was demonstrated that
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the graphene nanocrystalline carbon film retained excellent tribological performance even
after exposure to a fluorine-containing environment, highlighting its dual advantages of
corrosion resistance as well as anti-friction and anti-wear properties. Notably, it could
effectively reduce the archwire–bracket friction coefficient from 0.17 to 0.06. Moreover,
surface composition analysis of the carbon film-coated archwires (80-min deposition time
and +50 V substrate bias) before and after immersion revealed no appreciable alteration in
elemental composition, further confirming the structural stability and chemical inertness of
the carbon film during the friction and wear process.

Figure 9. Calculation of the wear volume and specific wear rate of the unsoaked and soaked
carbon-film-coated (i.e., +50 V & 80 min) stainless steel archwires after sliding against stainless steel
brackets in an artificial saliva environment. (a) Three-dimensional optical image and corresponding
(b) two-dimensional cross-sectional profile of the wear scar on the unsoaked/coated stainless steel
archwire. (c) Three-dimensional optical image and corresponding (d) two-dimensional cross-sectional
profile of the wear scar on the soaked/coated stainless steel archwire. (e) Calculated wear volume
and specific wear rate.

A hypothesis for the low friction mechanism involving GSEC-film-coated stainless
steel archwire and a stainless steel bracket is proposed, as schematically shown in Figure 10.
The presence and/or formation of graphene nanocrystallites at the contact interfaces of
amorphous carbon films, GSEC films, and graphene nanocrystalline carbon nitride (GNCN)
films has been demonstrated to contribute significantly to achieving friction coefficients
below 0.10 [32,33,35]. TEM analysis revealed that the graphene nanocrystalline carbon
film exhibited a vertically oriented growth morphology on the surface of stainless steel
archwire. Its densely packed microstructure contributed to excellent adhesion stability,
enabling the film to maintain superior tribological performance even after soaking in a
fluoride-containing environment. Figure 10a illustrates the contact interface between the
archwire and bracket, where artificial saliva is continuously supplied and distributed across
the contact zone. Under applied loading, intimate contact was established between the
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two components, with the archwire surface protected by a vertically aligned graphene
nanocrystalline carbon film.

Figure 10. Schematic diagram of the low friction mechanism of the GSEC film (i.e., +50 V & 80 min)
coated stainless steel archwire sliding against stainless steel bracket in artificial saliva environment.
(a) Initial stage of the sliding contact combination of the stainless steel archwire–bracket. Inset
illustration is the detailed atomic structure of the GSEC film. (b) Formation of the transfer film at the
running-in stage. (c) Steady-state low friction coefficient of the GSEC-film-coated archwire with the
covering of the transfer film rich in graphene sheets and adsorbed salivary layer.

Figure 10b presents a schematic representation of the carbon film’s microstructure,
highlighting how the edge effects of the densely packed nanocrystals promote the forma-
tion of an irregular amorphous carbon layer. During the reciprocating sliding between
the archwire and bracket, a transfer film rapidly formed on the contact interface, leading
to a significant reduction in the friction coefficient. Concurrently, the continuous supply
of artificial saliva above the contact region facilitated the formation of an adsorbed lubri-
cating film on the bracket surface [43,44], further enhancing the lubrication conditions, as
illustrated in Figure 10c,d. The synergetic lubricating effects of the transfer film and the
saliva-derived lubricating film resulted in a rapid decrease in friction coefficient, as shown
in Figure 5b,c, which was subsequently maintained at a consistently low level throughout
the entire sliding process. These findings not only elucidated the influence of substrate bias
voltage on the stability of the carbon film but also highlighted its potential as a protective
coating for metallic materials in corrosion-prone environments.

In this study, the GSEC film prepared under a substrate bias voltage of +50 V and a
deposition duration of 80 min was found to exhibit excellent friction, wear, and corrosion
resistance properties in a customized laboratory artificial saliva environment. These out-
standing performances are favorable for the potential design of low-friction, light-force
orthodontic appliances aimed at enhancing treatment efficiency and reducing clinical
risks [6]. However, it is crucial to emphasize that the experimental results discussed above
were obtained under controlled laboratory conditions (i.e., in vitro), which still differ sig-
nificantly from the complex intraoral environment (i.e., in vivo). Furthermore, in practical
clinical applications of carbon-based films, critical factors such as long-term stability, dura-
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bility, and biocompatibility must be rigorously evaluated. These aspects require systematic
investigation in future research.

5. Conclusions

In this study, carbon films were successfully fabricated on the working surfaces (width
of 0.017 inch) of the stainless steel archwires under various deposition times (10 min to
80 min) as well as substrate bias voltages (+5 V to +50 V) using a self-designed MCECR
plasma sputtering system with low energy electron irradiation. Structural analysis revealed
that the carbon films deposited at the substrate bias voltages of +5 V and +10 V were amor-
phous carbon, whereas those fabricated at the substrate bias voltages of +20 V and +50 V
were identified as graphene nanocrystalline carbon (i.e., GSEC) films. It was found that the
area of carbon film detachment from the stainless steel archwire gradually decreased with
increasing substrate bias voltage after soaking in a mixed solution of fluoridated toothpaste
for 16 h. Notably, the GSEC film prepared at the substrate bias voltage of +50 V for 80 min
exhibited no detachment at all, indicating excellent corrosion resistance. Electrochemical
experiments further confirmed that the corrosion resistance of the fabricated carbon films
improved significantly with higher substrate bias voltage. Moreover, the friction and wear
performances of the GSEC films remained stable even after soaking in a fluorine-containing
environment for 16 h. The friction coefficients before and after soaking were measured as
0.06 and 0.04, respectively, while the corresponding wear rates were 4.82 × 10−6 mm3/Nm
and 4.43 × 10−6 mm3/Nm. Based on the characterization results, the corrosion resistance
and friction mechanisms of the outstanding GSEC films were investigated. The nanocrys-
talline carbon film grew vertically on the archwire surface, and its dense microstructure
contributed to its stability and resistance to attack by the active fluoride ions. Under the
combined effects of applied load and shear stress, a transfer film formed rapidly on the
sliding contact interface. The continuous supply of artificial saliva enhanced the lubrication
properties of the adsorbed saliva film on the bracket. These two mechanisms synergistically
led to a rapid reduction in the friction coefficient and its subsequent maintenance at a stable
low level. Therefore, this work provides new insights into the application of GSEC films in
friction and wear reduction as well as corrosion resistance, promoting the practical clinical
application for utilizing the coated orthodontic stainless steel archwires.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/nano15211615/s1: Figure S1: Photograph of the cus-
tomized electron cyclotron resonance plasma sputtering apparatus. Specifically, 1 is left coil,
2 is middle coil, 3 is right coil, 4 is main vacuum chamber, 5 is pre-vacuum chamber, 6 is program
control panel, 7 is substrate holder, 8 is voltage and current control panel, and 9 is the microwave
generator; Table S1: Experimental conditions of the carbon films deposition; Figure S2: Optical
images of the wear tracks on the stainless steel brackets after sliding against different archwires in
an artificial saliva environment. (a) Uncoated/unsoaked archwire. (b) Coated/unsoaked archwire.
(c) Coated/soaked archwire. The wear tracks, which are primarily located at the edges of the slot
surfaces, are indicated by red dotted rectangles; Figure S3: Cross-sectional profile of the GSEC film
fabricated under a substrate bias voltage of +50 V and a deposition time of 80 min. The calculated
film thickness was determined to be 0.66 mm.
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Abstract: Structural heterogeneity is useful for improving the plasticity of metallic glasses
(MGs) by blocking the propagation of shear bands (SBs). The introduction of a hetero-
geneous structure often introduces residual stresses, which significantly influences the
deformation behaviors of MGs; however, the quantitative impact of residual/initial stresses
on shear banding remains unclear. In this work, through finite element models, we demon-
strate that residual/initial stresses can promote the initiation of SBs at the interfaces between
droplet or particle reinforcements and the matrix in Binodal decomposed metallic glass
composites (BDMGCs). These reinforcements do not effectively block the SBs when the
fraction of particle reinforcement is very low. We demonstrate that a heterogeneous dis-
tribution of initial tensile stresses reduces the strength of BDMGCs, particularly in those
containing a homogenous matrix. This profound understanding of the synergistic effects
arising from a heterogeneous microstructure and initial stresses could effectively promote
the design and optimization of MGs and their composites.

Keywords: initial stress; Binodal decomposed metallic glass composites; free volume
theory; shear banding; strength

1. Introduction

Metallic glasses (MGs), or amorphous alloys, have many excellent mechanical and
physical properties in comparison to their coarse-grained crystalline counterparts, which
are derived from a disordered atomic structure [1]. However, one major drawback is their
limited macroscopic plastic deformability at room temperature due to the formation of
highly localized shear bands (SBs) [2]. Enormous efforts have been devoted in recent years
to improving the plasticity of MGs. The concept of heterogeneity, including composites, is
widely accepted to be useful for improving the plasticity of MGs by blocking SBs [3–26]. For
instance, the introduction of a second phase or inclusions, surface treatments, or mechanical
deformations such as shot peening or grinding in the surface region can induce structural,
residual stress or chemical heterogeneity that can contribute to enhanced ductility [25–43].

Residual stress is usually accompanied by the generated heterogenous structure. For
example, varying cooling rates during quick quenching not only create the gradient in free
volumes (FVs) but also induce residual stress [28]. In an as-cast MG cylinder, the profile of
residual stress exhibits a parabolic form, and the maximum tensile stress at the center is
roughly half the maximum compressive stress at the surface [36–38]. Shot peening can also
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introduce surface compressive stress and promote the heterogenous distribution of many
SBs [26]. In metallic glass composites (MGCs), particularly in ex situ MGCs, residual stress
arises from differences in thermal conductivity and the elastic modulus between the matrix
and reinforced phase [36].

In particle-reinforced MGCs, including in situ and ex situ ones, the secondary rein-
forcement is anticipated to block the propagation of SBs in the matrix and subsequently
enhance ductility or toughness [24]. In ex situ MGCs, interfacial reactions take place at
particle–matrix interfaces, leading to low wettability and making it challenging to enhance
plasticity [6–9]. In contrast, in in situ MGCs, there are strong atomic-level bonding inter-
faces between the secondary reinforcement and glassy matrix. When alloys contain a large
positive enthalpy of mixing and possess high glass forming ability, metallic glass-forming
alloys can separate into two different amorphous phases during solidification [15–22].
An interconnected-type structure (Spinodal decomposition) or a droplet-type (Binodal
decomposition) structure can be obtained [20,21]. Heterogeneous microstructures can be at
various scales ranging from micro-scales to nano-scales. For the differences in coefficient of
thermal expansion and mechanical property, the glassy reinforcement and glassy matrix
will both exsit the compressive and tensile re-sidual stresses.

We note that certain Binodal decomposed metallic glass composites (BDMGCs), which
have a large fraction of reinforcement, show essentially zero ductility in tension and limited
plasticity in compression [22]. Most experimental and theoretical analyses focus on the
effects of size and fraction and the morphology of the particles. However, the impact of
the spatial residual stresses induced by the mismatch of thermophysical properties on the
mechanical properties and shear banding process is rarely quantitatively investigated. This
work will quantitatively assess the impact of initial spatial stresses (both compressive and
tensile stresses) on the initiation and propagation of SBs in BDMGCs. Additionally, we will
explore and investigate the synergistic effects arising from a heterogeneous microstructure
and initial stresses. It is essential to develop new theories that effectively incorporate the
influences of residual/initial stress in the structural design of MGs or MGCs.

2. Materials and Methods

Recently, the effects of compressive residual stress on the hardness of MGs have
been extensively studied [25,26,29–45]. For shot-peened MGs, the following argument is
proposed: softening via the introduction of SBs and hardening via compressive residual
stress [26]. This phenomenon has also been observed in silicate glass. For instance, the ex-
ceptional strength of Prince Rupert’s drops is attributed to substantial surface compressive
stresses [31]. Moreover, the magnitude of the surface compression developed in tempered
glass is significantly higher than that in float glass. However, as the tensile zone of silicate
glass is subjected to load, it becomes more brittle. As we know, as the stress equilibrium
exist in a stable or metastable system, surface pre-compression should be counterbalanced
by an associated subsurface tensile stress field. Consequently, both tensile and compressive
residual stresses must be incorporated into models of MGs or MGCs.

In this work, we systematically explore how residual/initial stresses (both tensile and
compressive) modulate SB dynamics and the mechanical performance of BDMGCs through
finite element analysis. BDMGCs have particle/drop-like reinforcements. By assigning the
FV and stress values to each element, we establish the initial microstructure (Figure 1a)
and spatial stress distribution (Figure 1b). To understand the synergistic effects of residual
stress and heterogeneous microstructure on mechanical performance and shear banding, all
systems are designed to have the same particle diameter, maintaining an identical volume
fraction of the particles. Through finite element models (FEMs) that emphasize the FV
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parameter as a characteristic quantity, the variation in and evolution of the structure of
BDMGCs can be gauged.

Figure 1. The initial FV state (a), residual stress σ11 (b), residual stress σ22 (c), and residual stress
σ33 (d) of the MA system with soft particles subjected to hydrostatic pressure.

To obtain the synergistic effects of initial stress and heterogeneous microstructure
on the mechanical properties of BDMGCs with various particle properties on relatively
large scales, we employ a continuum approach to model the mechanical behaviors of the
BDMGCs that contain submicron-sized particles. The constitutive models that explicitly
incorporate FV variations in MGs [25,44–52] are used in the FEMs. We assign FV values
at the mesh element according to certain spatial distributions, such as those following
the drop-like structure (Figure 1). In the FEMs, all elements are square, and the side
length is designated as d = 0.1 μm. By distributing different FV densities ρM and ρp in
the glassy matrix and particles, we can make a BDMGC heterogeneous structure with
spatial patterns. The FV density in a matrix can be determined from statistical distributions,
which are obtained via the transformations of the beta distribution, 0.04 × Beta(50,50) +
0.03, 0.04 × Beta(1,1) + 0.03, or 0.04 × Beta(0.1,0.1) + 0.03, which is labeled as matrix A, B,
or C, respectively. The FV distribution in matrix A resembles a truncated Gaussian, B a
random distribution, and C a bimodal distribution, all of which have a mean FV value
of 0.05 [49]. The range of FVs in these matrices is limited from 0.03 to 0.07. The BDMGC
samples, which consist of matrices A, B, and C, are labeled as systems MA, MB, and MC,
accordingly. The FV values ρp for the particle range from 0.02 to 0.10, so we can see how the
varying mechanical properties of reinforcements affect the overall mechanical properties
of BDMGCs with an FV change from a small ρp (=0.02), or “hard” particles, to a larger
ρp (=0.10), or “soft” particles. Particle diameter D can be measured using the number of
elements across the particle, so D is expressed as a multiple of d. Here D is taken as 8, and
the total volume fraction of 10 particles is about 2.3%.

Figure 1a shows the MA BDMGC system containing soft particles. An isolated particle
with diameter D is compressed by hydrostatic pressure P (in GPa). The tensile stress
distribution of the matrix in the spherical coordinate system is as follows:

σr = P
D3

8r3 (1)

σθ = σϕ = P
D3

16r3 (2)

where D is the particle diameter, and r is the distance from the center of the particle [53].
Based on Saint-Venant’s principle, the range or diameter of residual stress distribution is
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5 times the particle diameter. In the plane strain model, the compressive stresses of inner
isolated particles are as follows:

σr = σθ = P (3)

σz= 2μP (4)

while the tensile stresses in the matrix are as follows:

σr = (1 − 25D2

4r2 )
P
24

(5)

σθ= (1+
25D2

4r2 )
P
24

(6)

σz= 2μ
P
24

(7)

The principal stresses I, II, and III are illustrated in Figure 1b–d under a Cartesian
coordinate system, respectively.

As shown in previous work, the choice of these parameters allows us to carry out a
systematic and quantitative investigation of the initial stress effect on shear banding and
the synergistic effects of initial stress and heterogeneous microstructure on mechanical
properties. To obtain the mechanical properties of all samples, we use an elastoplastic
constitutive model that incorporates FV as an internal state variable. The deformation
strain in this model includes an elastic and a plastic part:

εij = εel
ij + ε

pl
ij (8)

where εel
ij is the elastic strain. We obtain the plastic strain from the plastic flow equation:

dε
pl
ij = dλ

∂g
∂σij

(9)

where g is the plastic potential function.

g(σij) = b′ I1 +
√

3J2 − K (10)

where λ is the plastic deformation parameter related to FV change, σij is the Cauchy stress,
I1 is the first invariant of the stress tensor σij, and J2 is the second invariant of the deviatoric
stress. The effective stress and increase in equivalent plastic strain are obtained through the
following relations:

σDP = a′ I1 +
√

3J2 (11)

dε
pl
e f f =

√
(2/3)dε

pl
ij dε

pl
ij (12)

where a′, b′, and K are constant, and a′ = b′ for the associated flow rule. The plastic strain
is a function of FV production via the following relation:

.
ε

pl
e f f = 2 f exp(−αv∗/v f ) exp

(
−ΔGm

kBT

)
sinh

(
τΩ

2kBT

)
(13)

∂v f

∂t
= v∗ f exp(−αv∗/v f ) exp

(
−ΔGm

kBT

)[
2αkBT

v f S

(
cosh

(
τΩ

2αkBT

)
− 1

)
− 1

nD
+ κ∇2v f

]
(14)

where v f is the mean FV; α a geometrical factor close to 1; v∗ the hard-sphere volume of the
atom; kB the Boltzmann constant; Ω the atomic volume; τ the equivalent shear stress; ΔGm
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the activation energy; f the frequency of atomic vibration; T temperature; nD the number
of atomic jumps needed to annihilate a free volume equal to v∗ which ranges between 3
and 10; S = E

3(1−μ)
, where E is Young’s modulus and μ Poisson’s ratio; and κ a free volume

gradient coefficient.
Equations (8)–(14) prescribe the constitutive relationship for the MG. Whether the

deformation behavior is homogeneous or inhomogeneous is not explicitly distinguished.
The FV and the stress field will be computed using a finite element method. Given
the history of applied load, we aim to calculate the displacements, strains, and stresses
satisfying the following governing equations:

∂σji

∂xi
+

∂ρνi
∂t

+ ρ fi = 0 (15)

εij =
1
2
(ui,j + uj,i) (16)

where the boundary condition is as follows: σ∗
ijnj = ti. Here we assume that the body force

is zero, i.e., fi = 0, and ignore the density change rate, i.e., ∂ρ
∂t = 0. Based on the variation

principle, we transfer the partial differential equations of the force balance Equation (15)
and their boundary conditions into the weak form:

∫
V

σijδεijdV +
∫

∂V
σ∗

ijnjδvidS = 0 (17)

In the FEM, the displacement field at an arbitrary point within the solid will be speci-
fied by interpolating between nodes of mesh through the shape function N. Substituting
the interpolated fields into the virtual work equation, we find the following:

∫
V

σij(Δεkl(u
a
i ))

∂Na

∂xj
dV +

∫
V

∂Δσij

∂Δεkl

∂Nb

∂xi

∂Na

∂xj
Δua

i dV +
∫

∂V
σ∗

ijnjNadS = 0 (18)

We can therefore rewrite the virtual work equation in a system of linear equations.
The material-related parameter pertaining to the constitutive models, i.e.,

Dep
ijkl = ∂Δσij/∂Δεkl , (19)

is implemented in ABAQUS 6.13 finite element software through a UMAT subrou-
tine [47–49]. In the implicit integration scheme, applying the backward Euler method
to the flow Equation (13) and FV evolution Equation (14), we get the following:

σtrial
DP,(n+1) − σDP,(n) − ΔσDP − (Kab + 3G)

1√
2
9 b2 + 1

2Δt exp(− 1
v f (n) + Δv f

) sin h(
σDP(n) + ΔσDP

σ0
) = 0 (20)

Δv f − Δt
α

exp( − 1
v f (n) + Δv f

)[
1

(v f (n) + Δv f )βS
(cosh(

σDP(n) + ΔσDP

σ0
) − 1) − 1

nD
+ κ∇2v f (n)] = 0 (21)

The initial guess solution (Δv f
0, ΔσDP

0) is taken as the solution from the previous time
step. In the Newton–Raphson method, the solution (Δv f

k, ΔσDP
k) at the nth step will be

updated for the calculation (Δv f
k+1, ΔσDP

k+1) in the next step. The trial stress tensor is
σtrial

DP,(n+1). The material stiffness matrix Dep
ijkl can also be updated. By solving the system

of linear equations of FV evolution and the strain and stress under a given external load,
we can obtain the mechanical properties of BDMGCs containing various particles and
initial stress. The material properties of bulk Zr41.25Ti13.75Ni10Cu12.5Be22.5 MG are used [48].
The model systems have a total of 30,000 regular elements and the periodic boundary
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conditions in our FEM. Plane strain tensile loadings are applied with an effective strain
rate of 0.1/s.

3. Results

The tensile stress–strain relationships of all systems with various particle character-
istics and varying residual/initial stresses are shown in Figure 2. In the following, we
will categorize 21 types of samples based on three statistical FV distributions of the ma-
trix, incorporating three types of residual stress and two types of particles. For example,
“MA-ρp0.02-P5” indicates that the BDMGC system comprises matrix A and hard particles
(ρp = 0.02) subjected to a hydrostatic pressure of P = 5 GPa. Meanwhile, “MA-ρp0.02” signi-
fies that the system is devoid of any initial stress. In general terms, compared with the MG
matrix, the hard reinforcement increases strength, while the soft one results in a reduction
in strength. The results corroborate that an FV density of 0.02 (or harder particles) enhances
the strength of the composite (as illustrated by the blue lines in Figure 2). Conversely, softer
particles with an FV density of 0.10 lead to a reduction in composite strength (as illustrated
by the red lines in Figure 2) as compared to that in the monolithic sample (as represented
by the black lines in Figure 2). This is evidenced by the changes observed in mechanical
strength such as yield stress and peak stress. The yield stress is determined by the 0.2%
strain offset method. The peak stress is taken at the first occurrence of the maximum stress.
The flow stress is the asymptotic stress value at the large deformation strain. In Figure 2,
the flow stresses of all systems with varying initial stresses remain the same as compared to
the one without residual stress. The increased residual stresses (containing the compressive
and tensile stresses) lead to a greater reduction in peak stress. As illustrated in Figure 2,
the decrease in peak stress is alleviated as the heterogeneity of the matrix increases, which
corresponds to the statistical variance of FV [49].

The standard deviations (SDs) of matrices A, B, and C are 0.002, 0.0115, and 0.0183,
respectively. Comparing the peak stress of the samples “MA-ρp0.02-P5” and “MA-ρp0.02”,
it is clearly observed that the peak stress decreases from 2.0836 GPa to 1.7463 GPa. For
the samples “MB-ρp0.02-P5” and “MB-ρp0.02”, their peak stress decreases from 1.560 GPa
to 1.4850 GPa. The peak stress of samples “MC-ρp0.02-P5” and “MC-ρp0.02” decreases
from 1.7066 GPa to 1.6806 GPa. The yield stress reductions for samples “MA-ρp0.02”,
“MB-ρp0.02”, and “MC-ρp0.02” are 0.4362 GPa, 0.07745 GPa, and 0.003976 GPa, respectively.
As shown in Figure 3a, one can see a reduction in the strength (yield and peak stresses) of
all samples as the standard deviation of the matrix increases. As particles are subjected to
a hydrostatic pressure of P = 1GPa, the yield stress reductions for samples “MA-ρp0.02”,
“MB-ρp0.02”, and “MC-ρp0.02” are 0.03776 GPa, 0.01965 GPa, and 0.01063 GPa, respectively.
This trend becomes increasingly pronounced as the residual stress increases. For the system
with soft particles (ρp = 0.1), the trend in strength reduction resembles that in hard particles,
as shown in Figure 3. As particles are subjected to a hydrostatic pressure of P = 5 GPa,
the reductions in peak (yield) stress for samples “MA-ρp0.02”, “MB-ρp0.02”, and “MC-
ρp0.02” are 0.3144 GPa, 0.08725 GPa, and 0.04078 GPa (0.34089 GPa, 0.06675 GPa, and
−0.02845 GPa), respectively.
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Figure 2. The stress–strain curves for the systems MA (a), MB (b), and MC (c) with soft particles
ρp = 0.10 (red line) and hard particles ρp = 0.02 (blue line). The dashed and solid lines indicate systems
with and without initial residual stresses, respectively. The black line denoting “Matrix” represents
the monolithic MG.

Figure 3. The mechanical strength reductions (yield stress and peak stress) in BDMGC samples
with hard particles (ρp = 0.02) (a) and soft particles (ρp = 0.10) (b), influenced by initial stresses, are
observed in relation to matrix heterogeneity (standard deviation of matrix).

4. Discussion

The presence of initial stresses (initial compressive and tensile stresses) contributes
to a reduction in strength (peak stress), which suggests the emergence of new deforma-
tion mechanisms. This synergistic effects of residual/initial stress and heterogeneous
microstructure on mechanical performance will be discussed later. To investigate the new
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deformation mechanism, the spatial FV distributions, strain, and stress of all systems under
various applied strain states are examined to analyze the behaviors of local shear, as shown
in Figures 4 and 5. In Figure 4, the samples “MA-ρp0.02” and “MA-ρp0.1” exhibit defor-
mation in the absence of initial stress, while the deformation of samples “MA-ρp0.02-P5”
and “MA-ρp0.1-P5” containing initial stresses is shown in Figure 5. Figure 4a shows that
for the sample “MA-ρp0.02” containing hard particles, SBs usually initiate at the matrix
and then propagate into mature SBs along the direction of the maximum effective stress
(Figure 4b). The location for the initiation of SBs is random due to the random distribution
of particles. The stoppage and obstacles of SBs occur when they encounter hard particles,
leading to an increase in strength. During the process of the propagation of SBs, some but
not all SBs will meet, and they are subsequently stopped by hard particles (Figure 4c,d).
A higher fraction of particles increases the likelihood of encountering obstacles for SBs.
For the sample “MA-ρp0.1” containing soft particles (Figure 4e), deformation first happens
in the soft particle zone. Minor SBs will quickly initiate and nucleate in glassy droplets.
However, they are trapped and restricted on the droplets (Figure 4f). The main SBs usually
initiate at the middle region between two soft particles whose center line is about 45◦ off
the loading axis (Figure 4g). The SBs will propagate and pass through soft particles. Several
main SBs will connect and then traverse through the cross-section, as shown in Figure 4h.

In the following, we present a detailed examination of BDMGCs with initial stresses.
The initial stresses and FV distribution of samples “MA-ρp0.02-P5” and “MA-ρp0.1-P5” are
illustrated in Figure 5a,e, respectively. For sample “MA-ρp0.02-P5”, the initiation point of
SBs is at the interfaces between the matrix and hard particles (Figure 5b). The total strain
(0.74%) of SB nucleation is significantly smaller than that (2.46%) of the sample without
initial stresses. With further deformation, the nucleus of SBs will propagate and develop
into mature SBs along the direction of the maximum effective stress (Figure 5c). The SBs
will intersect and interconnect with each other (Figure 5d). For sample “MA-ρp0.1-P5”,
deformation first occurs in the soft particle zone under low strain (Figure 5f). However,
the initial stress can expand the soft zone (Figure 5g), and then minor SBs will propagate
along the direction of the maximum effective stress in the matrix (Figure 5h). In samples
“MA-ρp0.02-P5” and “MA-ρp0.1-P5”, since the initiation point and direction of SBs are
identical, mature SBs appear nearly indistinguishable from one another.

For the systems with a tough matrix (larger statistical variance), the initial stress and
FV distribution of samples “MC-ρp0.02-P5” and “MC-ρp0.1-P5” are illustrated in Figure 6a,e,
respectively. For sample “MC-ρp0.02-P5”, the initiation point of SBs is at the interfaces
between the matrix and hard particles, as shown in Figure 6b. As deformation continues,
the deformed regions are still restricted to their original location, while new deformed areas
with higher FV values emerge elsewhere. Lots of localized deformation zones form into
minor SBs in Figure 6c. The deformation bands in matrix C appear irregular and jagged,
unlike the smooth and straight ones in matrix A. Short minor SBs begin to intertwine
and linkup, and this then leads to the formation and propagation of mature SBs across
the sample, as shown in Figure 6d. For sample “MC-ρp0.1-P5”, deformation first occurs
in the soft particle zone under low strain. However, minor SBs in the soft zone will be
restricted by the toughened matrix in Figure 6f. For the MC system with a larger range
of FV distribution, the points with a large FV will also be good for the initiation of minor
SBs. The initial residual stress cannot result in the easy expansion of minor SBs, as shown
in Figure 6f. The nuclei of minor SBs will propagate as rugged, zigzag SBs, with a few
maturing and propagating along the direction of the maximum effective stress in the matrix
(Figure 6h).
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Figure 4. Contour plots for free volume (-1), shear strain (-2), and shear stress (-3) for MA system
with (a–d) hard particles (ρp = 0.02) or (e–h) soft particles (ρp = 0.1) under varying tensile strains.
Color scheme is shown on left of each figure.
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Figure 5. Contour plots for free volume (-1), shear strain (-2), and shear stress (-3) for MA system
with (a–d) hard particles (ρp = 0.02) or (e–h) soft particles (ρp = 0.10) under varying tensile strains.
MA system contains initial stresses before deformation. Color scheme is shown on left of each figure.
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Figure 6. Contour plots for free volume (-1), shear strain (-2), and shear stress (-3) for MC system
(a–d) with hard particles (ρp = 0.02) or (e–h) soft particles (ρp = 0.10) under varying tensile strains.
MC system contains initial stresses before deformation. Color scheme is shown on left of each figure.

The peak stress of the samples “MA-ρp0.02-P5”, “MA-ρp0.02-P1”, and “MA-ρp0.02”
shows a clear decrease as initial stresses (both compressive and tensile stresses) increase.
Similarly, in systems MB and MC with soft or hard particles, the peak stress also decreases
as the initial equivalent stresses increase. The standard deviation (SD) or heterogeneity
of the matrix can enhance toughness and strength within a given type of matrix. The
interplay between initial stresses and the significant heterogeneity of the matrix, coupled
with the characteristics of particles, indicates the potential emergence of novel deformation
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mechanisms. The synthetic effect of initial spatial stresses and heterogeneity results from
the SBs induced by temporal and spatial stress localization. The initial spatial distribution
of the tensile stresses may put the disordered atoms in a high-energy state according to free
volume theory, and consequently, small deformation can store enough energy and stress to
trigger microscopic rearrangements, which contribute small local macroscopic shearing.
The nucleation and propagation of SBs in the matrix are influenced by heterogeneity
(the statistical variance of FV distribution). It is observed that shear banding initiates
predominantly in regions of higher tensile stress and larger FV, and SBs grow along the
direction of the maximum shear stress during deformation.

5. Conclusions

Using finite element modeling, we obtain the mechanical properties of BDMGCs with
different spatial stresses and various properties of particle reinforcement, quantitatively in-
vestigating their influences on the mechanical properties and mechanisms of shear banding.
The heterogeneous distribution of initial tensile stresses reduces the strength of BDMGCs,
particularly in those containing a homogenous matrix. The spatial distribution of resid-
ual/initial stresses can tune and even determine the nucleation of SBs if the residual/initial
tensile stress is high enough. We also show that the heterogeneous microstructure of
BDMGCs can influence the propagation of SBs. By elucidating the micro-scale mechanics
of BDMGC systems, we provide foundational insights for designing BDMGCs with spatial
stresses and heterogeneous microstructures. The quantitative framework demonstrates
that BDMGCs can be optimized by tuning heterogeneous stresses and microstructures.
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Abstract: The colloidal long-storage stability of nanosized drugs is a crucial factor for
pharmacology, as they require much time for robust estimation. The application of bioavail-
able magnetic nanosuspensions in theranostics is limited by incomplete information about
their colloidal stability in the internal media of human organisms. A method for the
accelerated temperature stress “aging” of magnetic nanosized suspensions is proposed
for the rapid assessment and prediction of the colloidal stability over time of nanosized
iron oxide suspensions stabilized by albumin HSA. Colloidal stability is assessed using
dynamic light scattering (DLS), fluorescence spectroscopy, electrophoresis, and ion mon-
itoring methods during short- and long-term storage. Rapid assessment is achieved by
short high-temperature (70 ◦C) processing of carboxymethyl-dextran-coated nanosol in the
presence of albumin. The role of albumin in the sustained stability of superparamagnetic
iron oxide particles (SPIONs) was studied under conditions mimicking blood plasma
(pH = 7.4) and endolysosomal cell compartments (pH = 5.5). According to the fluorescence
quenching and DLS data, colloidal stability is ensured by the formation of an HSA corona
on carboxymethyl-dextran-coated SPIONs and their process of clustering. In the presence
of albumin, the colloidal stability of nanoparticles is shown to increase from 80 to 121 days
at a storage temperature of 8 ◦C The prognostic shelf life of magnetic nanosol is estimated
by calculating the Van’t Hoff’s relation for the rate of chemical reactions. The validity
of using the Van’t Hoff’s rule is confirmed by the agreement of the calculated activation
energy at 8 ◦C and 70 ◦C. The developed method of the accelerated aging of nanoparticles
can not only be employed for the estimation of the shelf life of magnetic nanoparticles
coated with HSA in vitro but also for assessing the stability of SPIONs applied in vivo.

Nanomaterials 2025, 15, 475 https://doi.org/10.3390/nano15070475
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1. Introduction

Magnetic nanoparticles (MNPs) are nanoscale materials used in analytical chemistry
and biosensors. They consist of a metal core and an outer shell, with the number of atoms
varying from a few units to several thousand [1–4]. These nanoclusters, with their active
surface and high sorption capacity, can interact with various biomolecules because of their
small size. They also have ferro- and superparamagnetic properties, making them useful
in precision medicine [5,6]. A variety of magnetic nanoparticles have been synthesized,
including Co, Fe, Ni, iron oxides, and ferrites. Superparamagnetic iron oxide nanoparticles
(SPIONs), with the formula Fe3O4, are particularly of interest for research and application
in biomedicine because of their cost-effectiveness, stability, and biocompatibility [7–9].
Using various synthesis and processing methods, monodisperse suspensions and other
magnetic nanoparticles with varying surface morphologies can be obtained [10–12]. For
the biomedical application of nanoparticles, it is necessary that they fulfill a number of
requirements, including the ability to form a stable colloidal system in aqueous solutions
and other biocompatible solvents and to vary the parameters of the solution (e.g., salt
concentration, pH, and temperature) within intervals determined by the specific purpose
of the study. However, because of their high reactivity, there is practically no inert medium
for nanoparticles. One of the key features of nanoparticles in solution is their tendency
to aggregate; therefore, the practical use of nanoparticle solutions is associated with their
stabilizing agents (coating the surface of the magnetic “core”, adding stabilizers, selecting
solvents, etc.) [13].

The stability of a colloidal solution includes both its aggregate and kinetic consistency.
Aggregative stability is the immutability of particle sizes in a colloidal solution over time,
preventing particles from sticking together, which is considered to be more important
for system applications. Sedimentation stability refers to the uniform distribution of
colloidal particles due to Brownian motion. Loss of aggregative stability leads to a coarse
state, affecting sedimentation stability. Symptoms include turbidity, color change, and
precipitation [14]. The attraction between nanoparticles will have a magnetic nature and
change in line with the double electric layer dynamics. In this article, both aggregate and
sedimental stabilities were investigated using dynamic light scattering, temperature stress
tests, and turbidimetry.

Magnetic nanoparticle suspensions lose stability and monodispersity without stabi-
lization, especially in the presence of coagulants. Steric stabilization occurs when surfactant
molecules adsorb onto the surface of nanoparticles, preventing the formation of aggregates.
This process creates a physical barrier preventing particles from sticking together, ensuring
well-dispersed systems. Electrostatic stabilization occurs when charged particles repulse
each other upon the formation of charges because of electrolyte ion adsorption or surface
group dissociation [15]. The addition of multicharged ions with high adsorptive capac-
ity contributes to the aggregation of nanoparticles due to changes in the surface charge
and double electric layer. Therefore, only single-charged ions find use in electrostatic
stabilization [16,17].

Steric stabilization is crucial for maintaining the stability of MNPs in biomedical
applications. It relies on the density of the macromolecules on the surface of MNPs and
the interaction of the stabilizing coating with the dispersion medium. Natural (dextran,
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alginate, chitosan, etc.) or synthetic (PEG, PVS, PVP, etc.) polymers are mainly used as
stabilizing agents [18–21]. The effectiveness of steric stabilization depends on a homo-
geneous polymer coating and the presence of bridge effects, which can cause particle
aggregation due to high-molecular-weight interactions [22]. Some polymer coatings are
shown to decrease specific molecules’ adsorption [23]. Dextran is one of the more widely
accepted polymers for particle modification because of its biocompatibility, variable size of
its chains [24]. Even though dextran molecules are shown to desorb from particle surfaces,
crosslinking agents may be used for polymer anchoring [25].

A simple dextran coating can be switched to charged macromolecules or proteins
to further stabilize suspensions [26]. However, this method is only effective at low ionic
strength or pH, which differs from the isoelectric point of MNPs and proteins. The ionic
strength of the medium determines the diffuse layer on the nanoparticles’ surface, prevent-
ing interaction and causing aggregation [27]. To obtain stable iron oxide nanoparticles both
electrostatic and steric stabilizations (example in Figure 1) are necessary, as the isoelectric
point of MNPs is pH 6.8 [28]. Compounds like polystyrene sulfonates, polyaspartate, poly-
acrylamide, polyacrylic acid, and carboxymethylcellulose are used as stabilizers [29–31].
A carboxymethyl-dextran coating may offer the best opportunities for application, as it
combines the biocompatibility of dextran with high reactivity for modification. MNPs
coated with carboxymethyl dextran exhibit superparamagnetism and stability, potentially
serving as contrast agents in MRI [32].

Figure 1. Electrosteric coating of nanoparticles.

Nanoparticles interact with cellular systems, which have varying media parameters
that influence a magnetic suspension’s stability. Nanoparticles adsorb macromolecules
upon contact, creating a protective coating called a corona [33,34]. This corona formation
depends on the particle surface’s properties and can be controlled through modification,
but then the size of the nanoparticle–corona complex also affects the biodistribution of the
therapeutic composition [35]. Most up-to-date synthesis approaches, however, still achieve
great applicability for nanoparticles [36].

A possible combination of steric and electrostatic stabilizations, as well as tackling
unwanted protein sorption approaches, is coating or conjugating magnetite nanoparticles
with BSA. Several commercially available nanoparticle preparations, as well as a number
of agents undergoing preclinical research, have noted the use of albumin for stabiliza-
tion [37,38]. For example, a magnetite–Au@BSA conjugate has been shown to retain a size
distribution and morphology similar to pure magnetite nanoparticles [39]. Coating with
BSA did not interfere with the superparamagnetism in a phantom MRI study. Similarly,
BSA-TEOS-coated magnetite was used for four cycles of lysozyme extraction without
changes in its physicochemical properties [40]. Many research groups have previously
investigated SPION stability in the presence of serum proteins. In [41], the authors immobi-
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lized BSA on SPIONs intended for hyperthermia. Their findings suggest that BSA-SPION
particles remain stable in water and PBS, and the passivation of the particle surface with
protein prevents significant aggregation. Folic-acid-doped BSA also provides the possibility
of the prolonged usage of SPIONs in targeted delivery [42], presenting high biocompatibil-
ity as well. Finally, the models presented in [43] emphasize the importance of balancing
electrostatic and steric stabilizations to prevent particle clumping and surface ion chelation
during in vivo application

While substantial research has been conducted, the question of the precise effect of
albumin on the time intervals for using magnetite nanoparticles is still open to debate.
In [44], the authors monitored the properties of stored SPIONs over a 12-week period,
reporting substantial stability for dextran-coated preparations. As for an albumin corona,
the protein coat lowers the unwanted uptake and acidic degradation of particles when
assessed via an in vitro model [45]. In this study, the stability of MNPs in the presence of
albumin was evaluated both under normal storage conditions and by modeling the use
of particles in vivo. The goal was to formulate and offer a quick and available method
of evaluating electrosterically coated SPIONs’ shelf life. To do this, we evaluated the
colloidal stability of nanoparticles that interfaced with BSA (to mimic a stabilizer) or HAS
(to mimic blood serum) in media with various pHs. Many methods for assessing colloidal
stability have been described, such as UV/VIS absorbance, FTIR, and geometry and charge
monitoring, all of which are time-consuming [46]. In this paper, for the first time, we adapt
an accelerated aging method for characterizing colloidal stability, which makes it possible
to evaluate the stability of nanosuspensions both under storage conditions and to simulate
the stability of particles when absorbed by cells or introduced into the body.

2. Materials and Methods

2.1. SPIONs Synthesis and Characterization

SPIONs were prepared by coprecipitation from Fe2+ and Fe3+ (FeCl3·6H2O, FeSO4·
7H2O, Vekton, Saint-Petersburg, Russia) salt solutions with 1:2 (0.3 and 0.6 mol/L re-
spectively) molar ratio in nitrogen media at pH 10 and 80 ◦C, adapted from the Mas-
sart method [47,48]. The precipitation was performed by the dropwise addition of
NH4OH (Vekton, Saint-Petersburg, Russia) to the iron salt solution under a nitrogen
gaseous atmosphere with vigorous stirring. The magnetite formation follows the reaction
shown below:

2Fe3+ + Fe2+ + 8OH− = Fe3O4 + 4H2O.

After the addition of reductant, the magnetite crystal formation was completed by
continuous mixing at 80 ◦C for 8 min in inert media. The resulting magnetite crystals
were washed with water on a magnetic rack until reaching the neutral pH of media and
then weighted.

Nanoparticles were stabilized by coating biopolymer carboxymethyl dextran with a
dextran-to-iron weight ratio of 3:1 (CMDx, 15 kDa, Sigma Aldrich, St. Louis, MO, USA)
upon mixing the NP suspension with the polymer solution for 5 min. The resulting
nanoparticles were then pulse-sonicated at 22 kHz and 1 kW output power (6 times for
a 5 min interval with a 3 min rest) and purified by magnetic separation to remove large
multidomain ferromagnetic particles. Further centrifuge separation, membrane filtration,
and dialysis were applied to produce the final monodispersion.

The concentration of Fe+3 ions in the NP suspension was measured by the thiocyanate
method [49]. Briefly, diluted SPION samples of 0.1 mL were incubated for 10 min at 80 ◦C
in highly acidic (HNO3, Vekton, Saint-Petersburg, Russia) media to convert all iron to Fe(III)
form. Then, the volume of the sample was adjusted to 2.4 mL with water. The samples
were then mixed with 0.8 mL of a 0.8 M solution of potassium thiocyanate (Lenreactiv,
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Saint-Petersburg, Russia), and the Fe(III) formed a red complex with the thiocyanate which
could be measured by molecular absorbance at 575 nm.

Determination of the carboxymethyl dextran concentration was by the anthrone
method. This method is based on the breakdown of complex carbohydrates into monosac-
charides in an acidic medium, followed by their dehydration and the formation of hy-
droxymethylfurfural, which forms a bluish-green complex compound upon reaction with
anthrone. Then, 550 μL of distilled water, 50 μL of the diluted particle solution, and
3 mL of 0.05% anthrone sulfate (Sigma Aldrich, St. Louis, MO, USA) solution were mixed.
The samples were heated in a boiling water bath for 2 min and then cooled, with the
solution acquiring an emerald color, and the control sample remaining yellow–green. In the
colored solutions, the dextran concentration was determined spectrophotometrically at a
wavelength of 625 nm against the control with water. The concentration of carboxymethyl
dextran was 2–3 g/mL. Before use, the MNP samples were dialyzed.

A transmission electron microscope, a Libra 120 (Carl Zeiss, Oberkochen, Germany),
was used to produce the micrographs of the CMDx-SPION clusters with and without HSA.
The samples were placed on copper grids coated with formvar/carbon films (Electron
Microscopy Sciences, Hatfield, PA, USA) and stained with a 1% aqueous solution of uranyl
acetate. The analysis of the particle size was performed using ImageJ software (National
Institutes of Health, Bethesda, MD, USA; version 1.54d) to estimate the cluster areas and
GraphPad Prism software (GraphPad Software, La Jolla, CA, USA; version 9.5.1.) to plot
the distribution of cluster areas across samples. Each distribution included 70 clusters of
varying sizes, selected randomly from multiple TEM images to ensure representativeness.
The cluster areas were calculated in nm2 and scaled by ×10−3 for graphical representation
to enhance clarity.

The hydrodynamic size and zeta potential of the SPIONs were assessed via dynamic
light scattering (DLS) using a Zetasizer Pro (Malvern Instruments, Malvern, UK). The zeta
particle potential was determined by applying an electric field in a standard spectropho-
tometer cuvette. A suspension (3 mL volume) was placed in a glass cuvette and treated by
coherent laser radiation (633 nm wavelength), and the power of the light field scattered by
the sample was recorded at an angle of 176 degrees using a photoelectric multiplier, ADC,
and computer. The autocorrelation function of the light intensity was analyzed according
to the standard device protocol (cumulant procedures). An experimental autocorrelation
function was processed as a sum of the exponentials and calculated by the translational
diffusion relation based on Stokes law. To prevent multiple light scattering, the suspension
was diluted up to 50 times to reach the needed rate of homogeneity in the cuvette. Each
measurement was performed with three repetitions. The Zetasizer Pro uses a combination
of laser Doppler velocimetry and phase analysis light scattering (PALS) in a patented
technique called M3-PALS to measure the particle electrophoretic mobility. The Zetasizer
Pro software (ZS Xplorer; version 3.00) produced a frequency spectrum from which the
electrophoretic mobility and, hence, zeta potential was calculated (with built-in software),
implementing the Smoluchovsky model and Henry equation. The data were interpreted
in terms of hydrodynamic diameter, polydispersion index, and Zeta potential. The size of
protein corona was estimated by DLS using a comparison of the control and MNPs after
heating at 70 ◦C in the range of 20–30 nm.

2.2. Albumin Fluorescence

A Varioskan Lux (Thermo Scientific, Waltham, MA, USA) reader was used to measure
the fluorescence intensity of the complex of studied proteins with magnetic nanoparticles.
By registering the temperature dependence of the relative intensity of the fluorescence
of the proteins with the addition of SPIONs and calculating the fluorescence quenching
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constant, it is possible to deal with the nature of the interaction of the SPIONs and proteins
(albumin from bovine and human sera, Sigma). A set of samples was prepared from
a suspension of SPIONs-CMDx nanoparticles with different concentrations (by the Fe3+

content), as follows: 0, 0.028, 0.056, 0.084, 0.112, 0.14, 0.168, 0.196, 0.224, and 0.252 μM in
0.1 M PBS (Biolot, Saint-Petersburg, Russia) at a pH = 7.4, 5.5, or 4.5. The acidity of the
buffer was set to represent normal blood plasma of an endosome and lysosome interior [50].
The sample also contained 5 mM BSA or HSA to mimic blood serum [51].

Measurements of the albumin fluorescence were performed at an excitation wave-
length of 280 nm, an emission wavelength of 340 nm. The measurements were carried out
at 25 and 36 ◦C.

An evaluation of the fluorescence quenching constant was performed according to the
formula for the relative fluorescence intensity (RFI), as follows:

F0

F
= 1 + k × [Q]

where F0 is the value of the protein fluorescence intensity (BSA or HSA);
F is the value of the fluorescence intensity of the protein complex (BSA or HSA) when

nanoparticles are added;
k is the quenching constant of protein fluorescence (BSA or HSA), mol−1;
Q is the concentration of magnetic nanoparticles, μM.

2.3. SPIONs’ Stress Test

For the rapid assessment of the colloidal stability of SPIONs in storage conditions
and in the presence of serum albumin, the technique of thermally induced accelerated
“aging” was used, since without heating, the degradation and aggregation of NPs occur
rather slowly. The methodology is based on the work of Rabel et al. [52]. However, several
modifications were introduced. An assessment of the colloidal stability and a stress test
were performed, which reduced the testing time from 24 h, as proposed by M. Rabel, to
2 h. A temperature of 70 ◦C was chosen to reduce the testing time (maximize the speed
of possible reactions) when heating the composition of the nanoparticles with albumin,
without causing structural changes. The possibility of assessing the colloidal stability and
stress testing in the presence of HSA is demonstrated. The applicability of the temperature-
adjusted storage time calculation method is also demonstrated for the case of a protein
crown made from HSA.

In general, 50 mL of 0.1 M PBS (pH 7.4, 5.5 or 4.5) containing 50 μg of SPIONs, by the
Fe3+ content, was filtered (0.22 μm PVDF) onto a sterile glass. After filtration, the resulting
suspension was stirred in a 1000 min−1 shaker for 30 s. Then, 1.2 mL of liquid was taken
from the resulting solution into 12 Eppendorf-type test tubes for the stress-test experiment,
as follows:

Test tubes with the SPION/protein suspension were placed in a water bath (ICC basic
pro 20, IKA, Staufen, Germany), where samples were heat treated at 70 ◦C for 120 min.
The samples were taken after 30, 60, and 120 min, with an additional control sample that
did not undergo heating. Then, 500 μL of each suspension was taken to determine the
aggregate colloidal stability of the SPION clusters by DLS. The remaining suspension was
centrifuged at 12,000 min−1 for 5 min. Then, 100 μL of the supernatant was taken for the
determination of the iron content.

Similar experiments were carried out at a concentration of 0.05, 0.5, and 1.0 mg/mL
HSA in a 0.01 M PBS.
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2.4. SPIONs’ Age Test and Shelf Life

To verify the results obtained in the stress test, the SPION suspensions containing
0.5 mg/mL HSA were subjected to long-term storage.

Likewise for the stress test, an aqueous suspensions of SPIONs in 0.1M PBS containing
0.05, 0.5, or 1.0 mg/mL of protein was added to sterile Eppendorf-type tubes, which were
stored at a temperature of 8 ◦C.

Samples were taken for evaluation after 1, 30, 90, and 120 days of storage, as follows:
500 μL of suspension for DLS; the remaining suspension was centrifuged at 12,000 min−1

5 min, and 100 μL of the supernatant was taken for colorimetry.
To clarify the temperature coefficient, the results of the accelerated “aging” and long-

term storage of nanoparticles with protein (HSA content of 0.5 mg/mL) were compared. To
differentiate among the stages of nanoparticle aging, we evaluated regions of unidirectional
(decrease-only and increase-only) changes in the parameters of the suspension. Combining
the tendencies of the hydrodynamic diameter and Fe ion concentrations in both the stress
and age tests, we determined an approximate shelf life for a magnetic nanosuspension
at 70 ◦C. The shelf life for other temperatures was considered according to the following
relationship [53,54]:

C = A
texp−t

10 × Cexp

where C is the shelf life of SPIONs at temperature t; Cexp is the shelf life of SPIONs at texp

in the stress test; and A is the temperature coefficient.
The validity of using Van’t Hoff’s rule was confirmed by calculating the activation

energy at the following two temperatures: 8 ◦C and 70 ◦C. The fact that the activation energy
and temperature approximately satisfy the relationship, taking into account the Arrhenius
rate constants, confirms that the Van’t Hoff rule can be used in this case (when assessing
the effect of temperature on the rate of change in the iron content in the supernatant),
as follows:

EA =
RT0

10

EA =
RT1 × T2

T2 − T1
× ln

k2

k1

The data used in the calculation included R = 8.31; T1 = 70; T2 = 8; k2 = 0.1583; and
k1 = 0.3159 for the unimodal stages of the suspension’s aging.

2.5. SPIONs NMR

The 1H NMR spectra and proton relaxation times were measured on a Spinsolve
60 spectrometer (Magritek, Aachen, Germany). The samples, in an aqueous suspension,
were placed in a cylinder ampoule with a 5 mm diameter. The spectra were recorded at
an ambient temperature without rotating the sample. The TMS sample was used as an
external standard (0.0 ppm) for measuring the chemical shift. When recording the spectra,
the one-pulse program was used, the number of accumulations was 5, and the delay time
between pulses varied in the range of 2–5 s. Relaxation times T1 and T2 were measured
using inversion recovery and the Carr–Purcell–Meibom–Gilles sequence according to a
common device protocol.

2.6. Turbidimetry

The kinetic stability of a magnetic nanoparticle suspension in the presence of BSA, the
HSA was studied using a turbidimetric method. Turbidimetric data on the kinetic stability
of the SPION/protein suspension (light transmission in a colloid media) were measured
over 0–5 days at 8 ◦C. Light absorption, including the contribution of multiple static light
scatterings from aggregates, was measured on a Multiscan photometer (Thermo Fisher,
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Waltham, MA, USA) equipped with a laser operating at 405, 450, and 620 nm. For the
optical density measurements, 96 plate cells were used. Light intensities were recorded at a
180◦ angle and 5 sec of pulse shaking after the preliminary vortexing of a 1 μL sample for
1 min. A general scheme of the experiment is shown in Figure 2.

 

Figure 2. Turbidimetry experiment scheme.

A significant contribution to the weakening of the intensity of the light that passed
through the analyzed dispersed system is made by the following two types of interaction
of electromagnetic radiation with matter: light absorption and light scattering on particles.
The law of change in the intensity of the incident light can be expressed as follows:

I = I0 × e(−τl)

where I0 is the intensity of the incident light;
τ is the turbidity;
l is the length of the path that passes by the light flux.
The ability of the studied system to scatter light is characterized by the turbidity

coefficient, which is a product of the number of particles, n, in it and the scattering cross-
section of particles, C:

τ = n × C

The scattering cross-section of particles is an integral of the scattered light in all
directions relative to the center of the particle. This parameter is related to the geometric
cross-section of the particle through the scattering coefficient, Q, as follows:

C = Qπd2

where d is the particle diameter.
To avoid multiple light scattering, conditions of low concentrations were created,

amounting to 50 μg Fe(III)/mL, at which each particle could be considered as an indepen-
dent source of light scattering.

2.7. Statistics

The statistical evaluation was performed in Graphpad Prism software (version 9.5.1).
For the statistical analysis of the parametric Student’s t-test was employed for independent
samples and parallel measurements. The significance level was equal to α = 0.05 for all
tests. The confidence intervals were at the 95% level.
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3. Results

3.1. Synthesized Nanoparticles’ Characteristics

The initial studies of the physicochemical properties of the synthesized SPIONs show
that the suspension consisted of highly dispersed ferrofluidic material with an ability to
concentrate in a constant magnetic field and to later be resuspended immediately upon
stirring or dilution. The TEM analysis revealed the formation of SPION clusters with
varying areas, as previously described. To assess the distribution area of these clusters, both
in the presence and absence of HSA, 70 randomly selected clusters were analyzed for each
condition, with samples taken from multiple TEM images to ensure representativeness. The
distribution plot (Figure 3A, right panel) demonstrates that the presence of HSA induced
a shift in the cluster area, with the median value increasing from 738.5 nm2 (without
HSA) to 2422.1 nm2 (with HSA). This corresponds to an approximately 3.3-fold increase
in the median cluster area, indicating that albumin promotes SPION aggregation. The
interquartile range (25% to 75%) also broadened, extending from 507.9 to 1313.5 nm2 in the
absence of HSA to 1453.1 to 4142.8 nm2 in its presence, reflecting an increased variability in
cluster sizes upon HSA’s addition. These findings suggest that HSA plays a significant role
in modulating SPION aggregation behavior (Figure 3A).

Figure 3. Physicochemical characterization of the magnetic nanoparticles. (A) TEM images of
CMDx-SPION clusters without (left panel) and with HSA (center panel). The right panel presents the
distribution of cluster areas (scaled by ×10−3 nm2 for graphical clarity). Scale bars: 500 nm for the
main images; 200 nm for insets. The violin plot shows the median cluster areas (dashed lines) and
interquartile ranges (25% to 75%, dotted lines), illustrating the central tendency and variability in
cluster sizes. The width of each distribution in the violin plot reflects the density of data points in
different cluster areas, with broader sections indicating a higher concentration of values. (B) Chemical
shift dependence on the SPION concentration in water. (C) Size distribution of the nanoparticles.
(D) Line width dependence on the SPION concentration in water. (E) Relaxation time of the SPION
water suspensions.

Synthesized suspensions had a high Fe ion content, as measured by the colorimetric
method. The dynamics of the chemical shift (Figure 3B) and resonance line widening
(Figure 3D) corresponded well with the superparamagnetic material. The NMR relaxometry

147



Nanomaterials 2025, 15, 475

studies show a linear dependence of the main magnetic parameters of the nanoparticle
concentration, with a low T2 relaxation time of ~1 ms and a high relaxation effectiveness
(Figure 3E). The stable nanosuspension had a major dextran-coated nanoparticle fraction of
100 nm in size (Figure 3C).

3.2. Albumin Fluorescence Assessment

A Varioskan Lux reader was used to measure the fluorescence intensity of the com-
plex formed between the studied proteins and magnetic nanoparticles. The temperature
dependence of the relative fluorescence intensity of the albumin in the presence of SPIONs
is used to determine the quenching constant for fluorescence.

As can be seen from the displayed plots (Figure 4A,B), the slope of the linear ap-
proximation for the fluorescence quenching differs non-significantly depending on the
temperature in accordance with a static mechanism for quenching albumin fluorescence [55].
This suggests a simple protein corona formation between albumin and SPIONs, as a stable
low-fluorescence complex between particle surface and protein is formed upon interaction
without the dependence of fluorescent amino acids in a deeper protein structure. We also
detect C50 for the protein quenching at a SPION concentration of 0.252 μM, corresponding
to approximately half of the protein particle population in a suspension with a corona coat.

Figure 4. Analysis of the albumin–nanoparticle interactions according to the dependence of the
albumin fluorescence intensity (340 nm) on the Fe+3 content in SPIONs: (A,B) fluorescence intensity
of the SPIONs with BSA and HSA, respectively, in PBS; (C,D) fluorescence intensity of the SPIONs
with BSA and HSA, respectively, at a set pH; (E) calculated quenching constants.

As we traced the stability of this protein corona (Figure 4C,D), the quenching of
the fluorescence intensity of the HSA is pH-dependent. Thus, at pH 5.5, the relative
fluorescence intensity increases quite rapidly with an increase in the concentration of
nanoparticles compared to other pHs. At pH 4.5, fluorescence quenching practically did
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not occur, which may be due to the proximity of this pH to the isoelectric point of the
HSA (pI 4.7). Additionally, the similarity of the quenching constants may suggest that,
in both albumin types, a fluorescent complex with a similar emission lifetime formed
with no rapid dynamics in molecule conformation [56].This characteristic is shown both at
25 and 36 ◦C, and indicates an instability of the protein corona upon SPION uptake in cells,
as endosomes and lysosomes have a lower pH.

3.3. Changes in SPION Parameters upon Albumin Incubation

The size and charge distributions of aqueous suspensions of SPIONs in the presence
of albumin are illustrated in Figure 5. Based on the DLS analysis, the first peak in the
figure can most likely be attributed to albumin nanoparticles with the size of ~10 nm. The
observed polydisperse fractions belong to aggregates of protein in the sample media. The
prepared SPIONs, however, showed a monodisperse character, with a 107 nm average
size (by peak intensity) and a PDi of 0.170. The majority of the particle population had a
surface charge of −28 mV. Upon incubation with albumin and protein corona formation,
we observed that the size of nanoparticles inherited a multimodal distribution of albumin,
with the main peak being close to 200 nm. This result was further affiliated by a shift in
the polydispersity index of 0.17 (SPIONs) to 0.93 (SPIONs/albumin). At the same time, a
protein corona seemed to neutralize most of the negative surface charge of SPIONs.

Figure 5. DLS results for SPIONs upon incubation with albumin: (A) size distribution; (B) zeta-
potential distribution.

3.4. Turbidimetric Analysis of the SPION Suspension

With constant parameters for the number of particles and the path length of the light
beam, the change in the turbidity coefficient’s value is caused by a change in the scattering
cross-section of the particles. Moreover, the turbidity value should increase proportionally
to the increase in the effective hydrodynamic radius of the particles upon their aggregation.
Pure albumin, here, exhibited no change in behavior depending on the concentration
(overlapping data at 0.5 and 0.05 μg). Proceeding from a very low index change during
the experiment (from 0.52 to 0.51, ~2% for SPIONs with 0.5 mg/mL albumin), we can
assume the kinetic stability of the corona-coated nanoparticles with no significant cluster
growth (Figure 6). Thus, the recording turbidity coefficient allows for an evaluation of the
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dispersion of the system, and in the kinetic monitoring mode, it is possible to track changes
in the studied system over time.

Figure 6. Turbidity of the magnetic suspension of SPION/albumin at a light absorbance of 405 nm
after a 2 h treatment at an ambient temperature of 22–25 ◦C after 5 days of storage.

3.5. Particle Aging Dynamics

Monitoring the properties of SPIONs during accelerated aging in the presence of
albumin at 70 ◦C, we obtained a set of dynamics of interest, as presented in Figure 7.

Figure 7. Physicochemical parameters of the SPIONs in the stress test: (A) Fe3+ content; (B) hydrody-
namic diameter; (C) polydispersity index. n = 3 (for each parameter).

We initially chose the iron content in the supernatant after the suspension’s centrifuga-
tion as a “stress marker” to quantify the amount of iron degrading from nanoclusters upon
aging. With the increased presence of HSA, the concentration of iron in the supernatant did
not increase with the heating time compared to the control point (without heating), and it
can be concluded that the sedimentation stability of the system was maintained under the
experimental conditions (Figure 8).
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Figure 8. Iron content in the SPION sedimentation test after heating with HSA. ****—p < 0.0001;
ns—non-significant.

The protein corona between albumin and SPIONs can be calculated as the difference
between the sizes with and without albumin after heating for 120 min. A layer of approx.
20–30 nm was formed by the static mechanism.

As for the aggregation stability, the obtained results indicate that the SPION suspen-
sion underwent no significant aggregate formation during the course of the stress test. The
decreasing tendency in the growth of the cluster diameter can be attributed to a decrease in
the double electric layer and degradation of the dextran coat. Since there is also a decrease
in the polydispersity index, it can be concluded that the particle size distribution becomes
more uniform and the system becomes monodisperse, hence less prone to aggregation. On
the basis of the high rate change in the physical properties of the magnetic nanosol at an
HSA concentration of 0.5 mg/mL, this SPION/HSA suspension was chosen for long-term
storage. The size, polydispersity index, and iron content in the supernatant were obtained
after 4 months of storage of the magnetic nanoparticles (Figure 9).

Figure 9. Properties of SPIONs during prolonged storage: (A) Fe3+ content; (B) hydrodynamic
diameter; (C) polydispersity index. n = 3 (for each parameter).

The graph shows that the iron concentration did not exceed the initial value over the
storage period, and it also reached a plateau, which confirms the sedimentation stability of
the system. The particle size seemed to increase slightly during the measurement period,
but then decreased and stabilized. This indicates the absence of the formation of large
aggregates. The dynamics of the time evolution correspond to the stress tests. However,
in the case of the prolonged storage of the SPION suspension with albumin, there were
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features of significant shifts in the polydispersity index, which may indicate uneven protein
adsorption on the surface of nanoparticles.

During the storage period’s analysis and calculation, based on the results obtained
in the process of the “accelerated aging of MNPs” (2 h at 70 ◦C) or accelerated “aging”
with a stress test, it was possible to estimate the time during which controlled quality
indicators (size, PDI, and Fe(III)) remained within acceptable limits. An approximate
relationship of the Van’t Hoff’s rule of about a 2–4-fold increase in the rates of chemical
reactions with an increase in temperature by 10 ◦C was used to predict this time. For the
initial determination, a coefficient of 2.5 was used as the common case for the shelf-life
calculations [57,58]. The experimental value of the temperature coefficient was determined
based on the data from the accelerated “aging” at 70 ◦C and a pH of 7.4 with the stress
test and long-term storage with a stress test (Figures 8 and 10). The data on the linear
approximation of the unidirectional changes in the iron concentration in the supernatants
were compared (Figure 10A–D).

Figure 10. Storage stability of SPIONs in the dispersion during long cold storage (8 ◦C) and after short
temperature stress action (70 ◦C) in the presence albumin: (A,B) Fe3+ release in degradation after
temperature stress; (C,D) Fe3+ release in degradation during long storage at 8 ◦C; (E,F) nanocluster
size dynamics for short stress and long storage, respectively. Control sample—no albumin added.
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The figure shows the linear approximation data for the change in the iron concentration
of the supernatant. The time for a 25% decrease in the iron concentration during the first
stage was calculated using the linear approximation data on the dependence of the iron
content on the supernatant over time. The time taken for the concentration to decrease
to 9 μg/mL was 38.9 min. In accordance with Van’t Hoff’s rule using a coefficient of 2.5,
the forecast for the time to achieve a similar concentration at 8 ◦C was calculated, which
was 7.9 days. The experimental determination of the time to achieve a 25% decrease in
the iron concentration in the supernatant in accordance with the linear approximation
data during storage at 8 ◦C was 32.9 days. In accordance with the obtained experimental
value, a coefficient of 2.5 was adjusted to 3.15 by the selection method (2.6–10.1, 2.8–16,
3.0–24.5, and 3.15–33.1). The temperature coefficient for the second stage was similarly
checked with a 25% increase in the concentration and its value was determined to be 3.15.
Thus, it was shown that it is possible to use the adjusted temperature coefficient of 3.15 to
calculate the shelf life of a suspension of nanoparticles coated with carboxymethyl dextran
based on the data for the entire period of the accelerated “aging” of two hours followed
by a stress test. The shelf life of a suspension with known characteristics at 8 ◦C was
102.4 days (3.4 months), at 25 ◦C, 4.7 days; at 37 ◦C, 1.2 days. In the case of the accelerated
“storage” of particles in the presence of albumin with subsequent stress testing, since a
decrease in the rate of iron release into the supernatant was observed depending on the
concentration of the HSA (Figure 9), up to its stabilization at an HSA of 0.5 mg/mL. The
conditions for calculating the temperature coefficient and its refinement were insufficient.
It is possible that a longer observation period than that used in the experiment (3–4 months)
is required to register changes in this case. However, a change in the size of nanoclusters in
the presence of albumin both during accelerated “storage” and long-term storage at 8 ◦C
was recorded (Figure 10E,F).

The temperature coefficient of the process was estimated and refined taking into
account the data obtained for nanoparticles without albumin in the medium. The time for
a 10% decrease in the iron concentration was calculated using a linear approximation of
the dependence of the hydrodynamic diameter of nanoclusters on time during accelerated
“storage”. The time taken for the size to decrease to 138 nm was 37 min. In accordance
with Van’t Hoff and using a coefficient of 3.15, the forecast for the time to achieve a similar
concentration at 8 ◦C was calculated as 31.6 days. The experimental determination of the
time to achieve a 10% decrease in the iron concentration in the supernatant according to
the linear approximation during storage at 8 ◦C was 120.5 days. In accordance with the
obtained experimental value, the coefficient of 3.15 was adjusted by the selection method
to A = 3.91 (3.8–101, 3.9–118.7, and 3.91–120.6). The shelf life of the suspension with known
characteristics at 8 0C was 120.6 days (4 months); at 25 ◦C, 11.9 days; and at 37 ◦C, 2.3 days.
To understand the influence of the HSA, the temperature dependence of the hydrodynamic
diameter of the nanoclusters on the time at the two temperatures of 70 ◦C and 8 ◦C was
determined in the absence of albumin using the algorithm described above, with A = 3.32.

The shelf life of a suspension with known characteristics without albumin at 8 ◦C was
80 days (2.7 months); at 25 ◦C, 10.3 days; at 37 ◦C, 2.5 days.

Thus, the approximate shelf life for the SPIONs without and with HSA present were
80 and 121 days, respectively, at 8 ◦C. Based on the data from accelerated “aging” for two
hours at 70 ◦C, it became possible to predict the characteristics of the nanoclusters for a
period of 3–4 months for various experimental or storage temperatures.

4. Discussion

This study investigated magnetic nanosuspensions, which are unstable systems that
may be prone to degradation during storage. The study investigates a nanodispersion
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of magnetic iron oxide particles of SPION/albumin, focusing on the sedimentation and
aggregation properties.

The initial characterization of the synthesized nanoparticles confirmed the yield of
superparamagnetic clusters of less than 200 nm in size (Figure 3). These particles adhere to
the usual desired parameters for theranostic nanocarriers. Further study revealed a stable
protein corona formed from albumin’s interaction with the magnetic nanoparticles. The
fluorescence analysis revealed a static fluorescence quenching mechanism, forming a stable
SPION/albumin complex (Figure 4). The study also found that nonradiative transfer does
not affect the deep amino acid residues of Trp and Tyr inside the protein corona. These
findings are similar to those for citrate BSA/SPIONs with a dense monolayer of protein [59].
The heated albumin itself contains monomers and oligomers or aggregates. In addition to
the native protein, the heterogenous fraction presents higher sedimentation coefficients [60].
This may lead to different behavior by MNPs covered with CMDx during heating (colloid
solution and colloid sol). The carboxymethyl dextran shell easily adsorbs albumin and
forms a hybrid coat layer. As opposed to citrate SPIONs, the ensured coat stabilization
was provided by H-H bonds between saccharide residues and magnetite Fe domains. The
zeta potential of such carboxymethyl dextran SPIONs under the influence HSA take on a
neutral value (Figure 5). The latter leads to weak adherence between magnetic nuclei and
nonpacked metastable clusters in an HSA saturation state on the surface. The presented
model of this protein–SPION interface can be viewed in Figure 11. This general scheme
matches well with the results of the structural analysis of SPIONs modified by blood sera
proteins with magnetite nuclei and albumin [61].

Figure 11. Schematic view of the sera protein (including albumin) corona around magnetic iron oxide
nanoparticles stabilized by carboxymethyl dextran.

The obtained DLS results and estimated Fe ion content in the stable phase indicate
that the adsorption of albumin on SPIONs may be accompanied by destabilization of
magnetic flocculated clusters. According to the results of the DLS study, SPION/albumin
nanoparticles coexist in the suspension as individual, separate, and stable particles and in
the form of weakly adhered metastable clusters. These clusters are stabilized by van der
Waals attraction and magnetic forces when placed in an external field. The multimodal
fraction dispersion size function, as measured by light scattering, is evidence of such a
structural arrangement. The size of the magnetic nanoparticles representing the dispersed
phase of the colloid under study is comparable to the wavelength of the acting radiation,
which can lead to light interference and a decrease in the scattering intensity, but the phase
difference leading to this effect is completely compensated when registering a signal at an
angle of zeros. This case is realized by applying the turbidimetric method of analysis. The
turbidimetric approach allows us to use more simple phenomenological relations derived
for particles whose size is smaller than the wavelength of light (Figure 6).
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The bare SPIONs stabilized by carboxymethyl dextran were characterized in the
monodispersed mode with a 100 nm range; The satisfactory stability of the suspension
was achieved by the generation of a surface charge of −28 mV. The prepared albumin
solution has a monomodal view, where the first peak in the light scattering plot is attached
to albumin associates with a size of ~10 nm. In the concentrated protein solution, we
observed a polymodal size dispersion with the appearance of nanoaggregated protein
species, with an average size of 200–300 nm. Upon addition of albumin to the SPION
suspension and following the formation of the protein corona, the size distribution function
of the nanoparticles became multimodal, which resembled albumin’s characteristics, with
the main peak of the light scattering being typical for spheres with a size close to 200 nm.
According to our findings, the protein albumin corona neutralizes most of the negative
surface charge of the SPIONs but does not induce the falling out of magnetic material
to a notable degree for a long period of time (Figure 8). The latter provide long-term
colloid stability of SPION/HSA in storage (8 ◦C) for 6 months without phase separation
(Figures 7 and 9).

The rapid temperature stress aging approach was tested for the case of magnetic
nanosol stabilized by HSA protein. To reduce the amount of time taken to assess the
colloidal stability of the magnetic nanoparticles in combination with human serum al-
bumin (HSA) at a concentration of 0.5 mg/mL in a phosphate buffer from 6 months to
several days, a heat-induced accelerated “aging” method was for the first time introduced
for electrosterically stabilized magnetic nanoparticles (Figures 7 and 9). The accelerated
stress-aging method was previously suggested as the cutting time for the evaluation of
low-molecular pharmaceutical substances in solution [62,63]. The temperature stress-aging
approach has not previously been applied in the case of the magnetic iron oxide nanoparti-
cles with carboxymethyl dextran. The peculiar feature of the studied magnetic suspension
is the usage of HSA compared to the usual BSA-only study [64]. The calculation of the
storage time based on the temperature coefficient for compositions with nanoparticles as
for pharmaceutical substances is proposed. An amendment was introduced to calculate
the temperature coefficient based on the comparison of the actual and estimated storage
times at a temperature of 8 ◦C. The initial stabilization of the magnetic nanoparticles was
achieved by coating with carboxymethyl dextran, with the subsequent addition of titratable
amounts of albumin. Albumin has a heat conformational transition that can be taken into
account. The reliability of the results of the accelerated stress-aging was controlled com-
paring long-term storage of the magnetic suspension at 8 ◦C. To assess the aggregation’s
stability, the size and polydispersity index of the particles with protein were measured
using dynamic light scattering and electrophoresis. The sedimentation colloidal stability
of the suspensions was estimated by the iron (III) content in the supernatant obtained
after sedimentation of the particles in the centrifugal field of the centrifuge. It was found
that the general monitoring of the colloidal stability parameters of a magnetic suspension
in the presence of albumin reveals a correlation between aggregation and sedimentation
stability. After the long-term storage of the magnetic suspension sediment, some deposits
consisted of metastable nanoclusters. The metastable nature of the deposit was confirmed
by a mild shaking of the vessel containing dispersion. Shaking transforms the deposit into
a stable magnetic nanosuspension with the initial DLS parameters of the DLS measurement
monitored before storage (Figure 10). The distribution pattern of the nanoparticles in
a complex with protein during the accelerated aging was influenced by the presence of
albumin, a key factor in the production of a metastable magnetic composition. This stability
of the suspension and SPION/albumin allows for the consideration of the magnetic com-
plex as an independent carrier. This suggests that albumin could be used as an additive
for nanosuspensions of carboxymethyl-dextran-coated SPIONs, as well as ensures that
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administered nanocarriers might not immediately aggregate in blood flow. A decrease in
the stability of the magnetic complex of albumin when lowered to pH = 4 should be taken
into account when nanoparticles are used to deliver therapeutic agents to target cells, as
following the disintegration of the magnetic nanocarrier in the endolysosomes, the release
of the drug into the cytoplasm occurs. The magnetic carrier based on carboxymethyl-
dextran-coated magnetite nanoparticles retained the necessary stability for the targeted
delivery of therapeutic agents during parenteral administration in the presence of
serum albumin.

5. Conclusions

The method of accelerated temperature stress “aging” of nanosized iron oxide suspen-
sions is efficient for the rapid assessment and prediction of colloidal stability over time of
nanosized magnetic iron oxide suspensions stabilized by albumin. The express approach is
achieved by applying a high stress temperature of 70 ◦C and using the albumin’s influence
on the stability of the iron oxide nanosol. According to the fluorescence quenching and
DLS data, colloidal stability is ensured by the formation of an albumin corona and cluster-
ing of SPIONs/albumin. The formation of magnetic nanoparticle clusters with a protein
corona affects the sedimentation stability of the colloidal system under physical influences
(temperature and sedimentation by a centrifugal field). The temperature stress approach is
appropriate for the prediction of the colloidal stability of nanosized magnetic iron oxide
suspensions over long periods, which was shown by the assessment of the shelf life of iron
oxide dispersions with a therapeutic iron content of 50 μg/mL and albumin in the range
from 0.05 to 0.5 mg/mL.
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Abstract: Magnetoresistance, the change in resistance with applied magnetic fields, is crucial to the
magnetic sensor technology. Linear magnetoresistance has been intensively studied in semimetals
and semiconductors. However, the air-stable oxides with a large linear magnetoresistance are highly
desirable but remain to be fully explored. In this paper, we report the direct observation of linear
magnetoresistance in polycrystalline MoO2 without any sign of saturation up to 7 T under 50 K.
Interestingly, the linear magnetoresistance reaches as large as 1500% under 7 T at 2 K. The linear field
dependence is in great contrast to the parabolic behavior observed in single-crystal MoO2, probably
due to phonon scattering near the grain boundaries. Our results pave the way to comprehending
magneto-transport behavior in oxides and their potential applications in magnetic sensors.

Keywords: linear magnetoresistance; MoO2; polycrystalline; magneto-transport

1. Introduction

Magnetoresistance refers to the variation in resistivity under the applied magnetic
fields. The study of magnetoresistance has been stimulated by the magnetic sensor tech-
nology due to its accuracy and non-contact sensing capabilities, thus ensuring a reliable
and robust performance even in harsh environmental conditions. The first magnetoresis-
tive effect was discovered in 1856 by William Thomson [1]. Later, Albert Fert and Peter
Grünberg discovered giant magnetoresistance in multilayers composed of ferromagnetic
and non-magnetic conductive layers and were awarded the 2007 Nobel Prize in Physics,
setting up the foundation for the study of spintronics. The magnetic sensors are practically
used in magnetic position sensing [2,3], storage/recording devices [4–6], non-destructive
monitoring [7], biosensing platforms [8,9], and so on. Nowadays, the demand for highly
sensitive and cost-effective magnetoresistance sensors has been rising due to the growing
concerns about further improving the data storage capacity/detection sensitivity of current
magnetoresistance sensors and cutting down the total cost of fabrication/production, which
leads to the expansion of the application area of magnetoresistance sensors. Specifically,
with emerging nanotechnology, the aim is to develop novel nanomaterials that exhibit large
resistance change, with minimum requirements on extreme conditions and large magnetic
fields.

Usually, the magnetoresistance exhibits a quadratic dependence in the low magnetic
field limit, while under strong magnetic fields, it saturates to a constant value [10], as
shown in the following Equation (1):

Δρ

ρ
∝

{
(μH)2,μH < 1

C,μH ≥ 1
(1)

where μ is the carriers’ mobility, and H is the magnetic field.
This classical magnetoresistance is usually limited to an amplitude of a few percent-

ages. Moreover, researchers found that the amplitude or the magnetic field dependence
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of the magnetoresistance can be modified by multiple factors, such as magnetic order-
ing [11–14], Dirac physics [15], Landau levels [16], or spatial inhomogeneities [17]. In
particular, Dirac physics in topological insulators, semimetals, or spatial inhomogeneities
can induce pronounced linear magnetoresistance behavior. Recently, linear magnetoresis-
tance under high fields was observed in some Dirac or Weyl semimetals such as Bi [18],
InSb [19], Cd3As2 [20], NbP [21], LaSb [22], and ZrSiS [23]; and compensated semimetals
such as WTe2 [24,25], TaAs2, and NbAs2 [26]. There have also been reports of linear mag-
netoresistance in layered charge density wave and spin density wave compounds, such
as iron pnictides [27,28], 2H-NbSe2, and 2H-TaSe2 [29]. The non-saturating linear magne-
toresistance is of great interest for the magnetic sensors with high resolution and memory
reading/storage applications. In spite of the intensive study on semimetals and semicon-
ductors, the air-stable oxides with large linear magnetoresistance are highly desirable but
remain to be fully explored. In this study, we focused on polycrystalline Molybdenum
dioxide (MoO2), an air-stable oxide and carried out a systematical study on its magnetic
field-dependent resistivity.

MoO2, owing to its monoclinic crystal structure (space group P21/c), is known as a
useful anode material in Li-ion batteries due to its low electrical resistivity, high stabil-
ity, large capacity, and high density associated with volume capacity [30,31]. Recently,
crystalline MoO2 was predicted to be a nodal-line semimetal when spin–orbital coupling
is neglected [32]. A transport study revealed a quadratic field dependent magnetoresis-
tance in single-crystalline MoO2, and the maximum magnetoresistance reaches a value
of 5.03 × 104% at 2 K and 9 T [33]. Substantially, two-dimensional MoO2 nanoplates
were prepared by chemical vapor deposition methods [34,35], which display a large linear
magnetoresistance of up to 455% at 3 K and −9 T and a nonlinear Hall effect [35]. Here,
we report the visualization of linear magnetoresistance behavior in polycrystalline MoO2,
in great contrast with the quadratic behavior in single crystals. The polycrystalline MoO2
samples were synthesized by a facile technique spark plasma sintering. The linear magne-
toresistance behavior is robust, ensuring the practical application. Thus, our experimental
results pave the way to a better understanding of the magnetoresistance physics and the
potential applications in magnetic sensors.

2. Materials and Methods

2.1. Synthesis of MoO2 Sample

The MoO2 samples were prepared by a spark plasma sintering (SPS) method. MoO2
powders were grounded for 90 min, using a mortar. Then, the grounded powder was put
into a graphite die and sintered by an SPS system (LABOX-650, SINTER LAND, Kanagawa,
Japan) at 973 K for 2 h, under vacuum, with a uniaxial pressure of 50 MPa. The sample was
subsequently cooled to room temperature naturally. The ingots obtained from sintering
were 20.7 mm in diameter and 10 mm in thickness. The obtained pellets were polished and
cut into bards with a specific shape and size for electric transport measurements.

2.2. Materials Characterizations

The MoO2 sample was characterized by the X-ray diffraction (XRD) and scanning
electron microscope (SEM) measurements. The XRD patterns were collected in SmartLab,
with a Cu-Kα radiation source (λ = 1.5406 Å, Rigaku, Tokyo, Japan), with a 2 theta range
of 10–80◦ at room temperature, with a scanning rate of 13.5 degree per min. Scanning
electron microscopy (SEM) characterization was performed on an FEI QUANTA 200 FEG
microscope (City of Hope, Duarte, CA, USA) at 20 kV.

2.3. Transport Measurements

The cleaved samples with a typical size of about 3.0 × 1.0 × 0.1 mm3 were used for
transport measurements. The resistivity measurements were performed on a Quantum
Design physical property measurement system (PPMS), with the highest magnetic field
being 7 T. Standard four-probe resistivity (ρxx) measurements were carried out using a
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constant current mode. The magnetoresistance (MR) is defined as MR = [ρxx(H, T) −
ρxx(0, T)]/ρxx(0, T) and measured by applying the magnetic field, H, perpendicular to
the sample. Electrical contacts were prepared by platinum wires and a silver paste. The
Seebeck coefficient (S) was measured by the PPMS thermal transport option in continuous
scanning mode, with a 0.2 K min−1 heating rate.

3. Results and Discussion

3.1. XRD and SEM Analysis of MoO2 Samples

Figure 1a displays the schematic crystal structure of monoclinic MoO2, which can also
be considered to have a distorted rutile structure. Figure 1b shows the X-ray diffraction
pattern of the prepared polycrystalline MoO2 sample. All the characteristic peaks of the
XRD pattern can be indexed into well-crystallized MoO2, confirming its monoclinic crystal
structure (PDF#32-0671) with the space group, P21/c; and lattice constants, a = 5.69 Å,
b = 3.12 Å, c = 5.07 Å, and β = 112.78◦. The grain size of MoO2 was examined by the SEM in
Supplementary Figure S1 and inset of Figure 2a, where the grain size ranges from 500 nm
to 1.0 μm.

Figure 1. Crystal structure of MoO2. (a) Schematic ball-and-stick model of monoclinic (M) MoO2.
The unit cell of the distorted rutile (R) structure is shown with dashed lines. (b) Powder XRD pattern
of MoO2.

Figure 2. Magnetoresistance (MR) of polycrystalline MoO2. (a) MR at 2 K. Here, MR is defined
as MR = [ρxx(H, T) − ρxx(0, T)]/ρxx(0, T) × 100%. Inset: Scanning electron microscopy image of
polycrystalline MoO2. (b) MR at various temperatures ranging from 2 K to 300 K.
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3.2. Magneto-Transport Properties of MoO2 Samples

Figure 2 shows the temperature-dependent magnetoresistance by applying magnetic
fields perpendicular to the sample. A positive, linear magnetic field dependence of the
transverse magnetoresistance is visualized up to 7 T in Figure 2a. It is more obvious in the
first-order derivative, dMR(H)/dH (Supplementary Figure S2), that the linear dependence
appears from 0.1 T. It is worth mentioning that the amplitude of the magnetoresistance is
huge, reaching 1500% at H = 7 T and T = 2 K. Moreover, varying the temperature, T, from
2 K to 50 K dramatically affects the magnitude of MR but changes neither the sign nor the
shape of MR-H curves, as shown in Figure 2b. It is obvious that the linear MR is strongly
dependent on the temperature, T, and barely exists at a T above 50 K. The sensitivity of
the magnitude of MR with T suggests the significant role of phonon scattering, which
leads to a remarkable decrease with the increasing T. We need to mention that the linear
magnetoresistance behavior is air-stable in polycrystalline MoO2 and barely changes within
three months.

To shed more light on the linear magnetoresistance behavior, we carried out a ther-
mal transport measurement for the MoO2 samples. Figure 3 displays the temperature-
dependent resistivity, ρ(T), and Seebeck coefficient, S(T), curves. As shown in Figure 3a,
the ρ-T curve of MoO2 exhibits a metallic behavior. Above 100 K, the resistivity, ρ, increases
with the increase in the temperature, T, while below 100 K, the resistivity, ρ, first increases
and then decreases with a turnover at T = 50 K. It is different with single-crystal data of
MoO2, where the decrease in ρ below 50 K is absent probably due to electron scattering
at the grain boundaries [33]. Figure 3b displays the temperature-dependent Seebeck co-
efficient, S, below 300 K. The Seebeck coefficient exhibits a non-monotopic temperature
dependence, with the sign of the Seebeck coefficient changing from negative to positive
with decreasing temperature. The negative Seebeck coefficient, S, below 300 K indicates
electrons as the charge carrier in this system. However, there is a sign change from 16.7 K
to 2 K and peaks at 10.8 K with a positive Seebeck coefficient.

 

Figure 3. Temperature-dependent resistivity ρ(T) (a) and Seebeck coefficient S(T) (b) of polycrystalline
MoO2.

The Seebeck coefficient, S, can be described within a free electron model by Equation (2):

S(T) = −π2

3
kB

|e| kBT
[

N(0)
n

+
1
μ

dμ

dEF

]
(2)

where EF is the Fermi energy, and N(0) is the density of states. The first term, n, determines
the carrier type, while the second one can be qualitatively related to the variation in mobility
and may change signs with temperature.
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The Seebeck coefficient can also be calculated by Equation (3):

S =
Seb + Sh

b + 1
(3)

where S is the total Seebeck coefficient; Se and Sh are the Seebeck coefficient of electrons
and holes, respectively; and b = μe/μh is the ratio of the mobilities of electrons and
holes. It is known that the mobilities strongly depend on the temperature, as well as
the crystallography, such as orientation and defects. Assuming identical charge carrier
concentrations for holes and electrons, the sign change in the Seebeck coefficient happens
when the mobility of holes becomes larger than the mobility of the electrons, which can
occur because the mobility of electrons and holes is affected differently by surface scattering
due to their different effective masses [36]. Similar explanations were given for the sign
change in Bi, which suggested that the electron mobility becomes smaller than the hole
mobility in the low temperature range, because the hole mobility was not significantly
affected by boundary scattering [37].

Next, we discuss the possible origins for the linear magnetoresistance behavior, which
is different from the parabolic magnetic field dependence in the MoO2 single crystal. First,
the observed quadratic magnetic field dependence in single-crystalline MoO2 [33] can
get out of the possible origin from Dirac physics, even though MoO2 is predicted to be a
nodal-line semimetal [34]. Moreover, the absence of linear magnetoresistance in the single
crystal can also remove the possibility of magnetic ordering or Landau levels. Last but
not least, non-saturating linear magnetoresistance can be comprehended semi-classically
in the Parish and Littlewood framework [18] by a random resistor network model that
mimics a disordered and strongly inhomogeneous conductor system. It has been evidenced
that voids or inhomogeneities will cause linear magnetoresistance in disordered and
strongly inhomogeneous semiconductors such as InSb [20]. In our polycrystalline MoO2
samples, the grain size is of 0.5–1.0 μm, and the crystalline imperfections, especially grain
boundaries, cannot be ignored. Thus, enhanced phonon scattering is expected near the
grain boundaries [38,39]. We notice that the chemical vapor deposition-grown MoO2
nanoplates (with a lateral size of ~10 μm and a thickness of 7.8–55.2 nm) also display a
large linear magnetoresistance of up to 455% at 3 K and −9 T [35]. In two-dimensional
films, the phonon–interface or phonon–boundary scattering increases as the film becomes
thinner [40,41], especially when the sample size along the transport direction is much
smaller than the mean free path of the phonon. Even though the grain boundaries are
absent in those MoO2 nanoplates [35], phonon–interface scattering is inevitable since the
thickness range of 7.8–55.2 nm is considerably smaller than the phonon mean free path
of the phonon, i.e., ~300 nm in silicon films [41]. Therefore, we believe that the grain
boundary plays a remarkable role in the linear magnetoresistance behavior in polycrystal
MoO2, which is consistent with the sensitive temperature dependence, where the linear
magnetoresistance disappears as temperature increases above 50 K (Figure 2b). More
theoretical or experimental work in the future is needed to clarify the physical origin of
this linear magnetoresistance in polycrystalline MoO2.

4. Conclusions

In this paper, we report a linear magnetoresistance behavior in polycrystalline MoO2
prepared by the spark plasma sintering technique. The linear magnetoresistance does not
saturate up to 7 T under 50 K, with the measured magnitude reaching as large as ~1500%
at T = 2 K and H = 7 T. Polycrystalline MoO2 is air-stable and, thus, ensures a reliable and
robust magnetoresistance performance even in harsh environmental conditions. Moreover,
the facile synthesis of polycrystalline MoO2, together with the feature of robust linear
magnetoresistance, guarantees mass production and practical application. Our results
provide valuable guidance towards the comprehension of magneto-transport behavior in
oxides, as well as their potential applications in magnetic sensors.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/nano14110915/s1, Figure S1. SEM images of polycrystalline
MoO2 samples; Figure S2. The magnetic field derivatives of MR at 2 K, 5 K, 10 K, and 50 K; Figure S3.
R-T curves under 0 T and 7 T.
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Abstract: Exploring the intrinsic mechanisms of rare-earth ions entering the crystal phase has great
significance for finely tuning the luminescent properties of glass–ceramics. Using Er3+ ions as a
probe, X-ray diffraction was employed to precisely measure the crystallinity of SiO2-PbF2-Er2O3

glass–ceramics synthesized under various heat treatment conditions, confirming the occurrence of
a rapid crystallization process. Additionally, by combining Judd–Ofelt theory with comprehensive
analyses of absorption and fluorescence spectra, we calculated the relative proportions of Er3+ ions
present in the crystal phase. We found that the crystallization process in the glass–ceramics and
the incorporation of Er3+ ions into the crystal phase did not occur synchronously. This discovery
provides new theoretical foundations and practical guidance for understanding the mechanism of
rare-earth ion incorporation into crystal phases, which is significant for the development of functional
materials with specific luminescent properties.

Keywords: glass–ceramics; Er3+ ions; Judd–Ofelt theory; crystal phase; probe

1. Introduction

Rare-earth-doped glass–ceramics have garnered significant attention due to their
superior properties, including high strength, excellent oxidation resistance, good optical
transmittance, adjustable thermal expansion coefficients, and low electrical conductivity.
Their unique f -f transition spectroscopic characteristics, especially, spanning the visible
to the near mid-infrared range [1], offer extensive application prospects in the defense,
aerospace, electronics, power generation, and biomedical fields [2–5]. In glass–ceramics,
rare-earth ions primarily reside within the crystal phase, and their concentration directly
impacts the luminescent performance of the material. Therefore, understanding the specific
mechanisms by which rare-earth ions enter the crystal phase is important.

Existing studies indicate that the doping concentration of rare-earth ions significantly
influences the formation of the crystal phase, which in turn affects the luminescence
intensity [6]. During the transformation from glass to glass–ceramics, the conditions of
heat treatment are critical; excessively high temperatures can inhibit the formation of
the crystal phase [7]. During this heat treatment, rare-earth ions migrate into the crystal
phase. However, research on whether this migration process occurs synchronously with
the crystallization of the glass is still limited.

The luminescence characteristics of rare-earth ions reveal information about the crystal
field around them and highlight their unique value as probes for studying their environ-
ment. In recent years, the application of rare-earth ions as probes has increased, particularly
with Eu3+ ions, where substantial progress has been made [8–10]. Similarly, Er3+ ions,
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which have similar chemical properties with Eu3+, exhibit significant emissions in the
near-infrared region and show remarkable luminescence in green (540 nm and 520 nm) and
red (650 nm) wavelengths, applicable for upconversion luminescence in various matrices
such as glass, glass–ceramics, single crystals, and nanocrystals [11,12]. The unique energy
level structure of Er3+ ions allows them to achieve higher excited states through excited
state absorption, cross relaxation, and energy transfer processes, thereby enhancing their
potential as efficient upconversion luminescent materials and ion probes.

The phonon energy of the host matrix directly impacts the non-radiative relaxation
rate of the excited states of rare-earth ions, influencing the efficiency of upconversion
luminescence [13]. Selecting a matrix with lower phonon energy, such as fluorides, can
help enhance the intensity of upconversion luminescence. By thermally treating fluoride
precursor glasses, fluoro-oxide glass–ceramics composed of glass and crystal phases can
be obtained [14–16]. In these fluoro-oxide glass–ceramics, fluoride crystals are uniformly
distributed within the residual oxide glass matrix [17], combining the excellent optical
properties of fluoride materials with the outstanding thermal stability and mechanical
properties of oxide materials [18,19]. Fluoro-oxide glass–ceramics, containing low-phonon-
energy fluoride crystals, can accommodate more rare-earth ions and provide superior
optical performance [20]. During heat treatment, fluoride crystals nucleate and grow, while
rare-earth ions in the glass preferentially migrate into these fluoride nanocrystals [21–24].

This study uses Er3+ as a probe to explore the mechanism by which rare-earth ions
enter the crystal phase. Er3+-doped SiO2-PbF2 glass–ceramics were prepared via a high-
temperature solid-state synthesis method. X-ray diffraction (XRD), absorption spectra,
fluorescence spectra, and Judd–Ofelt theory analysis were employed to investigate the
effects of heat treatment duration on the entry of Er3+ ions into the glass-ceramic. By
com-paring the degree of crystallinity with the content of rare-earth ions in the crystal
phase, the study examines the asynchrony between the glass crystallization process and
the process of dopant ions entering the crystal phase. This research provides a theoretical
basis for optimizing heat treatment processes to improve the luminescence efficiency of
rare-earth-doped glass–ceramics and expands the scope of applications for rare-earth ions
as probes.

2. Materials and Methods

2.1. Materials and Sample Preparation

Glass and glass–ceramic samples were prepared using the high-temperature solid-
state method. Raw materials were accurately weighed to a total of 15 g with a molar
composition of 45SiO2-55PbF2-1Er2O3. SiO2 and PbF2 were of analytical grade purity,
while Er2O3 was 4N high purity. The weighed raw materials were ground in an agate
mortar for one hour to ensure a uniform distribution of components. Subsequently, the
mixed raw materials were placed in a crucible and then heated in a silicon carbide rod
furnace at 930 ◦C for 15 min. Upon the completion of the melting process, the melt was
immediately poured onto a preheated copper plate and covered with another copper plate
to achieve rapid cooling and shaping, resulting in the glass sample.

A portion of the glass sample was placed in a crucible containing alumina powder
and subjected to heat treatment in a silicon carbide rod furnace. After heat treatment, the
samples were naturally cooled to room temperature. Both heat-treated samples and the
original glass samples were collected for subsequent testing.

2.2. Characterization Techniques

The samples were analyzed by a 2500PC X-ray diffraction analyzer (Rigaku, Tokyo,
Japan) with a step scanning speed of 0.25–1 s, a step length of 0.1, and a step angle of
2θ. The scanning range was 20◦–60◦. The glass transition temperature and crystallization
temperature of the sample were obtained by using differential scanning calorimetry (SDT-
2960: TA Instruments, New Castle, DE, USA). The measurements were carried out under a
nitrogen atmosphere with a heating rate of 10 ◦C/min. The UV–visible absorption spectra
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of the samples were measured by a UV–visible photometer model UV-mini-1280 (Shimadzu,
Tokyo, Japan) with a detection range of 200 nm–1200 nm. The excitation and emission
spectra of the sample were obtained using a fluorescence spectrophotometer equipped with
a 150 W xenon lamp (FL-4600: Hitachi Instrument, Tokyo, Japan). The excitation source for
the spectrophotometer was a 980 nm semiconductor laser (IR-980/1–5000 mW: Raish Laser
Optoelectronic Technology, Changchun, China).

3. Results

3.1. Characterization of the Degree of Crystallinity by XRD

Figure 1 shows the differential scanning calorimetry (DSC) curve of Er3+-doped SiO2-
PbF2 glass samples. Two critical characteristic temperatures are identified: the glass
transition temperature (Tg) and the crystallization temperature (Tc), which are 390 ◦C and
430 ◦C. The glass transition temperature (Tg) marks the transformation of amorphous
materials from a hard and brittle glass state to a more flexible, high-elastic state, typically
represented by a distinct inflection point or step on the DSC curve. The crystallization
temperature (Tc) corresponds to the temperature at which amorphous materials begin to
crystallize and form an ordered structure, characterized by a significant exothermic peak
on the DSC plot [25]. During the transformation of glass samples into glass–ceramics, the
heat treatment temperature and time are critical for controlling the nucleation and growth
of crystals. For example, crystal nuclei start forming at a heat treatment temperature of
460 ◦C, followed by gradual crystal growth with increased heat treatment time.

Figure 1. DSC pattern of Er3+-doped glass sample.

The crystallization temperatures detected by DSC were used to heat treat the glass at
460 ◦C for 0.5 h, 1 h, 1.5 h, 2 h, 2.5 h and 3 h, respectively, to observe the entry of Er3+ into
the glass–ceramics as the annealing time increased [26].

X-ray diffraction (XRD) is a powerful analytical technique that provides detailed
information about the crystal structure of materials, including specific details about the
samples being studied. In this work, XRD was utilized to identify the crystal phases that
form in annealed glass.

Figure 2a shows the X-ray diffraction (XRD) patterns of the glass before heat treatment
and of the glass–ceramics after different durations of heat treatment. The original glass
sample exhibits an XRD pattern without prominent sharp peaks across all 2θ values,
indicating its amorphous nature and the absence of crystal phases. After heat treatment
at 460 ◦C for varying periods of 0.5 h, 1 h, 1.5 h, 2 h, 2.5 h, and 3 h, characteristic peaks
indicative of crystal phase presence begin to appear in the XRD patterns, signaling the
transformation of the glass samples into glass–ceramics. Four distinct diffraction peaks
emerge, aligning closely with the peak positions in the standard card (PbF2, ICDD PDF#06-
0251), confirming PbF2 as the crystal phase in the glass–ceramics. With extended heat
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treatment times, the positions of these four characteristic peaks remain stable, and no new
diffraction peaks appear. The intensity of these characteristic peaks increases, suggesting
an increase in the number of crystals. As shown in Figure 2a, the intensity of the diffraction
peaks gradually increases with prolonged heat treatment time, indicating a relatively slow
growth rate of PbF2 crystal content.

 
(a) (b) 

Figure 2. (a) X-ray diffraction patterns of glass and glass–ceramics; (b) trend curve of crystallinity
over time.

The X-ray diffraction (XRD) patterns of the samples can be used to calculate the area
of each diffraction peak. As shown in Table 1, by comparing the area S1 of the crystal phase
diffraction peaks with the area S2 of the amorphous phase background diffraction, one
can determine the relative crystallinity (S1/S2) of the samples subjected to different heat
treatment durations. The results indicate that within the first 0.5 h, the relative crystal
phase content rapidly increases to 29.6%. Over the subsequent period from 0.5 h to 3 h, the
content further rises to 32.2%. This suggests that the rate of increase in the relative crystal
phase content is most significant during the initial 0.5 h period.

Table 1. Diffraction peaks and glass peak areas.

Time (h)

S Diffraction Peak
S1 (2θ = 26◦)

Amorphous Halo S2 Crystallinity (%)

0.5 87.1 294.7 29.6

1.0 159.4 520.5 30.6

1.5 152.1 493.2 30.8

2.0 178.6 579.7 30.8

2.5 198.7 626.6 31.7

3.0 189.0 585.9 32.2

As shown in Figure 2b, the ratio of the area of the crystal phase diffraction peaks to
the area of the amorphous phase background gradually increases after heat treatment at
460 ◦C for periods of 0.5 h, 1 h, 1.5 h, 2 h, 2.5 h, and 3 h. This indicates that the content of
PbF2 crystals within the samples increases with prolonged heat treatment time, leading to
an overall increase in crystallinity. However, this increase is very small, suggesting that
the majority of the crystallization process is completed after 0.5 h of heat treatment. This
finding confirms that the crystallization process in the glass–ceramics is rapid [27].

3.2. Calculation of J-O Parameters from Absorption Spectra

Judd-Ofelt (J-O) theory is a highly standardized and reliable analytical tool used to
examine the spectral characteristics of rare-earth-doped materials. Developed indepen-
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dently by B.R. Judd and G.S. Ofelt in the 20th century, it has found widespread application
in the qualitative analysis of rare-earth-ion-doped glasses and other materials. The J-O
theory is particularly useful in characterizing radiative transitions in both doped solids and
doped aqueous solutions. Its fundamental principle involves utilizing transitions between
different energy levels of rare-earth ions to compute radiative parameters such as oscillator
strengths, transition probabilities, fluorescence branching ratios, and radiative lifetimes
from absorption spectra, within a certain degree of accuracy.

Figure 3 shows the absorption spectra of the glass and glass–ceramics over the wave-
length range of 480 nm to 1000 nm, displaying six peaks corresponding to the transitions
4S3/2 → 4I15/2, 4F7/2 → 4I15/2, 2H11/2 → 4I15/2, 4F9/2 → 4I15/2, 4I9/2 → 4I15/2, 4I11/2 →
4I15/2. The corresponding peak wavelengths are 486 nm, 520 nm, 545 nm, 652 nm, 807 nm,
and 972 nm, respectively. In the amorphous glass, the Er3+ ions are distributed within
the amorphous structure, characterized by irregular arrangements of constituent ions. In
glass–ceramics, due to the partial incorporation of Er3+ ions into the crystal phase, there is a
change in the intensity of the peaks in the absorption spectra compared to those in the glass.
This alteration reflects the different local environments experienced by the Er3+ ions in the
amorphous versus the crystal regions, which in turn affects their electronic transitions and
thus the observed spectral features.

Figure 3. Absorption spectra of glass and glass–ceramics after treatment.

According to the J-O theoretical model, the experimental oscillator strength can be
calculated by the following equation:

fexp =
mc2

Nπe2λ2

∫
α(λ)dλ (1)

After further derivation, it can be concluded that:

∫
α(λ)dλ =

∫ log10(I0(λ)/I(λ))
dlog10 e

dλ =
1

0.43d

∫
OD(λ)dλ (2)

where m = 9.1 × 10−28 g is the electron mass, e = 1.602 × 10−19 C is the electron charge,
c = 2.998 × 108 m/s is the speed of light, d is the thickness of the sample, I0 and I are the
incident and effluent light intensities, α(λ) is the absorption coefficient, OD(λ) is the optical
density, and N is the doping concentration of rare-earth ions. The theoretical oscillator
strength equation is as follows:

fcal
(

J − J′
)
=

8π2mc
3h(2j + 1)λ

· χed · Sed =
8π2mc

3h(2J + 1)λ
·
(
n2 + 2

)2

9n ∑t=2,4,6 Ωt

∣∣∣〈SLJ
∥∥∥U(t)

∥∥∥S′L′ J′
〉∣∣∣2 (3)
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where |<SLJ||U(t)|||S′L′J′>| is the electric dipole transitions approximation matrix, and
U(t) is the transition matrix element for rare-earth ions, independent of the matrix composi-
tion of the experimental samples. The transition matrix elements corresponding to Er3+ ions
are shown in Table 2. χed is the correction factor for the electric dipole radiative transitions,
Sed is the line intensity of the electric dipole, and Ωt is the J-O intensity parameter.

Table 2. Er3+ transition matrix elements.

U(λ = 2,4,6)
4S3/2 → 4I15/2

4F7/2 → 4I15/2
2H11/2 → 4I15/2

4F9/2 → 4I15/2
4I9/2 → 4I15/2

4I11/2 → 4I15/2

U(2) 0 0 0.7158 0 0 0.0276

U(4) 0 0.1465 0.4138 0.5511 0.1587 0.0002

U(6) 0.2225 0.6272 0.0927 0.4621 0.0072 0.3924

Assuming fexp = fcal , one can obtain multiple sets of J-O intensity parameters Ωt
(t = 2, 4, 6). The determined value of Ωt can be obtained by least squares fitting.

Let the scalar function be:

Y =
6

∑
i=1

{Sed(i)− [Ω2U(i, 1) + Ω4U(i, 2) + Ω6U(i, 3)]}2 (4)

where Ωt (t = 2, 4, 6) is required to minimize the scalar function, and according to the
method of least squares, a system of equations is established:

∂Y
∂Ω2

= 0,
∂Y

∂Ω6
= 0,

∂Y
∂Ω6

= 0 (5)

The Ω2 of the glass is calculated to be 2.92, Ω4 to be 1.44 and Ω6 to be 0.91, all in
units of 10−20 cm2. Following the same methodology, the J-O strength parameters of the
glass–ceramics heat-treated for different times are obtained as shown in Table 3:

Table 3. J-O strength parameters of Er3+-doped glass–ceramics.

Sample Ω2 (10−20 cm2) Ω4 (10−20 cm2) Ω6 (10−20 cm2)

0.5 h 2.31 1.24 0.84

1.0 h 1.42 0.94 0.75

1.5 h 1.27 0.89 0.73

2.0 h 1.11 0.84 0.72

2.5 h 1.03 0.81 0.70

3.0 h 0.93 0.78 0.70

Since the Ωt parameter is influenced by the ligand field environment surrounding
the trivalent lanthanide ions, it is especially suitable for evaluating the local environment
of trivalent rare-earth ions in glass [28]. As shown in Table 3, this parameter undergoes
significant changes before and after processing. For glass–ceramics prepared at the same
temperature, even with different heat treatment durations, the variations in the parameters
are evident. With increasing heat treatment time, the value of Ω2 decreases, indicating a
significant change in the microstructure around the trivalent Er3+ ions in the glass samples
after heat treatment. This is because the covalency of the chemical bonds between trivalent
lanthanide ions and their ligands strengthens as the Ω2 value increases [29]. Given that the
electronegativity of F− ions is higher than that of O2− ions, the covalency of Er-O bonds
is stronger than that of Er-F bonds [30]. However, with increased heat treatment time,
the decrease in the Ω2 value suggests a weakening of the covalency of Er-O bonds and a
relative strengthening of the covalency of Er-F bonds. This indicates that the Er3+ ions form
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crystal phases by bonding with F− ions, signifying the migration of rare-earth ions from
the glass phase to the crystal phase.

3.3. Fluorescence Spectroscopy

Figure 4a shows the fluorescence spectra of Er3+-doped glass and glass–ceramic
samples in the wavelength range of 400 nm to 700 nm. When excited by a 980 nm laser, the
emission intensity of the glass sample is very low. However, when the glass is converted
into a glass–ceramics through heat treatment, the emission intensity significantly increases.
The spectrum displays four sharp peaks located at 410 nm, 520 nm, 545 nm, and 652 nm.
Although the positions of the emission peaks remain unchanged, their intensity increases
with the extension of heat treatment time, reaching a maximum at 3 h. This indicates that
the luminescence of the glass–ceramics mainly originates from the Er3+ ions in the crystal
phase, suggesting that the amount of rare-earth ions migrating from the glass phase to the
crystal phase increases with prolonged heat treatment time.

  
(a) (b) 

Figure 4. (a) Fluorescence spectra of Er3+-doped glass–ceramics. (b) Fluorescence spectrum after
normalization at 545 nm.

Figure 4b presents the normalized fluorescence spectra at 545 nm, aimed at illustrating
the presence of Er3+ ions in the crystal phase after heat treatment [31–34]. By normalizing
the fluorescence spectra, it becomes possible to make clearer comparisons of spectral
characteristics among different samples. The normalized spectral intensity of the glass
sample is lower than others, a phenomenon associated with Stark level splitting. Analyzing
the overall trend, from the relationship between fluorescence intensity (I) and spontaneous
emission transition probability (AJJ′ ):I ∝ AJJ′ , it can be seen that the integrated area in
Figure 4b correlates positively with the changes in the J-O intensity parameters, making
quantitative analysis of the intensity parameters feasible.

Based on the calculated J-O intensity parameter Ωt, the spontaneous radiative excur-
sion chances between the J-J’ energy levels can be calculated as follows:

AJJ′ = Aed =
64π4e2

3h(2J + 1)λ3 ·n2χedSed (6)

According to statistical physics, the ratio of the number of particles in the 2H11/2 and
4S3/2 energy levels of which Er3+ conforms to Boltzmann statistics is given. For the system
of nearly independent particles, the number of particles at different energy levels conforms
to the Boltzmann distribution:

Nl = ωl e−α−β (7)
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The fluorescence intensity of the energy level leap is denoted by I:

I = AJJ′ · Nl (8)

Define Ratioobs as the fluorescence intensity ratio of 520 nm and 545 nm green lumines-
cence produced by the upconversion process:

Ratioobs =
I1

I2
(9)

Associating the above equations and combining them with the J-O theory yields:

Ratio = 0.2225Ω6
0.7158Ω2+0.4138Ω4+0.0927Ω6

(
λ520nm
λ545nm

)
e−

ΔE
kT

= 0.2225Ω6
0.7158Ω2+0.4138Ω4+0.0927Ω6

× 33.221
(10)

The temperature (T) is taken as room temperature. The excitation wavelength is
980 nm. The power is 0.5 W, and k is the Boltzmann constant.

From the fluorescence spectra, it is observed that the emission intensity of the glass
is very low. After normalizing the fluorescence spectra, it was found that the peak area
ratio at 520 nm and 545 nm is the same for both the glass and glass–ceramic samples;
however, the fluorescence intensity of the glass sample is only one-thirtieth of the glass–
ceramic sample. This is because the phonon energy of PbF2 crystals is much lower than
the glass matrix, reducing the non-radiative relaxation rate of Er3+ ions in PbF2 crystals
and enhancing the upconversion luminescence performance. Regardless of whether the
rare-earth ions are located in the glass phase or the crystal phase, they can be detected
through absorption spectra. However, the J-O parameters calculated from the absorption
spectra are mixed, incorporating information from both the glass and crystal phases. Thus,
when calculating the fluorescence intensity ratio of the green light emissions at 520 nm and
545 nm produced by upconversion processes, the result obtained using J-O parameters
reflects the fluorescence intensity ratio of the entire sample, whereas the ratio derived from
the peak areas in the fluorescence spectra represents only the fluorescence intensity ratio of
the crystal phase.

Define Ratiolum as the theoretical value, which is the ratio calculated from the peak
areas at 520 nm and 545 nm in the fluorescence spectra; and Ratioobv as the experimental
value, which is obtained by substituting the J-O intensity parameters into Equation (10).
According to the data in Table 4, between heat treatment durations of 0.5 h to 2.5 h, there is
a significant difference between the theoretical and experimental values, indicating that
the rare-earth ions are not only present in the crystal phase but also partly in the glass
phase. As the heat treatment time increases, the rare-earth ions gradually migrate into the
crystal phase, thereby reducing their presence in the glass phase. At 3 h, the theoretical and
experimental values are closest, suggesting that the process of rare-earth ions entering the
crystal phase is largely complete at this point.

Table 4. Theoretical and experimental values.

0.5 h 1.0 h 1.5 h 2.0 h 2.5 h 3.0 h

Ratiolum 4.98 5.02 5.01 4.96 4.99 5.02

Ratioobv 2.77 3.76 4.01 4.41 4.55 4.91

3.4. Comparison of the Glass Crystallization Process with the Entry of Er3+ into the Crystal Phase

In the glass-ceramic samples, some of the Er3+ ions are distributed in the glass phase,
while others are in the crystal phase. The process of rare-earth ions entering the crystal
phase is largely completed at 3 h, the number of Er3+ ions in the crystal phase reaches its
maximum value. Let the content of Er3+ ions in the crystal phase at 3 h be 1, and the content
of Er3+ ions that entered the crystal phase before 3 h be X, with the remaining ions in the
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glass phase as (1 − X). The J-O parameters for the glass are denoted as Ω′
2, and those for

the glass-ceramic are Ω′′
2 . The J-O parameter values obtained from the absorption spectra

are substituted into Equation (11):

X · Ω′′
2 + (1 − X) · Ω′

2 = Ω2 (11)

The results of the calculations are shown in Table 5:

Table 5. Ratio of the number of Er3+ ions entered into the crystal phase to the maximum number of
Er3+ ions in the crystal phase.

Time 0.5 h 1.0 h 1.5 h 2.0 h 2.5 h 3.0 h

X 30.7% 75.4% 82.9% 90.9% 94.9% 100%

As shown in Table 5, the proportion of Er3+ ions in the crystal phase gradually increases
with time. During the 0.5 h of heat treatment, the proportion of Er3+ ions in the crystal
phase is 30.7% of the maximum, and by 3 h, this migration process is essentially complete.
Compared to the glass crystallization process, the migration of rare-earth ions from the
glass phase into the crystal phase is a slow process.

The crystallization process of glass–ceramics involves two stages: nucleation and
growth. As shown in Figure 5a, when heat treatment is performed at the transformation
temperature (Tg), the glass sample initially forms nuclei rapidly, followed by the growth of
these nuclei. As the nuclei continue to grow, the crystallinity of the sample increases. Once
the nuclei reach their maximum size, the crystallinity of the sample will also approach its
maximum. However, in glass–ceramics, rare-earth ions are not entirely distributed within
the crystal phase; some remain in the glass phase. When the number of rare-earth ions in
the crystal phase reaches saturation, the rare-earth ions in the glass phase will no longer
continue to migrate into the crystal phase. As illustrated in Figure 5b, Area A represents
the state where Er3+ ions are entering the crystal phase but have not yet reached their
maximum quantity; Area B represents the state where the quantity of Er3+ ions in the
crystal phase has reached its maximum, meaning no additional Er3+ ions will enter the
crystal phase. Transitioning from State A to State B takes approximately 3 h, which is a
relatively slow process compared to the crystallization of the glass. This indicates that the
crystallization of the glass and the migration of rare-earth ions into the crystal phase do not
occur synchronously through heat treatment.

  
(a) (b) 

Figure 5. (a) Curves of the variation of crystallization progress and the progress of rare-earth ions
entering the crystal phase with heat treatment time. (b) Schematic distribution of Er3+ ions within
the SiO2-PbF2 glass system.
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4. Conclusions

In summary, we prepared glass-ceramic samples with a molar composition of 45SiO2-
55PbF2-1Er2O3 using the high-temperature solid-state method. The differential scanning
calorimetry (DSC) curve of the glass sample was analyzed to determine the optimal heat
treatment temperature, which was found to be 460 ◦C. X-ray diffraction (XRD) analysis
confirmed the presence of PbF2 crystals in the samples after heat treatment. Based on the
electric dipole transition characteristics of Er3+ ions, the Judd–Ofelt theory was applied to
calculate the Judd–Ofelt parameters for the Er3+ ions. Fluorescence spectra showed that
the emission intensity of the untreated glass sample was low under 980 nm excitation,
indicating that upconversion fluorescence primarily originates from Er3+ ions within the
crystal phase. By combining the Judd–Ofelt parameters with the normalized peak areas and
intensity ratios of the emissions, we found that after 3 h of heat treatment, the rare-earth
ions were essentially fully incorporated into the crystal phase. The results indicated that the
incorporation of Er3+ ions into the crystal phase was a relatively slow process. In contrast
to the XRD analysis, which showed that the transformation from glass to glass–ceramics
was rapid, the incorporation of rare-earth ions into the crystal phase occurred progressively.
During the heat treatment, the glass sample rapidly nucleated and grew, while the rare-
earth ions gradually entered the crystal phase, suggesting that these two processes did
not occur simultaneously. After crystallization was complete, the heat treatment time
significantly influenced the concentration of rare-earth ions in the crystal phase, thereby
determining the luminescence intensity of the material. This study, using Er3+ ions as a
model, explored their environment within glass–ceramics, providing a reference for the
application of other rare-earth ions in similar materials and broadening the scope of rare-
earth ion applications. Moreover, this work has significant theoretical value for optimizing
the luminescent properties of rare-earth-doped glass-ceramic materials.
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Abstract: In this work, we present an advancement in the encapsulation of lithium yttrium fluoride-
based (YLiF4:Yb,Er) upconversion nanocrystals (UCNPs) with silica (SiO2) shells through a reverse
microemulsion technique, achieving UCNPs@SiO2 core/shell structures. Key parameters of this
approach were optimized to eliminate the occurrence of core-free silica particles and ensure a
controlled silica shell thickness growth on the UCNPs. The optimal conditions for this method
were using 6 mg of UCNPs, 1.5 mL of Igepal CO-520, 0.25 mL of ammonia, and 50 μL of tetraethyl
orthosilicate (TEOS), resulting in a uniform silica shell around UCNPs with a thickness of 8 nm. The
optical characteristics of the silica-encased UCNPs were examined, confirming the retention of their
intrinsic upconversion luminescence (UC). Furthermore, we developed a reliable strategy to avoid the
coencapsulation of multiple UCNPs within a single silica shell. This approach led to a tenfold increase
in the UC luminescence of the annealed particles compared to their nonannealed counterparts, under
identical silica shell thickness and excitation conditions. This significant improvement addresses a
critical challenge and amplifies the applicability of the resulting UCNPs@SiO2 core/shell structures
in various fields.

Keywords: lithium yttrium fluorides; upconversion nanoparticles; silica coating; recrystallization

1. Introduction

Rare earths-doped upconversion nanocrystals (UCNPs) have attracted significant
interest for their exceptional chemical stability, significant Stokes shifts, narrow emission
bandwidths, and resistance to photobleaching and photo blinking, coupled with their
minimal toxicity [1–7]. These optical and chemical properties make them an important
class of optical materials for biomedical studies [8,9], optical refrigeration for remote
cooling [10–14], phosphor for display applications (such as LEDs) [15,16], and luminescent
thermometers [4,17,18]. To optimally harness the unique advantages of UCNPs for bio
applications and other quantum technologies such as optical lasing and laser refrigeration,
significant efforts have been put into choosing and improving the host materials [19].

The ideal host material for these nanocrystals must be transparent and capable of
incorporating optically active lanthanide ions. Yttrium-based hosts are particularly suitable
for this purpose due to the comparable size and oxidation state of Y3+ ions. Among these,
lithium yttrium fluoride (YLiF4) is exceptional, meeting all these criteria while also being
producible with superior optical and crystal quality [19,20]. Compared to NaYF4, the most
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popular and efficient host material for lanthanide-doped NCs, YLiF4 offers the advantage of
a wide transparency range in the visible and near-infrared regions of the spectrum, which
is essential for promising and efficient laser cooling [11,12,19–21]. Furthermore, lithium
yttrium fluoride (YLiF4) upconversion nanoparticles (UCNPs) are distinguished by their
unique square bipyramidal shape, attributed to the fact that the tetragonal crystal phase’s
most stable crystal plane is the 011 plane. This results in eight surfaces with identical
surface energies [19,20,22]. Such uniformity in surface energy allows for the easy and even
application of various ligands or material functionalization onto the UCNPs, enhancing
their suitability for biomedical uses [23,24].

To fully utilize the advantages of these promising YLF UCNPs in the above-mentioned
applications, modifying their surface with a robust and controlled silica shell coating is re-
quired to enhance their colloidal and chemical robustness [25] and facilitate the attachment
of ligands to the surface of YLF UCNPs [24–26], especially for bio applications. Further-
more, a silica coating on the surface of YLF UCNPS is highly effective for overgrowth of
nanodiamond shells to produce a unique UCNPs@SiO2@diamond shell for applications
such as laser refrigeration and optical trapping in quantum and biological technologies.

Toward this goal, the reverse microemulsion method is a well-known technique for
adding a silica layer to small and hydrophobic NPs [26]. This approach depends on key
parameters, including the NPs shape and concentration, an amphiphilic surfactant (Igepal
CO-520), along with ammonia and tetraethyl orthosilicate (TEOS). The silica coating process
starts by forming tiny soap-like bubbles that attach to the particles, allowing their surface to
be modified and then coated with a silica layer through a specific and controlled chemical
reaction [26].

In this study, we aim to synthesize high-quality lanthanide-doped YLiF4 UCNPs with
an octahedral shape and to encapsulate them in precise and controlled silica shells. Also,
we will introduce an effective method to avoid encapsulation of multiple UCNPs within a
single silica shell with enhanced optical emission. We believe that this method will enhance
the optical performance of the water-soluble, silica-coated UCNPs, making them very
promising for future applications.

2. Materials and Methods

2.1. Materials

Ytterbium (III) chloride hexahydrate, yttrium (III) chloride hexahydrate, and erbium
(III) chloride hexahydrate, which are classified as lanthanide elements or rare-earth chlo-
rides, along with lithium hydroxide, ammonium fluoride, 28% concentrated ammonia,
tetraethyl orthosilicate (TEOS), oleic acid, 1-octadecene, methanol, ethanol, cyclohexane,
and deionized water, were sourced from Sigma-Aldrich, St. Louis, MO, USA. These chemi-
cals were used as received, without undergoing any additional purification processes.

2.2. Synthesis of YLiF4:Yb,Er (18/2%) UCNPs Nanocrystals

To synthesize YLiF4:Yb,Er upconversion nanoparticles, start by dissolving LnCl3·6H2O
(comprising 80% Y, 18% Yb, and 2% Er) in a mixture of oleic acid and 1-octadecene within
a two-neck flask. Heat the mixture to 160 ◦C under argon for 40 min to achieve a clear
solution, then cool to 60 ◦C. Following this, a prevortexed methanol solution containing
LiOH·H2O and NH4F is injected into the flask. The mixture is maintained at 50 ◦C while
stirring for nucleation, then heated to 160 ◦C to evaporate excess methanol and water. For
crystallization, the temperature is raised to 300 ◦C and held for 1.5 h. Finally, the product is
cooled, washed with ethanol, redispersed in cyclohexane, and stored at 4 ◦C for further use.

2.3. Preparation of YLiF4:Yb,Er@SiO2 UCNPs with Different UCNPs Contents

The production of YLiF4:Yb,Er@SiO2 upconversion nanoparticles (UCNPs) was con-
ducted by adding reagents sequentially to a cyclohexane solution, held in a 50 mL round-
bottomed flask at ambient temperature. The process began with mixing 30 mL of cyclo-
hexane, 1.5 mL of Igepal CO-520, 0.25 mL of concentrated ammonia (28%), and 0.6 mL
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of a cyclohexane dispersion containing varying amounts (2.8 mg, 4 mg, 5 mg, 6 mg, and
7 mg) of YLiF4:Yb,Er UCNPs. It is important to note that the experiment was performed
separately for each specified amount of UCNPs. Following the addition of the UCNPs, the
solution underwent ultrasonic treatment for 10 min to become transparent. The next step
involved coating the UCNPs with silica shells, achieved by adjusting the concentration
of the tetraethyl orthosilicate (TEOS) that was added, which ranged from 10 to 50 μL.
After stirring the mixture for 24 h at room temperature, the YLiF4:Yb,Er@SiO2 UCNPs
were separated via centrifugation. The nanoparticles were then washed with ethanol,
using centrifugation at 6000 rpm for 10 min, and redispersed in 4 mL of ethanol through
ultrasonication for 10 min, resulting in a colloidal solution.

2.4. Preparation of YLiF4:Yb,Er@SiO2 UCNPs with Different Silica Shells

The preparation of YLiF4:Yb,Er@SiO2 UCNPs began by sequentially adding chemicals
to a cyclohexane solution within a 50 mL round-bottom flask at room temperature. The
process started with the addition of 30 mL of cyclohexane, 1.5 mL of Igepal CO-520,
0.25 mL of 28% concentrated ammonia, and 0.6 mL of a cyclohexane dispersion containing
7 mg of YLiF4:Yb,Er UCNPs. This mixture was then subjected to ultrasonic treatment for
10 min to form a clear solution. Next, to create YLiF4:Yb,Er@SiO2 UCNPs with various
silica shell thicknesses, the concentrations of tetraethyl orthosilicate (TEOS) were varied
between 10 and 50 μL, with each TEOS concentration tested in separate experiments.
After adding TEOS, the mixture was stirred continuously for 24 h at room temperature.
Finally, the YLiF4:Yb,Er@SiO2 UCNPs were separated using centrifugation, cleaned with
ethanol by centrifuging at 6000 rpm for 10 min, and redispersed in 4 mL of ethanol through
ultrasonication for another 10 min, producing a colloidal solution.

2.5. Recrystallization of YLiF4:Yb,Er UCNPs

In a dual-necked 50 mL round-bottom flask, a precise mixture of 8 mL of oleic acid
(OA) and 12 mL of 1-octadecene (ODE) was prepared. Into this mixture, 2 mL of previously
synthesized core upconverting nanoparticles (UCNPs) were added under an argon (Ar)
atmosphere, deliberately omitting the addition of lithium (Li), yttrium (Y), and fluorine (F)
ions. The solution was then heated to 110 ◦C to evaporate the chloroform, with continuous
stirring throughout the process. After 40 min, the temperature was increased to a speci-
fied heat-treatment level of 240 ◦C and maintained for 1.5 h. Upon completing the heat
treatment, the samples were allowed to cool down to room temperature gradually. The
cooled UCNPs underwent a thorough washing process with ethanol three times to remove
impurities, followed by redispersion in 2 mL of cyclohexane to obtain the final product.

2.6. Transmission Electron Microscope Imaging (TEM) of the Synthesized UCNPs@SiO2

TEM images of the synthesized UCNPs@SiO2 were captured using a high-resolution
JEOL 2010 200 kV TEM (JEOL Ltd., Tokyo, Japan). To prepare for TEM imaging, the TEM
grids were subjected to plasma treatment. This crucial step eliminated organic residues
and dust and also enhanced the grids’ hydrophilicity, ensuring the sample solutions
spread evenly. For the imaging process itself, we applied several drops of the synthesized
UCNPs@SiO2 NP solutions onto these treated grids. Then, to ensure the samples were
adequately prepared for high-quality imaging, they were dried in a vacuum environment.

2.7. Upconversion Emission Measurements of the Synthesized UCNPs@SiO2

We developed a specialized confocal laser scanning microscope tailored for the upcon-
version emission analysis of the synthesized UCNPs@SiO2 NPs. This optical microscope
consists of a 4f imaging system, a high magnification microscope objective (100×, NA = 0.8,
model number: LMPlanFL N, Olympus, Tokyo, Japan), Thorlabs GVS 212 Galvano scanners
(Newton, NJ, USA), a continuous wave (CW) 532 nm green laser (CNI lasers, Changchun,
China), and a custom-made spectrometer.
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Prior to optical characterizations of the synthesized UCNPs@SiO2 NPs, we employed
a drop-casting technique to evenly coat quartz substrates with the synthesized UCNPs and
UCNPs@SiO2 NPs, ensuring a consistent and thin layer of the samples for uniform optical
measurements. These substrates were then mounted on the confocal microscope’s x–y–z
stage. The microscope’s x–y scanner facilitated the optical scanning of the samples with
the green laser and then the capturing of the emitted optical emission spectra from the
UCNPs@SiO2 NPs through the same objective lens. The spectra were analyzed using the
home-made spectrometer equipped with a precise pinhole (Thorlabs, Newton, NJ, USA),
an 1800-grooves/mm diffraction grating (Thorlabs, Newton, NJ, USA), achieving a high
spectral resolution of 0.03 nm, a sensitive camera (Trius camera model SX-674, Starlight
Xpress Ltd., Bottle Lane, UK), and a single photon counter (Hamamatsu photon counter
model number H7155-21, Hamamatsu Photonics UK Limited, Welwyn Garden City, UK)
for precise detection and quantification of emitted photons.

3. Results and Discussion

The YLiF4:Yb,Er UCNPs used in this study were synthesized following a hydrother-
mal synthesis procedure previously reported in [18,19,21] and detailed in Section 2. A
silica coating of the synthesized YLiF4:Yb,Er UCNPs was performed using a reverse mi-
croemulsion method which was well reported and optimized for coating hydrophobic
oleate-capped iron oxide (Fe3O4) nanoparticles [26]. This reverse microemulsion silica coat-
ing method is governed by the concentration of NPs, the surface polymer (Igebal CO-520),
and the amount of ammonia and TEOS. For a successful silica coating of the synthesized
YLiF4:Yb,Er UCNPs, first, we varied the content of the synthesized UCNPs from 2.8 mg to
7 mg to avoid core-free silica nanoparticles as summarized in Table 1. The silica coating
procedure used in this study is experimentally detailed in Section 2. The amount of Igepal
CO-520 and ammonia was carefully chosen to be 1.5 mL and 0.25 mL, respectively, which
was found to strongly control the size and number of the aqueous domains during the silica
formation. These values were optimized for a successful silica coating around NPs after
many carful experiments reported in [26]. The experimental results revealed a significant
presence of core-free silica particles, with only a few UCNPs successfully encapsulated in
silica shells when employing 2.8 mg and 4 mg of the synthesized UCNPs, as depicted in
Figure 1a,b. Addressing this issue, we increased the UCNP concentration to 6 mg, resulting
in a remarkable reduction in core-free silica particles as evidenced in Figure 1c. By further
adjusting the UCNP amount to 7 mg for the silica coating process, we achieved an optimal
one-to-one encapsulation ratio of UCNPs within the silica, demonstrating a precise match
between the number of UCNPs and the aqueous domains, as illustrated in Figure 1d.

Prior to silica coating at different silica thicknesses, structural characterizations (mor-
phology and size) of the synthesized YLiF4:Yb,Er UCNPs were performed using a trans-
mission electron microscope (TEM). For this, diluted drops of UCNPs (10×) in cyclohexane
were placed on a carbon-based TEM grid. Figure 2a shows well-dispersed octahedral
nanoparticles with an average size of 20 nm. Upon optimizing the UCNP concentration,
we achieved a uniform coating of the synthesized YLiF4:Yb,Er UCNPs with silica shells of
varying thicknesses, as outlined in Table 2 and depicted in Figure 2b–e. The experimental
methodology for this process is comprehensively described in Section 2. By maintaining a
constant content of UCNPs at 7 mg, we systematically varied the tetraethyl orthosilicate
(TEOS) volume from 10 μL to 50 μL. This adjustment, while keeping other parameters con-
sistent as detailed in Table 2, allowed us to precisely control the silica shell thickness, which
ranged from 3.2 nm to 8.1 nm. Notably, this method effectively prevented the formation of
core-free silica particles, ensuring each UCNP was encapsulated within its own silica shell.
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Table 1. Parameters for applying a SiO2 coating to UCNPs at different concentrations.

Sample UCNPs (mg) Igepal CO-520 (mL) Ammonia (mL) TEOS (μL) Silica Shell (nm)
Core-Free Silica

(Yes/No)

1 2.8 1.5 0.25 30 6.5 yes
2 4 1.5 0.25 30 6.5 yes
3 5 1.5 0.25 30 6.5 yes
4 6 1.5 0.25 30 6.5 no
5 7 1.5 0.25 30 6.5 no

Figure 1. TEM images of UCNPs@SiO2 NPs with different content of UCNPs (a) 2.8 mg, (b) 4 mg,
(c) 6 mg, and (d) 7 mg.

Table 2. Parameters for fabricating UCNPs@SiO2 with different TEOS Amounts.

Sample UCNPs (mg) Igepal CO-520 (mL) Ammonia (mL) TEOS (μL) Silica Shell (nm)
Core-Free

Silica (Yes/No)

6 7 1.5 0.25 10 3.2 no
7 7 1.5 0.25 20 4.5 no
8 7 1.5 0.25 30 6.2 no
9 7 1.5 0.25 40 7.2 no
10 7 1.5 0.25 50 8.1 no

182



Nanomaterials 2024, 14, 685

 

Figure 2. TEM images of UCNPs@SiO2 with different TEOS amounts. (a) UCNPs before silica coating.
(b–e) UCNPs@SiO2 with different TEOS amounts ranging from 10 to 40 μL corresponding to silica
coating thickness increases from 3.2 to 7.2 nm.

To better understand the silica shell formation on the synthesized UCNPs via the
reverse microemulsion process, an illustration schematic was put together as shown in
Figure 3. At the first step, Igepal CO-520, a type of detergent, naturally groups together in
the cyclohexane solution to form micelles due to its hydrophilic groups. These micelles
form because Igepal CO-520 molecules have both water-loving and water-repelling parts.
In the oil-like environment of cyclohexane, the water-repelling parts stick out, driving the
molecules to cluster together. When oleate-capped UCNPs are introduced into this mix in
step number two, an interesting ligand exchange takes place. Some of the oleic acid on the
nanoparticles’ surface is replaced by Igepal CO-520, partially integrating the nanoparticles
into the micelles. The addition of ammonia is the third and critical step, which causes the
Igepal CO-520 micelles to absorb it and grow larger [25,26].

The Igepal CO-520 micelles will then be filled with ammonia upon its addition, and
the micelle size is enlarged and forms a reverse microemulsion system. Subsequently in
the fourth step, the added TEOS will hydrolyze at the oil/water interface and perform
the ligand exchange with the Igepal CO-520 chemically absorbed on the UCNPs surface
and will then transfer the UCNPs to the water phase. Finally in the last two steps, the
hydrolyzed TEOS on the surface of the UCNPs undergoes a condensation process and
forms silica shells.
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Figure 3. An illustration of the silica coating mechanism of silica shells around UCNPs.

The reverse microemulsion method is particularly advantageous for the synthesis of
UCNPs@SiO2 core-shells due to its exceptional control over shell thickness and uniformity.
This method allows precise manipulation of silica deposition on UCNPs’ cores by control-
ling the water-to-surfactant ratio and other reaction parameters within the microemulsion
droplets. Unlike other synthesis techniques such as the Stöber process, which may produce
larger and less uniform silica particles, reverse microemulsion facilitates the production of
highly uniform silica shells at lower temperatures, preserving the quality of the sensitive
cores. However, the technique has its drawbacks, such as the complex removal of surfac-
tants from the final product, which can affect the purity and functionality of the silica shells.
Moreover, scaling up this method for industrial production remains challenging due to
the delicate balance of emulsion stability and the high cost of the surfactants and organic
solvents used [26,27].

Comparatively, methods like sol–gel and hydrothermal are simpler and more cost-
effective for producing silica particles at a high temperature, resulting in a lack of the fine
control over shell morphology provided with reverse microemulsion [28].

Next, optical characterization of the synthesized UCNPs before and after silica coating
was performed. For this purpose, a confocal scanning laser microscope was built and
equipped with a near-infrared (NIR) laser (980 nm) and a custom-built spectrometer that
covers a wide range of the spectrum from the visible (VIS) to NIR as illustrated in Figure 4a.
The recorded emission spectra were filtered from the NIR excitation laser with a 750 nm
short pass filter (SP filter). The optical microscope parts are detailed in Section 2. For optical
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testing, 1 μL of each sample (synthesized UCNPs and UCNPs@silica shells at different
thicknesses) was spin-coated on a quartz slide to make a thin layer of the sample to avoid
agglomeration during drying. The prepared substrates of the UCNP samples were then
placed on the confocal microscope. Figure 4b shows the UC photoluminescence of the
synthesized UCNPs before and after silica coating with two strong green emissions peaked
at 520 nm and 550 nm corresponding to UC optical emission from both 2H11/2 and 4S3/2
excited states to the 4I15/2 ground state. In addition, there was a weak red emission that
peaked at 650 nm, corresponding to the UC optical transition from the 4F9/2 excited states
to the 4I15/2 ground state of the upconverting ion Er3+ after absorption of two incident
980 nm photons [2,17,18] as illustrated in Figure 4b, inset.

 

Figure 4. (a) An illustration of the custom-made optical microscope used for optical characterizations
of UCNPs@SiO2. The optical setup consists of an imaging system with 100× objective, 980 nm
laser directed into the samples with a beamsplitter (BS) and a custom-made spectrometer to analyze
the recorded optical spectrum from the examined samples. The recorded emission spectra were
filtered from the excitation laser with a 750 nm short pass filter (SP filter). (b) Optical emission
spectra of the synthesized UCNPs coated with and without silica shells. It can be seen in this
figure how the silica coating shell thicknesses helps UCNPs retain the good UC emission when
dispersed in water to be more compatible for practical applications. (b, inset) An illustration shows
the subsequent upconversion process in rare-earth ion-doped YLiF4 host crystals as they absorb
near-infrared photons and emits visible photons.

185



Nanomaterials 2024, 14, 685

In the analysis of the recorded optical spectra, we observed that the control UCNPs
(oleate-capped) showed a bright UC photoluminescence due to a full coverage of the oleate
group over their surface which prevents water penetration to quench the UC emission.
Unlike the oleate-capped UCNPs, the UC photoluminescence was quenched and increased
to retain their good upconversion luminescence efficiency as the silica shell thickness
increases from 3 to 8 nm as shown in Figure 4b. This implies that the silica shell coating
on UCNPs significantly enhances their upconversion emission efficiency by providing
robust physical protection and reducing surface quenching, such as from water molecules.
The silica layer acts as a barrier against environmental factors, preserving the UCNPs’
core, while also isolating them from potential quenchers in the surrounding medium. This
isolation minimizes nonradiative energy losses at the nanoparticle surface, ensuring higher
upconversion efficiency by maintaining the excitation energy within the nanoparticles.

One significant challenge encountered during the growth of silica on upconversion
nanoparticles (UCNPs) is the formation of nanoparticle aggregates under a common silica
shell. For the nanoparticles to be effectively used in various applications, it is crucial that
each UCNP is uniformly and individually coated with silica, with the dispersibility of the
nanoparticles being a key factor. In some instances, we noted that UCNPs tended to cluster
and form bundles before the application of the silica coating. This led to the production
of aggregates with silica coatings as seen in our experiments as shown in Figure 5a. This
aggregation is primarily due to the loss of oleic acid (OA) surface ligands during the
cleaning process. It has been documented that OA can detach from the nanoparticle surface
if UCNPs are excessively treated with ethanol and sonicated, leading to the particles
clumping together [29]. To address this issue, Bian et al. developed a method to enhance
the crystallinity of α-UCNPs by modifying the crystal edges through a combination of wet
chemical treatment and thermal annealing in the presence of OA [29]. We hypothesized
that this approach might also enhance the colloidal dispersibility of our UCNPs during
silica coating and therefore produce single-core UCNPs@silica NPs.

Toward this goal, we conducted an experiment where UCNPs were annealed at high
temperatures with an excess of OA as illustrated in Figure 5b. Experimental details of the
UCNPs recrystallization can be found in Section 2. Results of the recrystallized UCNPs
were compared with those of nonannealed UCNPs under identical concentrations and
conditions during silica shell coating. OA post-treatment markedly improved the colloidal
stability of the UCNPs in organic solvents and greatly enhanced the colloidal stability and
uniformly of UCNPs. After that, we carried out a silica shell coating around UCNPs with
one TEOS concentration (40 μL). Figure 5c shows that post annealing of the synthesized
UCNPs in an excess of OA facilitated the successful growth of silica on their surface with
single-core UCNPs@silica NPs. Furthermore, we also tested and compared the UC emission
of the annealed and nonannealed UCNPs coated with the same thickness silica shell. We
found that the UC luminance of the annealed particles enhanced 10× time compared with
nonannealed UCNPs at the same silica shell and excitation conditions as demonstrated in
Figure 5d.

Finally, in contrast to earlier studies that primarily focused on silica encapsulating
of commonly used sodium-based UCNPs without avoiding aggregation of the UCNPs
during the silica encapsulation process [30–32], our obtained results introduce a refined
encapsulation technique for YLiF4:Yb,Er UCNPs with a barmaid-like shape with a precisely
controlled silica (SiO2) shell thickness. In addition, this reported method ensures individual
UCNP encapsulation within silica shells, significantly boosting their optical properties,
which is critical for their promising application in cutting-edge fields.

As a continuation of this work, we plan to expand on these advancements by de-
veloping diamond nanoshells around the synthesized UCNPs@SiO2. This initiative aims
to mitigate the current issues of background biofluorescence in bioimaging applications
where diamond color centers are excited by visible light. Furthermore, we anticipate
great potential in exploring Yb-doped YLF UCNPs coated with nanodiamond shells for
applications such as laser refrigeration and optical trapping in quantum technologies.
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These developments could revolutionize the functionality and application of UCNPs in
advanced applications.

 

Figure 5. (a) Unwanted UCNP aggregates within a silica shell (highlighted in red dashed circles)
during a common silica shell formation before the recrystallization process. (b) An illustration of
the wet chemical annealing procedure used for UCNP recrystallization. (c) Post annealing of the
synthesized UCNPs in an excess of OA facilitated the successful growth of silica on their surface
with single-core UCNPs@silica NPs. (d) UC emission recorded from UCNPs@SiO2 before and after
recrystallization process sensing.

4. Conclusions

We have presented a precise encapsulation of YLiF4:Yb,Er upconversion nanocrystals
(UCNPs) with silica (SiO2) shells using the reverse microemulsion method. The key parame-
ters of this reported method were optimized to produce UCNPs@SiO2 core/shell structures
with adjustable shell thicknesses and ensure individual UCNP encapsulation. This ap-
proach successfully eliminates the occurrence of core-free silica particles and maintains the
UCNPs’ inherent upconversion luminescence, critical for their potential applications in
many promising applications. Furthermore, our technique effectively prevents the coencap-
sulation of multiple UCNPs in a single silica shell, a significant achievement that enhances
the functionality and applicability of these core/shell structures in advanced technological
applications. This work not only contributes significantly to the field of nanomaterial
encapsulation but also opens new pathways for utilizing upconversion nanocrystals in
innovative ways.
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Abstract: This work reports on the design, development, and characterization of novel magneto-
plasmonic elastic liposomes (MPELs) of DPPC:SP80 (85:15) containing Mg0.75Ca0.25Fe2O4 nanopar-
ticles coupled with gold nanorods, for topical application of photothermal therapy (PTT). Both
magnetic and plasmonic components were characterized regarding their structural, morphological,
magnetic and photothermal properties. The magnetic nanoparticles display a cubic shape and a size
(major axis) of 37 ± 3 nm, while the longitudinal and transverse sizes of the nanorods are 46 ± 7 nm
and 12 ± 1.6 nm, respectively. A new methodology was employed to couple the magnetic and
plasmonic nanostructures, using cysteine as bridge. The potential for photothermia was evaluated
for the magnetic nanoparticles, gold nanorods and the coupled magnetic/plasmonic nanoparticles,
which demonstrated a maximum temperature variation of 28.9 ◦C, 33.6 ◦C and 37.2 ◦C, respectively,
during a 30 min NIR-laser irradiation of 1 mg/mL dispersions. Using fluorescence anisotropy studies,
a phase transition temperature (Tm) of 35 ◦C was estimated for MPELs, which ensures an enhanced
fluidity crucial for effective crossing of the skin layers. The photothermal potential of this novel
nanostructure corresponds to a specific absorption rate (SAR) of 616.9 W/g and a maximum tempera-
ture increase of 33.5 ◦C. These findings point to the development of thermoelastic nanocarriers with
suitable features to act as photothermal hyperthermia agents.

Keywords: calcium/magnesium ferrite; gold nanorods; elastic liposomes; photothermia

1. Introduction

In modern medicine, liposomes have emerged as ideal and effective nanocarriers.
These well-studied biocompatible vesicles ensure the protection, stabilization and trans-
port of different substances, both hydrophilic and hydrophobic, without changing their
mechanism of action [1,2]. Considering the treatment of skin diseases, which represent one
of the most frequent types of disorders all over the world [3], liposomes must be designed
to ensure high penetration into the different layers of the skin, especially into its barrier, the
stratum corneum (SC). For that purpose, elastic liposomes (ELs) are an excellent approach
for topical applications due to their ultra-deformable properties [4–6]. Generally, ELs con-
sist of an aqueous core surrounded by a double bilayer of phospholipids and single chain
surfactants with a high radius of curvature, also known as edge activators (EAs) [1,7]. These
are responsible for reducing the phase transition temperature and conferring an elastic
nature to liposomes by modulating their interfacial tension and forcing the reorganization
of the main phospholipid, increasing their flexibility. Thus, when a transdermal water
gradient occurs, the high deformability of ELs allows them to pass spontaneously across

Nanomaterials 2024, 14, 679. https://doi.org/10.3390/nano14080679 https://www.mdpi.com/journal/nanomaterials190



Nanomaterials 2024, 14, 679

the SC, without modifying their initial structure [7]. In fact, vesicles with this behavior
manage to penetrate channels ten times smaller than their diameter, allowing them to reach
the SC by the intercellular route [8]. Typical EAs include oleic acid, polysorbate (Tween),
sorbitan (Span) and sodium cholate [9]. For the main phospholipid composition, lipids
containing phosphatidylcholine with a Tm localized above the physiological temperature
are usually included in the formulations. In this context, dipalmitoyl-phosphatidyl-choline
(DPPC) shows great potential (Tm 
 41 ◦C) [10]. Below this value, liposomes are in a solid
gel phase. However, with the temperature increase, they will attain a fluid liquid crystal
state, and an enhanced permeability will be promoted, releasing their content [9]. Vesicles
exhibiting this behavior are known as thermosensitive liposomes. Their conjugation with
EAs leads to a reduction in the liposome’s transition temperature. Considering topical
applications, it is important that a system’s Tm is adjusted and localized between 25 ◦C
(room temperature) and 35 ◦C (average skin temperature [11]) for an improved permeation
potential and stability, by optimizing the ingredients of elastic liposomes, as well as the
lipid/EA ratio.

After ensuring topical administration through ELs, other strategies are required for
skin disease therapy. On the one hand, the incorporation of magnetic nanoparticles (MNPs)
into the nanoplatform is a beneficial solution, because with proper composition they can
behave as multi-modal therapeutic agents (from diagnosis and magnetic targeting to drug
delivery and hyperthermia mediators) [12]. To avoid toxicity issues, the biocompatibility
of the MNPs must be ensured. Considering this, ferrites containing alkaline earth metals,
such as Mg2+ and Ca2+ ions, are preferred for inclusion in the final formulation, as a result
of their proved cell viability [13]. Promising previous results using magnesium doped
ferrite nanoparticles have been reported, in particular for Ca0.25Mg0.75Fe2O4 MNPs. These
have shown a superparamagnetic behavior and high thermal energy dissipation, when
irradiated with near-infrared (NIR) light or by exposure to an alternating magnetic field [13–
16]. To obtain enhanced properties, and especially a more efficient hyperthermia capability,
shape anisotropic MNPs have proven to be a good option [17–20].

On the other hand, gold nanorods (AuNRs) can provide an even more pronounced
photothermal conversion efficiency [21–24]. When irradiated by a particular frequency
of light equal to the inherent frequency of the conductive electrons of AuNRs, these start
to collectively oscillate at the nanorods surface, reaching their maximal amplitude of
oscillation. This results in the free electrons’ resonance, a phenomenon called localized
surface plasmon resonance (LSPR) [24]. Since they show two LSPR bands (transverse and
longitudinal), rod-shaped gold nanoparticles exhibit excellent light absorption in the NIR
spectral region (650–1100 nm), which translates into suitable photothermal agents with an
efficient body penetration and notable temperature rise at target tissues [25].

The incorporation of magnetic/plasmonic nanoparticles (MPNPs) in the aqueous
interior of lipid vesicles, forming magneto-plasmonic elastic liposomes, is a promising
approach with potential to treat topical disease conditions through hyperthermia. The
combination of both magnetic and plasmonic components in a single system can maximize
the cell damage by an abnormally localized heat under a NIR laser (plasmonic hyperther-
mia) [26,27]. Several magnetic/plasmonic nanostructures have been reported, most of
them using ferrites as the magnetic component (e.g., iron oxide, manganese ferrite) and
gold or carbon as the plasmonic element [28–30].

Herein, we propose a novel nanosystem capable of action as magnetic and plas-
monic hyperthermia agent at low concentration for skin disease therapy. For this purpose,
Mg0.75Ca0.25Fe2O4 nanocubes were coupled with Au nanorods and surrounded by a lipid
bilayer of DPPC:SP80 (85:15) with elastic properties for improved penetration in the SC.
The response of MPELs and their components to external stimuli was thoroughly exam-
ined, in order to determine their heating capability, along with investigating the impact
of the interaction between MNPs and AuNRs. To the best of our knowledge, the cou-
pling between Ca/Mg mixed ferrite nanocubes and Au nanorods has not previously been
reported in the literature, as well as their encapsulation in elastic liposomes. Promis-
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ing results were obtained for MPELs’ future application in skin disease treatment by
photothermal hyperthermia.

2. Materials and Methods

The chemicals iron(III) chloride hexahydrate, magnesium acetate tetrahydrate, cal-
cium acetate hydrate, cis-9-octadecenoic acid (OA), tetrahydrofuran (THF), 1-octadecene,
chloroform, hydrogen peroxide, sodium borohydride, dimethyl sulfoxide 99.9% (DMSO),
gold(III) chloride solution, cetyltrimethylammonium bromide (CTAB), silver nitrate, hy-
drazine monohydrate, DL-cysteine 97%, imidazole hydrochloride, potassium phosphate
monobasic, hydroquinone, sodium sulphate anhydrous, 1,1′-carbonyldiimidazole (CDI),
sorbitan monostearate (SP60), sorbitan tristearate (SP65), sorbitan monooleate (SP80), sor-
bitan trioleate (SP85) and poly-oxyethylene-sorbitan monooleate (TW80) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) was purchased from Avanti Polar Lipids (Birmingham, AL, USA). Spectroscopic
grade solvents and ultrapure water Milli-Q grade (MilliporeSigma, St. Louis, MO, USA)
were used in all preparations.

2.1. Synthesis of Mg0.75Ca0.25Fe2O4 Nanocubes

Calcium/magnesium mixed ferrite nanocubes were prepared by an adapted protocol
from Pacheco et al. [31], which involves the use of the surfactants octadecene and oleic
acid as solvent and reducing agent, respectively. OA plays an important role in the
surface mediated phase transfer of the pre-generated spherical nanoparticles to new crystal
structures during the growth and nucleation stages [32].

To prepare cubic-shaped magnetic nanoparticles of magnesium ferrite with 25% re-
placement by calcium ions, a solution containing 3.1 mM oleic acid, 2 mM iron(III) chloride
hexahydrate, 0.75 mM magnesium acetate tetrahydrate and 0.25 mM calcium acetate hy-
drate in 15 mL of octadecene was heated to 120 ◦C, under continuous magnetic stirring.
After 1 h at these conditions, a condenser was attached to the system and the tempera-
ture was increased at a rate of 1 ◦C per min until reaching 200 ◦C. After 1 h, the mixture
was heated at a rate of 5 ◦C per min until 290 ◦C and then left at this temperature for
60 min. The precipitated MNPs were washed by several cycles of magnetic decantation
with THF and a solution of water/ethanol (1:1). In order to remove surface surfactant
residues, a chemical calcination step was performed using an adapted protocol previously
described [33]. Briefly, the total of nanoparticles was treated with a 35% hydrogen peroxide
(H2O2) solution, in a proportion of 1 g of MNPs per 40 mL of solvent, for 48 h at room
temperature, under continuous magnetic stirring. Considering this exothermic reaction,
an ice bath was used. Finally, the mixed ferrite nanocubes were washed with ethanol and
water by magnetic decantation and then dried.

2.2. Synthesis of Gold Nanorods

Gold nanorods (AuNRs) were synthesized using a chemical reduction protocol adapted
from [34]. Briefly, an aqueous solution of 9141 μL containing 364.45 mg of CTAB was pre-
pared and heated up to a temperature of 30-35 ◦C in a water bath, with magnetic stirring.
Subsequently, 400 μL of gold(III) chloride solution (0.01 M), 75 μL of silver nitrate (0.15 mM),
364 μL of hydroquinone (0.14 M) and 20 μL of sodium borohydride (0.005 M) were added.
All additions were performed within 5 min. intervals. During each interval, the next
solution to be added was prepared. After 30 s following the last addition, magnetic stirring
was removed, and the solution was maintained at 35 ◦C for 4 h.

The obtained nanoparticles were washed by centrifugation (10,000 rpm for 30 min),
using a 2 mM CTAB solution. In order to promote the deposition of the gold nanorods,
50 μL of a monopotassium phosphate solution (1 M) were added. Finally, the purified
nanoparticles were dispersed in a 2 mM CTAB solution for future use.

192



Nanomaterials 2024, 14, 679

2.3. Coupling between MNPs and AuNRs

Magneto-plasmonic nanoparticles were obtained by coupling Ca/Mg mixed ferrite
nanocubes and gold nanorods. Cysteine was employed as a “bridging” molecule between
the two types of nanoparticles (Figure 1). The –OH groups at the surface of ferrite nanocubes
were first activated with carbonyl-diimidazole (CDI). Through the amine group (–NH2)
in cysteine, a carbamate linkage was formed. The pending thiol groups (–SH) of cysteine
can strongly chemisorb to the gold surface, resulting in the coupling of the two types
of nanoparticles. Hydrazine is additionally used to prevent aggregation of the cysteine
functionalized ferrite nanocubes through formation of S–S bonds.

 

Figure 1. Schematic representation of the coupling between Mg0.75Ca0.25Fe2O4 nanocubes and gold
nanorods, originating magneto-plasmonic nanoparticles as the final structure.

First, a 0.2 mg/mL solution of magnetic nanoparticles in dry dimethyl-sulfoxide
(DMSO) was prepared. Subsequently, 3.14 mg of CDI was added, and the mixture was
heated up to 60 ◦C, under magnetic stirring, and kept overnight at these conditions. The
nanoparticles were subjected to three washing cycles with a mixture of ethanol/water (1:1)
by magnetic decantation, to remove any remaining CDI molecules. Upon redispersion in
dried DMSO, 2.5 mg of cysteine were added and 2.17 mg of imidazole-HCl was used as a
reaction catalyst. The mixture was allowed to react for 1 h at the same temperature (60 ◦C)
under magnetic stirring, and the washing procedure was repeated. The final step was the
addition of 5 mL of a pre-prepared solution of gold nanorods along with 20 μL of hydrazine
solution (8.24 × 10−4 M). The reaction was maintained for 1 h in the same conditions.
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Finally, the magneto-plasmonic NPs were washed by magnetic decantation to remove all
gold nanorods that did not attach to the magnetic nanoparticles. The supernatant and the
sediment (coupled nanoparticles) were redispersed in 5 mL of 0.2 mM CTAB.

2.4. Preparation of Elastic Liposomes and Aqueous Elastic Magnetoliposomes

Several lipid formulations using DPPC as the main phospholipid and with different
surfactants, namely Span-60 (SP60), Span-65 (SP65), Span-80 (SP80), Span-85 (SP85) and
Tween-80 (TW80), were prepared. Different molar ratios of 70:30, 80:20 and 85:15 were
investigated. The conventional ethanolic injection method was followed in the preparation
of elastic liposomes, as described by Ribeiro et al. [35]. Briefly, an ethanolic lipid solution of
1 mM was injected, drop by drop and under continuous stirring, to a pre-heated ultrapure
water (55 ◦C), inducing the vesicles’ formation.

Aqueous elastic magneto-liposomes were prepared following a similar procedure,
using the lipids DPPC and SP80 (85:15) in a final concentration of 1 mM. For this purpose,
the lipid content was injected, under vortex, to 3 mL of an aqueous dispersion of magneto-
plasmonic nanoparticles (1 × 10−4 M) above the main phospholipid phase transition
temperature (55 ◦C). The non-encapsulated nanoparticles were removed by several cycles
of magnetic decantation [36].

2.5. Structural and Magnetic Characterization

The composition and crystallographic structure of the mixed ferrite nanocubes were
investigated by X-ray diffraction (XRD) using a PAN’alytical X’Pert PRO diffractometer
(Malvern Panalytical Ltd., Malvern, UK), at the Electron Microscopy Unit of the University
of Trás-os-Montes and Alto Douro (UTAD), Vila Real, Portugal. The sample was analysed
operating with CuKα radiation (λ = 0.154060 nm), in a Bragg–Brentano configuration. The
XRD diffractogram was acquired and interpreted using Profex Software (version 4.3.6)
(RMS Foundation, Bettlach, Switzerland) [37], with a BGMN Rietveld model [38].

Transmission electron microscopy (TEM) images of isolated and coupled magnetic
and gold nanoparticles were recorded at the Centro de Apoio Científico-Tecnolóxico à
Investigación (CACTI), University of Vigo, Spain, using a JEOL JEM-1010 high-contrast
microscope, operating at 100 kV. The aqueous elastic magneto-plasmonic liposomes were
also observed by TEM. Copper grids with carbon and Formvar were used for sample
preparation and the NPs’ dispersion was ultrasonicated before deposition. The images
were processed using ImageJ software (version 1.53t, National Institutes of Health (NIH),
Bethesda, MD, USA). Average sizes were estimated using the length and height of each
particle and the corresponding histogram was fitted to a Gaussian distribution.

Dynamic light scattering (DLS) and electrophoretic light scattering (ELS) techniques
were employed to determine the average hydrodynamic size and colloidal stability in
the LitesizerTM 500 DLS equipment from Anton-Paar (Anton-Paar GmbH, Graz, Austria)
containing a laser diode of λ = 658 nm. Three independent measurements were performed
for each sample, at room temperature, and the experimental data were processed using
Kalliope software (Anton-Paar GmbH, Graz, Austria).

Magnetic response of Mg0.75Ca0.25Fe2O4 nanocubes and magneto-plasmonic nanopar-
ticles was assessed at University of Aveiro (Portugal) using a MPMS3 Superconducting
Quantum Interference Device (SQUID) magnetometer Quantum Design MPMS5XL (Quan-
tum Design Inc., San Diego, CA, USA). The measurements were conducted at room tem-
perature with applied magnetic fields in the convenient range for each sample. A specific
magnetic field correction for the trapped flux in the superconducting coil was performed,
resulting in an accuracy of residual less than 2 Oe. Corrections were applied to the results
for geometric effects and additional measurements were made to rectify the remaining field
of the superconducting coil.
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2.6. Measurement of Hyperthermia Capability

The ability for photothermal therapy was evaluated using a home-made experimental
irradiation setup at the Physics Centre of University of Minho (Braga, Portugal). This setup
is equipped with a sample holder, a continuous laser light source with λ = 808 nm and
1 W/cm2 of power density, and a T-type thermocouple connected to a digital multimeter
(Agilent U1242A) for temperature measurement. The thermal energy dissipation of gold
nanorods, magnetic NPs and magneto-plasmonic NPs dispersions (1 mg/mL) under NIR
radiation was recorded for a period of time of 30 min. After this time, the laser was turned
off and the cooling curves were recorded for another 30 min. The same procedure was
employed for MPEL suspensions. For each sample, three independent measurements
were performed.

The nanoparticles’ ability to release heat when irradiated with NIR light was evaluated
by the specific absorption rate (SAR). This is defined as the total energy absorbed per unit
of mass (W/g), and is given by Equation (1),

SAR = C
ΔT
Δt

× ms

mm
(1)

where C is the specific heat capacity of the solution (4.186 J g−1 K−1 for water), ΔT/Δt
expresses the initial slope of the curve and ms and mm refer to the mass of the solution
and of the magnetic/plasmonic content (g), respectively [39]. The SAR calculation was
performed employing the initial linear slope method.

2.7. UV-Vis–NIR and Fluorescence Measurements

UV-Vis–NIR absorption spectra were obtained on a double-beam Shimadzu UV-3600
Plus UV-Vis–NIR spectrophotometer (Shimadzu Corporation, Kyoto, Japan). Fluores-
cence steady-state anisotropy studies on the ELs and MPELs were performed using a
Fluorolog 3 spectrofluorometer (HORIBA Jobin Yvon IBH Ltd., Glasgow, UK), possess-
ing double monochromators (excitation and emission) and Glan–Thompson polarizers.
To acquire these spectra, the probe 1,6-diphenyl-1,3,5-hexatriene (DPH) was included in
all the formulations, at a final concentration of 1 × 10−6 M. The prepared samples were
excited at λexc = 350 nm, and the temperature varied between 25 ◦C and 55 ◦C, using
a temperature-controlled cuvette holder. To assess the apparent microviscosity (η), the
steady-state fluorescence anisotropy (r) was calculated according to Equation (2):

r =
IVV − GIVH

IVV + 2GIVH
(2)

where IVV and IVH correspond to the fluorescence intensities obtained with vertical (V) and
horizontal (H) polarization, for vertically polarized excitation light, respectively, and G is
the instrument correction factor. The latter is given by Equation (3),

G =
IHV

IHH
(3)

where IHV and IHH are the fluorescence intensities obtained with V and H polarization, for
horizontally polarized excitation light, respectively. Considering a fluorescence lifetime for
DPH of 11.4 ns in lipid membranes at room temperature [40,41], it is then possible to calcu-
late η (P) from r values, following Equation (4) [40,41]. Three independent measurements
were made, and the respective standard deviation (SD) was determined.

η =
2.4 r

0.362 − r
(4)
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3. Results and Discussion

3.1. Magnetoplasmonic Nanoparticles’ Characterization

Magneto-plasmonic nanoparticles, i.e., Mg0.75Ca0.25Fe2O4 nanocubes coupled with
gold nanorods, were prepared. Magnesium/calcium ferrites have the advantage of en-
hanced biocompatibility and of forming cubic-shaped nanoparticles that possess better
magnetic properties than the corresponding spherical nanoparticles [15], as already re-
ported for shape-anisotropic nanoparticles of the same composition [17]. A comprehensive
characterization of each particle was conducted, as well as the final nanostructure, in order
to study individual properties and analyze the effectiveness of the coupling.

The XRD pattern of the magnesium ferrite MNPs with 25% replacement by calcium
ions was processed by importing the CIF file with number 1011245 (space group 227),
from the crystallographic open database (COD). Since this file is valid for MgFe2O4, ad-
justments to the unit cell composition were implemented to correspond with the actual
structure of the NPs. More precisely, 25% of the crystallographic positions occupied by
magnesium ions were considered to be the calcium ions’ contribution. A variable inversion
degree was assumed, considering that the distribution of Ca2+ and Mg2+ cations between
tetrahedral and octahedral sites occurs so that the mixed ferrite stoichiometry is valid
in both type of position. This led to a fit with χ2 = 1.341, RP = 12.31 with an inversion
degree of 0.5. The obtained diffractogram (Figure 2a) provides evidence for the synthesis
of Mg0.75Ca0.25Fe2O4 nanoparticles, revealing an average size of 41.3 nm, estimated by
analyzing all the diffraction peaks, as implemented in BGMN model [38]. These peaks ap-
peared at 2θ = 18.4◦ (1 1 1), 30.2◦ (2 2 0), 35.6◦ (3 1 1), 37.2◦ (2 2 2), 43.3◦ (4 0 0), 47.4◦ (3 3 1),
53.7◦ (4 2 2), 57.2◦ (5 1 1), 57.2◦ (3 3 3), 62.9◦ (4 4 0), 66.1◦ (5 3 1), 71.3◦ (6 2 0), 74.4◦ (5 3 3),
75.4◦ (6 2 2), 79.4◦ (4 4 4), 82.4◦ (7 1 1), 82.4◦ (5 5 1), 87.2◦ (6 4 2), 90.2◦ (7 3 1), 90.2◦ (5 5 3),
95.1◦ (8 0 0), 98.0◦ (7 3 3), corresponding to a lattice constant a = 8.392 Å.

Figure 2b,c present the absorption spectra of Mg0.75Ca0.25Fe2O4 nanoparticles and
gold nanorods, respectively. The magnetic nanocube spectrum (Figure 2b) reveals a broad
absorption, showing that the MNPs can absorb light at 808 nm (as highlighted by the red
line). Absorption of MgFe2O4 in the NIR region was reported as arising from intra-atomic
transitions among the 3d energy levels split by the crystal field [42]. This type of transitions
is known to be forbidden for Fe3+ (d5 high spin), but gains intensity through spin coupling
interactions between Fe3+ atoms in close proximity [43]. At NIR wavelengths, the human
tissues show minimal light absorption, which is a key feature for the main objective of this
work. Several studies have documented a considerable photothermal potential exhibited
by magnetic NPs under NIR laser irradiation [44–46], sparking significant interest and
promise for the application of Ca/Mg ferrites in PTT. In fact, this aptitude has already been
attested on different ferrite nanoparticles, being especially intensified in those based on
alkaline earth metals [16,47,48].

Regarding the gold nanorods, the UV–Vis–NIR spectrum (Figure 2c) allows for con-
clusiio of their synthesis and the obtaining of information about their size and shape.
Two absorption bands, the first around 500–550 nm and the second with a maximum at
880 nm, corresponding to the transverse plasmon and the longitudinal surface plasmon,
respectively, are observed. Considering the position of the plasmonic bands, nanoparticles
with a diameter of around 9 nm and length of 31 nm, are expected [34]. From these values
(Figure 2c), gold nanorods with a diameter/length ratio of 3.5 are anticipated.

The coupling process of gold nanorods with Mg0.75Ca0.25Fe2O4 nanoparticles, allow-
ing the obtaining of the magnetic and plasmonic components in a single nanosystem, was
monitored by UV–Vis–NIR absorption spectroscopy. To these measurements, the gold
solution was diluted to the same concentration that would be obtained in the supernatant
solution, if no coupling has occurred. This solution was labeled as “diluted AuNR solution”.
The absorption spectra of this solution and of the supernatant containing the uncoupled
AuNRs are presented in Figure 2d. From the obtained spectra, it was possible to conclude
that the intensity of the bands of gold nanoparticles that did not couple with the mag-
netic nanoparticles is lower than that which would have been obtained if no coupling has
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happened. This is an indication that the coupling has effectively occurred. The spectrum
of coupled nanoparticles is displayed in Figure 2e, evidencing the coupling by the very
different relation between the transverse and longitudinal plasmon bands.

 
 

(a) (b) 

  
(c) (d) 

 

(e) 

Figure 2. (a) X-ray diffractogram of Mg0.75Ca0.25Fe2O4 nanoparticles with the respective Ri-
etveld analysis and Miller indices. The residuals of the fitting are displayed in the bottom panel.
(b) UV-Vis–NIR absorption spectra of Mg0.75Ca0.25Fe2O4 nanoparticles dispersed in water (red line
highlights absorption at 808 nm). (c) UV-Vis–NIR absorption spectra of gold nanorods dispersed
in CTAB. (d) UV-Vis–NIR absorption spectra of diluted AuNRs solution and uncoupled AuNRs.
(e) UV-Vis–NIR absorption spectrum of the coupled magneto-plasmonic nanoparticles.
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The formation of magneto-plasmonic nanoparticles was assessed through the differ-
ence in maximum longitudinal plasmon absorbance of the initial gold nanorods used for
coupling, designated as “diluted AuNR solution”, and the maximum absorbance of the
longitudinal plasmon of gold nanoparticles that did not bound to the magnetic nanoparti-
cles, designated as “uncoupled AuNRs”. Thus, the mass of bound gold was determined
using Equation (5), corresponding to a coupling efficiency of 32%.

Abs (diluted AuNRs solution)− Abs (uncoupled AuNRs)
Abs (diluted AuNRs solution)

× diluted AuNRs solution mass (5)

For accurate evaluation of the morphology and size distribution of magnetic and
plasmonic NPs and of the coupling between them, a TEM characterization was performed.
The obtained images are presented in Figure 3. The TEM images are in accordance with the
expected, revealing the homogeneity of the prepared NPs and corroborating the successful
coupling between the magnetic and plasmonic components, as predicted by the spectro-
scopic results. One the one hand, the mixed ferrite NPs generally exhibit a cubic shape
(Figure 3a), with an average length of major and minor axes of 37 ± 3 nm and 31 ± 5 nm,
respectively (Figure 3b), resulting in an aspect ratio ranging from 1.1 to 1.2. This value
slightly above 1.0 reveals the presence of magnetic structures with a slight elongation,
although some more spherical nanoparticles are also observed [17]. The results are in
reasonable accordance with the average size estimated by XRD. One the other hand, the
images obtained for plasmonic nanoparticles confirmed the formation of gold NPs in the
shape of nanorods. Additionally, it is observed that these are uniform in shape and size.
From Figure 3c, the distributions of longitudinal and transverse sizes of the nanorods
were estimated as 46 ± 7 nm and 12 ± 1.6 nm, respectively. An aspect ratio of around 3.9
was calculated (Figure 3d), in general accordance with that obtained from UV–Vis–NIR
absorption. This characterization was crucial to anticipate the geometry associated with
the interaction of gold nanorods and magnetic nanoparticles. TEM images also allowed
to confirm the formation of the magneto-plasmonic nanostructures. From Figure 3e, it is
possible to observe the coupling of gold nanorods with magnetic nanoparticles.

The magnetic behavior of both MNPs and MPNPs was evaluated by SQUID, aiming
to study the effect of the plasmonic component in the magnetic properties. Figure 4
shows the dependence of the magnetic moment (M) on the applied magnetic field (H),
at room temperature. The coercive field (Hc), saturation magnetization (Ms), remnant
magnetization (Mr) and the ratio between Mr/Ms (squareness value) were obtained and
are summarized in Table 1.

 
(a) (b) 

Figure 3. Cont.
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(c) (d) 

 
(e) 

Figure 3. (a) TEM image of Mg0.75Ca0.25Fe2O4 nanocubes and (b) respective size histogram fitted to
a Gaussian distribution. (c) TEM image of gold nanorods and (d) respective aspect ratio histogram
fitted to a Gaussian distribution. (e) TEM image of magnetic nanoparticles coupled with plasmonic
nanorods. Scale bar: 100 nm.

 

Figure 4. Magnetization hysteresis loops of Mg0.75Ca0.25Fe2O4 magnetic nanocubes (MNPs) before
(grey) and after (green) coupling with gold nanorods (MPNPs), measured at T = 300 K. The inset
provides a magnified view of the M-H loops in the low field region.

The obtained results clearly emphasize that the M–H curve of cubic-shaped magnetic
NPs was significantly influenced after coupling with the gold nanorods due to their dia-
magnetic contribution. Although both hysteresis cycles display some attributes typical
of particles with a superparamagnetic behavior, such as an almost closed loop and low
remnant magnetization (2.4 and 0.23 emu/g for MNPs and MPNPs, respectively), the
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Ms was highly compromised after the coupling with the plasmonic NPs. This parameter
decreased from 23.5 to 2.2 emu/g, representing a reduction of more than tenfold. Even so,
the squareness value of, approximately, 0.1 for both NPs points to a superparamagnetic
nature at room temperature, indicating that 90% of the magnetization is lost upon the
removal of the applied magnetic field [49].

Table 1. Coercive field, Hc (Oe), saturation magnetization, Ms (emu/g), remnant magnetization, Mr

(emu/g), and Mr/Ms ratio for magnetic (MNPs) and magneto-plasmonic nanoparticles (MPNPs) at
room temperature.

Samples
Hc

(Oe)
Ms

(emu/g)
Mr

(emu/g)
Mr/Ms

MNPs 49.0 23.5 2.4 0.102
MPNPs 67.2 2.20 0.23 0.105

The photothermic potential of the prepared nanoparticles was assessed using NIR
irradiation. In these measurements, each type of nanoparticle was evaluated separately.
Thus, aqueous dispersions of neat MNPs, neat AuNRs and coupled MPNPs, at the same
NP concentration (1 mg of NPs per mL of water), were prepared. For comparison, pure
water was also tested to evaluate the heating of the medium in the absence of nanoparticles.
The heating and cooling curves are shown in Figure 5.

 

Figure 5. Heating profile of aqueous dispersions (1 mg/mL) of Mg0.75Ca0.25Fe2O4 magnetic
nanocubes (MNPs), gold nanorods (AuNRs) and magnetic/plasmonic nanoparticles (MPNPs) under
exposure to a laser light source with 808 nm wavelength and 1 W/cm2 power density. ΔT is the
increment from room temperature (20 ◦C).

SAR values were obtained using the initial slope method. The linear region of the
curve covers the time during which the heating process occurs effectively, without any
loss/exchange of heat with the environment, making it possible to extract the actual
temperature increase caused by laser irradiation. The obtained results are summarized in
Table 2.

Table 2. Specific absorption rate, SAR (W/g), for gold nanorods (AuNRs), Mg0.75Ca0.25Fe2O4

magnetic nanocubes (MNPs) and magneto-plasmonic nanoparticles (MPNPs), under a NIR laser
light (808 nm wavelength and 1 W/cm2 power density).

Sample SAR (W/g) ΔT (◦C)

AuNRs 523.8 ± 6.7 33.6
MNPs 467.9 ± 21 28.9

MPNPs 680.7 ± 43 37.2
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As expected, the gold nanorods showed better heating capacity compared to the
magnetic nanoparticles, with corresponding SAR values of 523.8 W/g and 467.9 W/g, for
AuNRs and MNPs, respectively. Regarding magnetic/plasmonic NPs, these exhibited a
higher SAR when compared to individual components. This favorable behaviour shows
the synergistic effect between the plasmonic and magnetic components in the nanosystem,
potentiating the photothermal capability. The MPNP sample would still contain 68% of
MNPs and some AuNRs arrested in the centrifugation pellet. However, the conclusion
regarding the synergistic effect is the same and purification of MPNP samples would have
resulted in an even higher SAR. This synergistic effect has been reported previously for gold
nanorods and magnetite nanoparticles in a silica matrix [26,50], although a clear reasoning
for such behavior was not presented and is still under investigation. One possibility is
an increased intensity of the plasmon resonance in the NIR region (as can be observed
in Figure 2e), if one takes into account the 32% coupling efficiency. This increase has
been reported in theoretical calculations on related systems with a layer-by-layer geom-
etry [51]. As MgFe2O4 is a known n-type semiconductor [52], another possibility is an
efficient charge transfer from electrons in MgFe2O4 to gold, due to the close proximity
of the two nanoparticles. Moreover, the maximum temperature variation is adequate for
therapeutic action, since the temperature of photothermal hyperthermia (42–45 ◦C) is easily
reached at physiological temperature.

3.2. Magneto-Plasmonic Elastic Liposomes’ Characterization
3.2.1. Elastic Properties Investigation

The prepared nanoparticles were encapsulated in elastic liposomes to ensure the
absorption of the nanoparticles into the skin. For topical applications, the thermosensitive
phospholipid DPPC is preferred as the main component, in consequence of its low Tm
(41 ◦C) [10]. To destabilize the vesicles and increase their deformability, SP60, SP65, SP80,
SP85 and TW80 were used as EAs. Thus, the impact of the lipid composition on the degree
of elasticity of the ELs was assessed using fluorescence anisotropy studies. For this, the
membrane probe DPH was included into the lipid bilayer. This probe is widely used to
monitor the membrane fluidity of biological systems, being an indirect reporter of their
microviscosity [40]. Several formulations with different compositions were investigated
regarding their micro-viscosity at 25 ◦C (room temperature) and 37 ◦C (body average
temperature [53]). These temperature points were selected, as they fall below and above
the average skin temperature range (between 33.5 ◦C and 36.9 ◦C) [54]. Considering that η
is indirectly indicative of the degree of elasticity, it was assumed that the lower its value,
the higher is the liposomes’ fluidity and, consequently, their elasticity. Table 3 summarizes
the results of the anisotropy experiments, using equation (4) for micro-viscosity estimation
(considering that the variation of DPH fluorescence lifetime between 25 ◦C and 37 ◦C is
very low [55] and could be neglected).

These data clearly indicate a correlation between the liposomes’ microviscosity and
the type of surfactant. Although to dissimilar degrees and excluding DPPC:TW80 (80:20)
liposomes, it can be inferred that all the developed formulations exhibit elastic properties
at 25 ◦C, as their fluidity increased in comparison to the system composed only by DPPC.
Despite the variations observed in the three ratios, liposomes containing Tween-80 as edge
activator are too viscous, potentially hindering their ability to cross the barriers of the skin.
On the other hand, formulations composed by SP80 and SP85 have shown more potential as
ELs, exhibiting the lowest η values at both temperatures. Considering the aim of this work,
liposomes of DPPC:SP80 (85:15) were selected to encapsulate the MPNPs. This formulation
stands out for its reduced microviscosity at 37 ◦C (1.3 ± 0.3 P), being that with the highest
degree of elasticity. In this way, the loaded vesicles will be able to “squeeze” and pass
through the skin pores by modulating its structure. In fact, Hussain et al. [9] proved that
liposomes containing SP80 have an adequate vesicular size and high elasticity. Moreover,
this formulation showed the highest drug permeation flux (89.74 ± 8.5 mg/cm2/h) and
proved to be able to deliver the drug 5-fluorouracil into the SC for enhanced skin delivery
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with minimal hemolysis. These results, together with those obtained here, point to the
development of novel MPELs of DPPC:SP80 (85:15) loaded with magneto-plasmonic NPs.

Table 3. Fluorescence anisotropy, r, of DPH and micro-viscosity, η (P), of several lipid formulations at
25 ◦C and 37 ◦C.

Temperature

25 ◦C 37 ◦C

Formulation Ratio r η (P) r η (P)

DPPC --- 0.277 ± 0.003 7.9 ± 0.3 0.236 ± 0.003 4.5 ± 0.2

DPPC:SP60
70:30 0.261 ± 0.015 6.4 ± 1.2 0.209 ± 0.020 3.3 ± 0.8
80:20 0.249 ± 0.014 5.5 ± 1 0.242 ± 0.005 4.9 ± 0.3
85:15 0.252 ± 0.005 5.5 ± 0.3 0.232 ± 0.014 4.4 ± 0.7

DPPC:SP65
70:30 0.222 ± 0.004 3.8 ± 0.2 0.197 ± 0.004 2.9 ± 0.1
80:20 0.243 ± 0.003 4.9 ± 0.2 0.223 ± 0.019 3.9 ± 0.8
85:15 0.230 ± 0.004 4.2 ± 0.2 0.226 ± 0.008 4.0 ± 0.5

DPPC:SP80
70:30 0.225 ± 0.015 4.0 ± 0.6 0.135 ± 0.002 1.4 ± 0.03
80:20 0.248 ± 0.007 5.3 ± 0.5 0.144 ± 0.002 1.6 ± 0.04

85:15 * 0.218 ± 0.003 3.63 ± 0.01 0.125 ± 0.018 1.3 ± 0.3

DPPC:SP85
70:30 0.207 ± 0.005 3.2 ± 0.2 0.112 ± 0.004 1.6 ± 0.05
80:20 0.230 ± 0.010 4.2 ± 0.5 0.107 ± 0.002 1.3 ± 0.03
85:15 0.231 ± 0.018 4.4 ± 0.9 0.135 ± 0.024 1.5 ± 0.4

DPPC:TW80
70:30 0.274 ± 0.006 7.5 ± 0.7 0.251 ± 0.002 5.4 ± 0.1
80:20 0.282 ± 0.003 8.5 ± 0.4 0.236 ± 0.011 4.5 ± 0.5
85:15 0.269 ± 0.015 7.2 ± 1 0.224 ± 0.008 3.9 ± 0.4

* Selected formulation.

3.2.2. Study of the Phase Transition Temperature of MPELs

As mentioned in Section 1, it is important to use edge activators as an ingredient to
prepare ELs, considering that these play a crucial role in decreasing the phase transition
temperature of typical liposomes and conferring them elastic properties. In this context,
anisotropy studies were conducted in order to identify the transition temperature of the
nanosystems and understand the influence of EAs on this parameter. For this assay, DPH
fluorescence anisotropy was used to predict the properties of lipid bilayers at different
temperatures (Figure 6).

 
Figure 6. Temperature dependence of fluorescence anisotropy (r) of DPH incorporated into liposomes
of DPPC:SP80 (85:15) and magneto-plasmonic elastic liposomes (MPELs). DPPC liposomes are shown
for comparison.
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Liposomes composed only of DPPC exhibit a Tm around 41 ◦C, as previously re-
ported [40,55]. Similar results were obtained for fluorescence anisotropy of DPH in neat
DPPC liposomes, as reported by Pereira et al. [56]. It is particularly highlighted that the
inclusion of Span-80 into lipid vesicles is actually reflected in a notable decrease of the
probe’s fluorescence anisotropy, which indicates an increase in membrane fluidity. This
observation validates the effectiveness of SP80 as edge activator in reducing the melting
temperature of liposomes and, consequently, in promoting their elastic nature. Regarding
MPELs, it is concluded that magneto-plasmonic NPs did not induce any significant changes
in the system’s phase transition temperature, of around 35 ◦C (inflexion point of the curve).
As the liposomes’ Tm should be localized in the range 25 ◦C to 35 ◦C, an improved perme-
ation flux is assured when in direct contact with the skin. At this temperature, MPELs will
adopt a more fluidic structure (liquid crystal state) capable of crossing the SC through the
intercellular route, ensuring the “same time at same place” therapeutic strategy.

The recognition of the system’s phase transition temperature is also of major interest
to understand its role as mediator of cellular damage via phototherapy. For this type of
therapeutic modality, temperatures in the range of 42 ◦C to 45 ◦C are generally effective in
starting to accelerate biochemical reactions, leading to protein denaturation and produc-
tion of reactive oxygen species (ROS) [57]. The Tm of the developed magneto-plasmonic
liposomes suggests that these cytotoxic episodes would be triggered only upon penetration
into the skin layers. It is expected that, when in contact with the skin at 35 ◦C, the fluidity
of MPELs increases, allowing them to cross this barrier. By focusing a NIR laser light in
the target site, a localized temperature rise would be promoted and, upon reaching that
thermal interval, apoptotic events should be exploited [57]. Additionally, a thermosensitive
nano-system with this Tm would be capable of retaining drugs at physiological condi-
tions and selectively release their content at the target location only after penetration and
reaching hyperthermic temperatures.

3.2.3. MPELs’ Structural Characterization and Stability

Here, magneto-plasmonic elastic liposomes were prepared for the first time using the
conventional ethanolic injection method. This technique was chosen for its easy synthesis,
while producing homogeneous, monodisperse and stable solutions of small uni-lamellar
vesicles without the need of additional steps as extrusion, that can lead to the liposomes’
degradation and oxidation [58]. The TEM image of MPELs (Figure 7) shows structures
with sizes of around 95 nm, with a dark core (the magneto-plasmonic core after the
application of vacuum) surrounded by a thin layer (the lipid bilayer). The polydispersity
index (PDI) below 0.3 (0.25 ± 0.015), measured by DLS, indicates generally monodisperse
structures. For lipid-based nanocarriers, suspensions with standard PDI values below 0.3
are considered acceptable for biomedical applications [59]. MPELs size between 85 and 95
nm are in the defined range for biomedical applications (~50–200 nm) [60], making them
promising candidates for the main objective of this work. Moreover, the liposomes’ zeta
potential (ζ), before and after the magneto-plasmonic NPs incorporation (−1.18 ± 0.157
eV for ELs and +19.56 ± 1.039 eV for MPELs), reveal that being a non-ionic surfactant
SP80 did not cause changes in the near-neutral charge of the liposomes conferred by the
zwitterionic lipid DPPC. However, the stability of the nanosystem was modified by adding
the hyperthermia agent. The positive surface charge obtained in magneto-plasmonic elastic
liposomes is a result of the capping agent used in the preparation of AuNRs. CTAB is a
cationic surfactant that acts in the stabilization of nanorods during their synthesis forming
a bilayer structure around the particles [61]. In addition, the obtained positive charge
suggests that the magneto-plasmonic NPs must be located close to the surface of the
liposomes.

A stability study was performed to determine whether these magneto-plasmonic
elastic liposomes satisfy the requirements for commercial and clinical outcome. For that
purpose, mean size and PDI variations were monitored over a 20-day storage period at
4 ◦C (Figure 8); considerable changes in these domains reveal signs of either aggregation or
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membrane rupture [62]. During this time, the MPELs size presented minimal shifts from
the day 1 value (D0 = 105.9 ± 4 nm; D20 = 106.7 ± 3 nm), suggesting that these should
remain stable in long-term storage. In addition, no significant PDI deviations were found.
Still, the MPELs’ suspension shows an increasing pattern in that index, starting from the
8th day onward. With this background, the developed nanostructure is expected to, when
in contact with the skin, easily adjust its shape and be rapidly absorbed, permeating the SC
up to, at least, 20 days after synthesis.

 

Figure 7. TEM image of DPPC:SP80 (85:15) magneto-plasmonic elastic liposomes (scale bar: 200 nm).

 

Figure 8. Stability of MPELs aqueous solution stored at 4 ◦C, represented as the variation of its
hydrodynamic diameter and PDI over a 20-day period.

3.2.4. MPELs as Photothermal Hyperthermia Agents

The photothermal potential of the novel MPELs here developed was assessed under
laser exposure at 808 nm. This specific wavelength is frequently employed in such exper-
iments, as it falls within the first near-infrared (NIR-I) biological window (700–900 nm),
i.e., spectral wavelengths capable of penetrating biological tissues with minimum ab-
sorbance and scattering [16]. Under these conditions, the ability for energy dissipation of
magnetic/plasmonic NPs enclosed in elastic liposomes of DPPC:SP80 (85:15) was assessed
(for the same concentration of MPNPs used before). The equivalent SAR and temperature
variation (above room temperature), 616.9 ± 32 W/g and 33.5 ◦C, respectively (Figure 9),
lead to a conclusion that the final nanostructure exhibits appealing features for performing
efficient photothermal hyperthermia to treat topical pathologies.
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Figure 9. (a) Heating profile of an aqueous solution of magneto-plasmonic elastic liposomes under
exposure to a laser light source with 808 nm wavelength and 1 W/cm2 power density. ΔT is the
increment from room temperature (20 ◦C). (b) Histogram of specific absorption rate, SAR (W/g),
of gold nanorods (AuNRs), Mg0.75Ca0.25Fe2O4 magnetic nanocubes (MNPs), magnetic/plasmonic
nanoparticles (MPNPs) and magneto-plasmonic elastic liposomes (MPELs).

4. Conclusions

This research aimed to design and prepare an innovative nanoplatform with ultra-
deformable properties for applications in skin cancer diseases by photothermal hyper-
thermia. For that purpose, gold nanorods and cubic-shaped magnetic nanoparticles of
magnesium ferrite with 25% replacement by calcium ions were synthetized and char-
acterized through XRD, UV-Vis–NIR spectroscopy, TEM and SQUID. TEM images vali-
dated the synthesis, coupling and encapsulation of magneto-plasmonic nanoparticles into
DPPC:SP80 (85:15) thermoelastic liposomes, with suitable properties for biomedical applica-
tions. Photothermal hyperthermia measurements under a NIR laser light demonstrated an
encouraging prospect of MPELs in addressing topical disease conditions (SAR = 617 W/g).
Therefore, this work provides valuable insights into the potential of the developed nanosys-
tems for future potential application in skin cancer.

To the best of our knowledge, this is the first time that magneto-plasmonic elastic
liposomes containing Ca/Mg ferrites coupled to gold nanorods were developed and
characterized, and their photothermal capability evaluated.
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Abstract: The modification of nanodiamond (ND) surfaces has significant applications in sensing
devices, drug delivery, bioimaging, and tissue engineering. Precise control of the diamond phase
composition and bond configurations during ND processing and surface finalization is crucial. In
this study, we conducted a comparative analysis of the graphitization process in various types of
hydrogenated NDs, considering differences in ND size and quality. We prepared three types of
hydrogenated NDs: high-pressure high-temperature NDs (HPHT ND-H; 0–30 nm), conventional
detonation nanodiamonds (DND-H; ~5 nm), and size- and nitrogen-reduced hydrogenated nanodi-
amonds (snr-DND-H; 2–3 nm). The samples underwent annealing in an ultra-high vacuum and
sputtering by Ar cluster ion beam (ArCIB). Samples were investigated by in situ X-ray photoelectron
spectroscopy (XPS), in situ ultraviolet photoelectron spectroscopy (UPS), and Raman spectroscopy
(RS). Our investigation revealed that the graphitization temperature of NDs ranges from 600 ◦C
to 700 ◦C and depends on the size and crystallinity of the NDs. Smaller DND particles with a
high density of defects exhibit a lower graphitization temperature. We revealed a constant energy
difference of 271.3 eV between the sp-peak in the valence band spectra (at around 13.7 eV) and the sp3

component in the C 1s core level spectra (at 285.0 eV). The identification of this energy difference helps
in calibrating charge shifts and serves the unambiguous identification of the sp3 bond contribution in
the C 1s spectra obtained from ND samples. Results were validated through reference measurements
on hydrogenated single crystal C(111)-H and highly-ordered pyrolytic graphite (HOPG).

Keywords: nanodiamonds; hydrogenation; XPS; UPS; Raman spectroscopy; surface graphitization;
Ar cluster ion beam sputtering

1. Introduction

Nanodiamonds (NDs) have potential applications in a wide range of technologies
that exploit their unique electronic and surface properties. Their crystalline diamond
core imparts structural stability and biocompatibility, while the ability to tailor surface
chemistry and functional groups allows controllable interaction with various systems. As a
catalytically active material, NDs show promise for photo- and electrocatalytic reactions
like nitrogen reduction [1] or hydrogen production [2]. They may also find use in energy
storage as electrode materials in batteries and supercapacitors [3]. Their tunable electronic
bandgaps and band edge positions relative to vacuum through modification of size, de-
fects, non-diamond carbon phases, and surface chemistry [4] could enable applications
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in optoelectronics such as light-emitting diodes, photovoltaics, and electron emitters [5].
Biomedical applications [6] are envisioned as well, taking advantage of biocompatibility
and the broad options to functionalize nanodiamond surfaces for drug delivery or imaging.

Several types of nanodiamonds are commonly studied and utilized, mainly differen-
tiated primarily by their production method and the resulting structural characteristics.
Detonation nanodiamonds (DND) are synthesized via controlled explosions of carbon-
containing explosives and are the most abundantly available type. Due to their explosive
formation, detonation nanodiamonds tend to be sub-10 nm in size and highly polycrys-
talline and roundish in shape. They also often contain a significant portion of non-diamond
carbon impurities incorporated during their preparation process [7]. In contrast, high-
pressure high-temperature (HPHT) nanodiamonds [8] are produced by milling of synthetic
diamond microcrystals grown by the HPHT process. HPHT NDs are generally larger than
DND NDs, with particles exhibiting uniform monocrystalline and highly irregular shapes.
HPHT NDs also demonstrate reduced and surface-limited non-diamond sp2 carbon phase
content relative to DNDs [9].

Realization of the full potential of NDs requires functionalization and understanding
of the properties of ND surfaces. Basic surface chemistry modifications (oxidation, hydro-
genation) can be achieved by convenient thermal treatments which can be followed by
more complex chemical functionalization required for specific uses [4,10]. Like for diamond
single crystals, surface hydrogenation of HPHT NDs causes the true negative electron affin-
ity (NEA) [4] making NDs an efficient photoemitter [11], and facilitates disintegration of
DNDs [9,12].

X-ray Photoemission Spectroscopy (XPS) is a suitable method for the investigation
of chemical and electronic properties of ND surfaces, particularly to reveal the surface
composition and chemical bond types, to assess the sp2/sp3 carbon ratio, and to specify
the surface terminations or changes in the surface electronic properties of NDs [4,13–16].
However, there are several partially solved or unsolved problems in the analysis of ND
surfaces. Diamond is a wide-bandgap material (5.5 eV) and therefore highly electrically
resistive. Its surface becomes positively charged during measurements, causing recorded
spectra to shift towards higher binding energy (BE). In the case of homogeneous and time-
stable surface charging, the spectra are shifted by a constant value. To compensate for the
surface charging, current spectrometers are usually equipped with low-energy flood guns.
Precise compensation and spectra calibration, however, is sometimes not straightforward.

One can quickly detect surface charging by changing the input power of the X-ray
source [16] or, more precisely, by applying a negative bias voltage to the sample holder [14].
The use of flood guns can easily lead to under- or over-compensation of the analyzed
surface [17]. However, in diamond samples, selecting an appropriate internal standard
poses a challenge. For this purpose, the C 1s peak maximum is usually employed [18],
along with the C sp2 contribution located at the position of the C 1s line recorded from
graphite [19], or the O 1s peak position [20]. Regardless of the uncertainty associated
with this correction, the described referencing is affected simultaneously by the presence
of surface upward or downward band bending due to the surface graphitization and
hydrogenation of NDs [14]. Moreover, the analysis of heterogeneous samples often leads to
heterogeneous surface charging [21,22] and such analysis can be tricky or even impossible.

The sp3-hybridized bonds contribution in C 1s peaks are identified as the highest
intensity component at around 285.0 eV (after spectra calibration) for diamonds [12,23].
Density functional theory, as utilized by Fujimoto et al. [21] supports the assignment of
the sp3 contribution at a lower binding energy of the C 1s line. The authors argue that
the conflicting assignment is a result of surface charging of diamond. Haerle et al. [24]
and subsequently Titantah et al. [25] employed first-principles calculations to determine a
core-level position and shift between the sp3 and sp2 contributions for amorphous carbon
or carbon-based materials, yielding a value of ~1 eV, independent of mass density of carbon
phase. Utilizing this value, the C sp2/C sp3 phase ratios align with measurements of the
sp2/sp3 component areas in the C 1s line [24] and with the findings obtained by high-energy
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electron energy-loss spectroscopy (HREELS) [25]. This assignment gains further support
from experimental investigations on crystalline diamonds annealed at high temperatures
under ultra-high vacuum conditions [12,26], as well as from studies about interaction of
energetic ions with diamond surfaces [19,27]. A progressively increasing sp2 bond-related
component at the low binding energy side of the C 1s peaks as temperature and/or ion
dose increase can serve as indicator of diamond graphitization process.

The line shape of C 1s spectra recorded from oxygen-free diamond surfaces sometimes
exhibits asymmetry. In other words, there is an additional component shifted positively by
0.5–0.9 eV with respect to the sp3 component in C 1s spectrum. Hence, this spectral intensity
cannot be attributed to carbon bonded to oxygen. In the existing literature, it is attributed to
photoemission from carbon atoms situated within various defects [28–30], from hydrogen
bonded to carbon atoms, denoted as C-Hx [15], where x ≥ 2 [19,31,32]. High intensity of
this component was observed in the C 1s spectra of DND samples [29,33]. Considering this
complexity, calibrating the peak maxima of the C 1s line by assigning either the positions to
the sp2, sp3 components or to the sp3, C-Hx components is not straightforward due to the
similarity of the chemical shifts in both cases. For the correct assignment of the individual C 1s
peak components, the initiation of the phase transition between the C sp3 phase of diamond
and the C sp2 graphite phase, could help to resolve the problem.

The graphitization of monocrystalline diamond surfaces [34], nanocrystalline diamond
(NCD) films [35], and DNDs [29] during annealing under ultra-high vacuum (UHV) condi-
tions has been previously studied. The temperature required to start the surface graphitization
reaction on a monocrystalline diamond (111) surface under UHV conditions was reported
to be approximately 850–900 ◦C [34]. A similar temperature range for graphitization was
observed for DND particles: below 900 ◦C, the ND surface undergoes reconstruction into
isolated graphitic domains, evident from the emergence of the sp2 carbon peak as observed
by XPS, while the diamond core remains unaltered. Bulk graphitization of ND cores oc-
curs above 900 ◦C. It should be noted that significantly lower graphitization temperatures
(<500 ◦C) were observed in the presence of a Ni atoms (catalyst layer) on a NCD surface [35],
i.e., graphitization temperature also depends on the diamond surface chemistry.

The graphitization of NCD films can also be reached through monoatomic Ar ion
sputtering and Ar cluster ion beam (ArCIB) sputtering [19,36], leading to an increase in
concentration of the C sp2 phase on the NCD surface. In contrast to monoatomic Ar ion
sputtering, no Ar atoms were incorporated into the NCD film using the ArCIB sputtering.
Thus, no interaction between Ar ions and C atoms [37], nor formation of Ar-C bonds [36]
are expected by using ArCIB sputtering.

The recent investigation of graphitization on DND-H samples through laser irradiation
was reported [33]. The study indicated an increase in the concentration of the C sp2 phase
with longer irradiation times, while the concentration of defects or C-N bonds remained
nearly constant. Although an exact temperature was not provided, the results suggest that
laser irradiation induced a localized temperature increase of the DND samples, which was
adequate to initiate graphitization of the surface layers of DND. This temperature increase
is likely below 900 ◦C, as suggested by previous thermal studies [29].

Photoemission from the valence bands (VB) of diamonds [38–40] and NDs [14,15,41]
reveals spectral features originating from the joint sp-electron and p-electron partial density
of states [38]. The sharp sp-peak between 12–14 eV has been primarily attributed to carbon
sp3 bonds [39,42]. Graphitization of the microcrystalline diamond film, however, results in
a reduction of the sp-peak intensity, but the peak intensity is not completely eliminated
for the graphitized carbon [41] or graphene [43]. Therefore, the use of C sp3 notation for
the sp-peak could be misleading. On the other side, the position of the sp-peak could be
used for the calibration of the VB spectra measured from diamond films with a mixture of
C sp2/C sp3 phases [44].

In the present study, we examined the graphitization of three different types of hydro-
genated NDs using XPS, UPS, and Raman spectroscopy. For the calibration purposes, we
employed reference samples of hydrogenated single crystal diamond C(111)-H and freshly
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cleaved HOPG. The ND samples were subjected to annealing in UHV and sputtering using
an ArCIB. We also establish a correlation between the sp-peak position in the VB and
the position of the sp3 component in the C 1s line and employ it for the calibration of
photoelectron spectra from ND samples.

2. Experimental Details

As HPHT NDs, we used monocrystalline synthetic NDs from Pureon (Lengwil,
Switzerland), featuring a size range of 0–30 nm. To reduce the non-diamond carbon
content, the as received HPHT NDs were subjected to annealing in ambient air atmosphere
at 450 ◦C for 5 h, resulting in purified and oxidized HPHT NDs [9]. Next, the HPHT NDs
were annealed in hydrogen gas at a flow rate of 5 L/min at atmospheric pressure for 6 h, at
an annealing temperature of 800 ◦C [45]. This sample is further labeled as HPHT ND-H.

As DNDs we used two different materials. First we used conventional DNDs from
New Metals and Chemicals Corp. (Tokyo, Japan) with a nominal size of about 5 nm
and 2 at.% of nitrogen [46]. The as-received DNDs were first annealed in ambient air
atmosphere at 450 ◦C for 30 min and then hydrogenated in hydrogen gas at a flow rate of 5
L/min at atmospheric pressure for 6 h at an annealing temperature of 700 ◦C. This sample
is further labeled as DND-H.

The second DND material was provided by OZM Research Ltd. (Hrochův Týnec,
Czech Republic), featuring a nominal size of approximately 2–3 nm [estimated by transmis-
sion electron microscopy (TEM) and small-angle X-ray scattering (SAXS) measurements,
not shown here] and a reduced nitrogen content as shown below. The particles were first
annealed in air at 350 ◦C for 30 min and then hydrogenated at 700 ◦C for 3 h at a flow
rate of 5 L/min at atmospheric pressure of hydrogen. This sample is further labeled as
snr-DND-H where s, n, r stand for size-nitrogen-reduced NDs.

ND powders were first dispersed in water (1.0 mg of ND powder in 1.0 mL of deion-
ized water) by sonication using a rod-type sonicator (Hielscher UP200s, Teltow, Germany)
at 200 W for 1 h. The ND colloids were drop casted on gold bulk substrates and dried before
loading in UHV chamber for XPS and UPS measurements. We ensured sufficient thickness
of ND layers on the conducting substrate. The as-prepared ND samples (for measure-
ments at room temperature, RT samples) were transparent and became non-transparent
after annealing, qualitatively signalizing increase of their C sp2 content [see Figure S1 in
Supplementary Materials].

Monocrystalline diamond C(111) and HOPG samples were used as reference of C sp3

and C sp2 phase materials. In order to clean C(111) surface and to obtain a hydrogenated
diamond surface, a monocrystalline C(111) sample was exposed to a 10 min hydrogen
plasma treatment in a multimode clamshell cavity reactor (SDS6K, Seki Diamond Systems,
Seki City, Japan). The process conditions were as follows: H2 gas flow rate of 300 sccm,
pressure of 4 kPa (30 Torr), microwave power of 2 kW, and the average process temperature
of 465 ± 5 ◦C. The contamination-free surface of the HOPG was prepared through exfolia-
tion. The process involved attaching the 10 × 10 mm2 bulk HOPG sample to the sample
holder. Scotch tape was then applied multiple times to remove the topmost contaminated
layers. Once the largest area of the HOPG remained on the scotch tape, the bulk sample
with freshly-prepared surface was promptly inserted into the spectrometer chamber.

Raman spectra were measured using a Renishaw InVia Reflex Raman spectrometer
(Renishaw, Wotton-under-Edge, UK) with an excitation wavelength of 442 nm (Dual
Wavelength He–Cd laser, model IK5651R-G, Kimmon Koha, Tokyo, Japan) and air-cooled
CCD camera. The samples were exposed by a continuous wave laser (the intensity power
of 0.33 mW) focused to a spot of 1 μm exposure time was set for 100 s, and spectra were
sampled 42 times. Spectra were measured in a backscattering setup with a 100× objective
(Leica, Wetzlar, Germany, NA = 0.9) in the confocal mode with a grating of 2400 lines/mm.

XPS spectra were acquired with an AXIS-Supra photoelectron spectrometer (Kratos
Analytical Ltd., Manchester, UK) using monochromatized Al Kα radiation (1486.6 eV,
150 W, analyzed area of 0.7 × 0.3 mm2). The X-ray incidence angle and photoelectron
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emission angle were 36◦ and 90◦, respectively. The high-resolution core level spectra were
recorded with a pass energy of 10 eV and with an overall energy resolution of 0.45 eV. The
valence band XPS spectra (VB-XPS) should be measured with the same pass energy to
avoid possible charge-related shifts for non-conductive samples. Low energy electron flood
gun was used for neutralization of charge on surfaces. The higher-resolution spectra were
measured with an energy step of 0.1 eV.

Sample annealing up to 800 ◦C was carried out in situ in an XPS chamber with
temperature increments of 100 ◦C. After each annealing step, in situ XPS spectra were
acquired at a given temperature. Throughout the annealing process, the pressure in the
XPS chamber remained below 2.0 × 10−7 Torr. To maintain UHV conditions, the sample
temperature increased gradually. It took approximately 20–40 min to raise the temperature
by 100 ◦C, and a similar period was needed to acquire the photoelectron spectra.

Ar cluster ion beam (ArCIB) sputtering was conducted on annealed samples at room
temperature, following the cooling of the samples from 800 ◦C to room temperature (more
than 4 h was needed for cooling to room temperature). Sputtering was performed with
the Kratos Gas Cluster Ion Source (Minibeam 6) with a cluster size of 1000 atoms and the
Ar ion beam energy of 5 keV. The exposure area of the ArCIB was set to 2 × 2 mm2, and
the incident angle of the ion beam was set to 45◦ from the surface normal. The sample
surfaces underwent sputtering for a duration of 60 min. The UPS spectra were acquired
utilizing He II light excitation (40.8 eV) with a pass energy of 40 eV and an energy step
size of 0.1 eV. Note, the He I was less suitable for resolving sp-peak in the valence spectra
because it overlapped with the secondary electron emission intensity. Therefore, He II with
a broader valence spectra range was used.

Quantification of atomic composition was carried out by analyzing the integrated
high-resolution peak areas, following Shirley’s electron inelastic background subtraction.
We employed the ESCApe software (Kratos Analytical Ltd., ver. 1.4.0.1149), utilizing the
incorporated atomic sensitivity factors, and employed the KolXPD software (ver. 1.7.0.8)
for the core-level peak treatment [47]. Fitting of the XPS and UPS spectra was carried out
by Voigt and Gaussian functions, respectively. The width of the Lorenzian function in the
Voigt function was consistently maintained in all spectra.

3. Results and Discussion

Prior to analyzing the ND samples, photoelectron spectroscopy measurements were
carried out on the reference C(111)-H and HOPG samples, with defined majority of the C
sp3 and C sp2 phases, respectively. Figure 1 displays the measured high-resolution C 1s
spectra, valence band XPS spectra (VB-XPS), and UPS He II spectra from the C(111)-H and
HOPG samples. The reference sample surfaces were relatively clean: an O concentration
of 0.8 at.% was measured on the C(111)-H surface and no O was present on HOPG surface.
The position of the C 1s peak of C(111)-H sample was calibrated to 285.0 eV. The VB-XPS
spectrum in Figure 1c underwent the same calibration binding energy shift as for C 1s line. For
HOPG spectra in Figure 1b,d, no calibration was needed (i.e., no surface band bending was
observed, the as-measured XPS and UPS spectra are presented in figure). The binding energy
of the sp2 component in HOPG was at 284.4 eV. The C 1s spectrum of the C(111)-H sample
was deconvoluted into components with the chemical shifts of −0.8 eV (for sp2 component),
0.5 eV (for Cx component), and 1.1–1.5 eV (for C-O/C-OH) relative to the position of the
sp3 component. The C 1s spectrum of HOPG sample was fitted by one sp2 (asymmetrical,
Doniach-Sunjic) component, confirming clean and well-ordered HOPG surface.
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Figure 1. Photoelectron emission spectra from the hydrogenated monocrystalline C(111)-H diamond
(upper row) and HOPG (bottom row) surfaces. (a,b) High-resolution C 1s XPS spectra, (c,d) valence
band XPS spectra, (e,f) valence band UPS He II spectra. Peak components are indicated by thin grey
lines. sp3 and sp2 components are shifted with respect to each other, whereas sp-band positions are
similar for all samples.

In previous studies, eight components were utilized for fitting VB-XPS spectra of
diamond and HOPG samples [44,48]. In this study, we used a similar component distri-
bution in the VB spectra but with additional components near the sp-peak to capture the
shape of the peak more accurately. The sp-peak maximum position was at 13.7 ± 0.1 eV
for both samples. We should emphasize, however, that the measured position of peaks
could be affected by surface band bending [11], but the relative energy difference between
C 1s and sp-peak should not. The measured energy differences between the C 1s peak
components and the sp-peak positions were 271.3 ± 0.1 eV (for sp3) and 270.7 ± 0.1 eV (for
sp2). These relative binding energy differences were used for identification of the sp3 and
sp2 components in the C 1s spectra from ND samples.

The UPS He II spectra (after the background subtraction) are depicted in Figure 1e for
the C(111)-H sample and Figure 1f for the HOPG sample. The sp-peaks were present on
both diamond and HOPG UPS spectra [44] despite of the absence of C sp3 phase in HOPG
[see Figure 1b]. The UPS spectra were then calibrated [44] to the position of the sp-peak at
13.7 eV (note, charge-induced shifts could be different for XPS and UPS spectra because of
difference in excitation energies). Unlike the VB-XPS spectra, the UPS spectra exhibit an
amplified contribution from the p-electrons within the range of 0–11 eV [38,39]. The π-band
peak at 3.6 eV is clearly discernible in Figure 1f for the HOPG sample. So, an intensified
π-band peak indicates the presence of an C sp2 phase on the diamond on a surface.

In Figure 2a–c the C 1s peaks from HPHT ND-H, DND-H, and snr-DND-H samples
are displayed. The corresponding survey spectra and N 1s spectra from DND samples
are included in Supplementary Materials (Figures S2 and S4). The spectra were measured
from as-prepared samples at room temperature (RT, red), from annealed samples at 800
◦C (green), and from sputtered samples (ArCIB at RT, blue). All spectra were calibrated
with respect to the position of the sp3 component at 285.0 eV. Fitted components are
shown for RT samples exclusively. The core level shifts and component assignments to
bond types are similar to those of the reference sample in Figure 1 and in agreement with
our prior studies [4,9,19,33]. The Cx component of DND-H sample spectra also involves
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contributions from C-N bonds. The concentration of C-N bonds is small, however, and
therefore these components were not resolved by the fit. The values of the chemical core
level shifts and the measured atomic compositions of NDs are included in Supplementary
Materials (Table S1 and Figure S3).

Figure 2. (a–c) XPS high-resolution C 1s and (d–f) valence band spectra of HPHT ND-H, DND-H,
and snr-DND-H samples. Samples were measured at room temperature (as-prepared, RT), annealed
at 800 ◦C in UHV, and sputtered by ArCIB at RT. Peak components are shown by grey lines. An
increase in the sp2 phase of carbon has been observed after sample annealing and sputtering. The
sp-peak in the valence band is smeared out after graphitization.

A negative chemical shift of −1.5 eV was obtained for the sp2 component of sputtered
DND-H samples (with 2.0–2.5 at% of N atoms in DND-H). Smaller shifts of −0.8 eV and
−0.9 eV were derived for snr-DND-H samples. Similar shifts of about −1.4 eV for the sp2 com-
ponents were previously measured on graphitized DND samples with N contaminants [29]
and on defective N-doped graphene layers [49]. Shifts were identified as due to hybridization
of C sp2 bonds close to vacancies [49]. This could correlate with sputtering of DND-H samples
(introducing vacancies in C sp2 phase) in a proximity of N atoms.

Examination of the C 1s peaks disclosed partial graphitization of the sample surfaces:
following sample annealing, the areas of sp2 components exhibited slight augmentation,
and a more notable increase in the sp2 component area was observed after ArCIB sputtering,
where more pronounced amorphization of NDs and increase of sp2 bond concentration
is expected. After sputtering, sample surface morphology has also changed, specifically
for HPHT ND-H (see Figure S5 in Supplementary Materials). The increase of the sp2

component area varied among different types of ND particles, affirming the link between
graphitization efficiency and NP types (or size): the concentration of the graphitic phase
was higher after annealing and sputtering for the smaller and more defective DND samples.
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Figure 2d–f show VB-XPS spectra of RT (as-received), annealed, and sputtered samples.
The VB spectra of the as-received HPHT ND-H sample [in (d), red dots] are very similar
to the VB spectra of the diamond monocrystal sample [Figure 1c] because the emission
from the diamond core dominates and the C sp2 phase concentration is small. The sp-
peaks are broader in RT DND-H and snr-DND-H VB spectra [Figure 2e,f, red dots], where
concentration of C sp2 phase is higher. A similar broadening was observed between the
C(111)-H and HOPG samples in Figure 1c,d. The shape of the sp-peak therefore depends
on the concentration of C sp2 and C sp3 phases. It is important to note that similarly to the
reference bulk samples, the binding energy difference between the sp3 components and the
sp-peaks was preserved (271.3 ± 0.1 eV for all as-prepared ND samples).

Annealing and sputtering induced further broadening of sp-peaks [green and blue
curves in Figure 2d–f], but the sp-peak was still preserved and no contribution from the
π-band peak was resolved on the graphitized HPHT ND-H samples [Figure 2d]. More
prominent graphitization has occurred for smaller DND-H and snr-DND-H particles. In
particular, the sp-peaks have smeared out and the π-peak at around 3.6 eV appeared on the
VB-XPS spectra [Figure 2e,f].

Figure 3 illustrates the dependence of the sp2/sp3 component area ratios on annealing
temperature as derived from the C 1s spectra analysis. Initial concentration of C sp2 phase
on as-prepared HPHT ND-H sample was smaller than for DND samples. Annealing up to
700 ◦C did not alter the C sp2/C sp3 ratio significantly. At >700 ◦C, graphitization starts,
leading to an increase in sp2/sp3 phase concentration ratio.

 
Figure 3. Dependence of the sp2/sp3 component ratio in the C 1s peak on the annealing temperature.
An increase in sp2 phase concentration was observed at temperatures above 700 ◦C and 600 ◦C for
HPHT ND-H and DND-H, SND-H samples, respectively.

The initial concentration of the C sp2 phase was higher for DND and snr-DND-H
samples, which is consistent with the higher concentration of contaminations observed for
DND samples (see Figure S3 in Supplementary Materials). Up to 600 ◦C, the sp2/sp3 ratio
remained below ~0.1 for DND-H samples but decreased for snr-DND-H samples. In the
latter cases, oxygen desorption could be associated with a reduction in the C sp2 phase
on the surface. After 600 ◦C, the sp2/sp3 ratio increased for both types of DND samples.
Note, the sp2/sp3 concentration was higher for the smallest snr-DND-H particles than for
DND-H particles.

In terms of DND, our results are comparable to previous study, where graphitiza-
tion temperatures of >700 ◦C for DND surfaces and >900 ◦C for DND cores have been
reported [29]. Here, we show that the surface rearrangement of DND-H starts already at the
temperature > 600 ◦C. We assign this minor difference to a slight difference in ND particle
size and crystallinity of NDs. In contrast to DND, the HPHT ND-H surface rearrangement
starts at the higher temperature > 700 ◦C. The surface rearrangement eventually leading
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to the ND graphitization is triggered by the thermal desorption of the surface functional
groups, which is accompanied by the formation of surface dangling bonds. In vacuum this
leads to the formation of the sp2 bonds between the adjacent carbon atoms and formation
of C-sp2 patches. However, in atmosphere, the surface dangling bonds can be passivated
by surrounding atoms such as hydrogen [50]. Indeed, the observed graphitization onset
temperature match well with the temperature of thermal hydrogenation, i.e., 600–700 ◦C
for DND [51] and 700–800 ◦C for HPHT ND [15,52]. Our findings confirm that the initial
graphitization temperature of ND depends on the type and size of studied NDs, i.e., the
temperature is lower for smaller and more defective DNDs.

Figure 4 displays UPS He II spectra measured on (a) HPHT ND-H, (b) DND-H, and
(c) snr-DND-H samples at room temperature (RT, red line) and after annealing in UHV
(800 ◦C, green line). The UPS spectra were calibrated to the sp-peak positions (and π-
band positions). Due to the higher surface sensitivity of UPS compared to VB-XPS, the
enhancement of the π-band was more clearly distinguishable, especially for HPHT ND-H
samples. The sp-peak deteriorated with the decrease in NP size (resulting in a lower
concentration of C sp3 core phase) and with graphitization (leading to an increase in C sp2

phase on NP surfaces).

 
Figure 4. UPS He II spectra of (a) HPHT ND-H, (b) DND-H, and (c) snr-DND-H samples measured at
RT (red curves) and after annealing at 800 ◦C (green curves). The intensity of the sp peak decreased,
and the intensity of the π peak increased after annealing (graphitization).

In Figure 4c, the π-band peak was well-resolved and sp-peak was very weak on as-
prepared snr-DND-H sample at RT (with the highest C sp2 phase concentration). After
annealing, the intensity of the π-band peak increased, and the sp-peak completely disap-
peared. We can assume that the surface of the snr-DND-H sample was almost completely
covered by the C sp2 phase layer.

The appearance of the π-band peak and variation in the sp-peak intensities with
sp2/sp3 ratio change in NDs agree with the previous results obtained for the diamond
films [41,44,48]. Therefore, we would like to emphasize that a combination of XPS, VB-XPS,
and UPS measurements has a great potential for the spectra calibration and resolving
different phases of carbon films and diamond NPs.

Figure 5 shows Raman spectra of as-prepared and sputtered (a) HPHT ND-H, (b) DND-H,
and (c) snr-DND-H samples measured by 442 nm excitation laser. The diamond peak in HPHT
ND-H spectra at 1332 cm−1 is very sharp (blue rectangular), confirming the dominated C sp3

core structure of as-prepared HPHT ND-H sample (measured at RT, red line). In as-prepared
DND-H, the diamond peak is broader and shifted to lower wavenumbers (1327–1328 cm−1)
compared to bulk diamonds. A weaker and broader diamond peak at about 1340 cm−1 was
also resolved on snr-DND-H RT sample, but the spectrum is rather noisy due to very small
ND particle size (the diamond sp3 peak of the snr-DND-H sample could be better resolved
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on UV-Raman spectrum, see Figure S6 in Supplementary Materials). In accordance with
the XPS results the C sp2 carbon phase content increases in the line HPHT ND-H, DND-H,
snr-DND-H.

 
Figure 5. Raman spectra of as-prepared and ArCIB sputtered (a) HPHT ND-H, (b) DND-H, and
(c) snr-DND-H samples. All samples were measured at RT. Sputtering induced disorder on the
surface and broadening of the diamond peaks as well as the sp2-related peaks (D-bands, G-bands).

In addition to the diamond peak, all the spectra contain a D-band peak at 1350–1360 cm−1

and G-band peak between 1500–1700 cm−1 corresponding to the C sp2 carbon phase (defects
and disordered C sp2 phase, grey rectangular). Sputtering induced a reduction of C sp3 peaks
and an increase of D-band and G-band peaks in all the samples. In DND samples a redshift of
the G-band was observed which indicates a change in the C sp2 carbon surface arrangement,
probably from more or less isolated defects to more continuous domains or patches [53].

Raman spectroscopy and XPS measurements have confirmed the dependence of the
graphitization process on the type and size of NDs. Previous studies have attributed the
temperature-induced graphitization of NDs to a reduction in their surface energy [54],
achieved by the formation of fullerene-like or bucky diamond C sp2 structures on the H-free
C sp3 ND surfaces [55]. This C sp2-type surface reconstruction eliminates the unfavorable
surface dangling bonds on clean ND surfaces. Therefore, a sequence involving ND surface
cleaning or purification, H desorption, and the formation of surface dangling bonds is
expected to precede the C sp3 to C sp2 phase transition, i.e., ND graphitization.

Our comparative study of NDs with different sizes, ratios of defects, contamina-
tion, and initial C sp2 concentrations indicates that initial defect density in NDs plays a
significant role in the graphitization process. The well-ordered HPHT ND-H particles
demonstrated greater resistance to annealing, surface functional group desorption, fol-
lowed by graphitization. Conversely, defects and potential strain in smaller DNDs could
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facilitate desorption of hydrogen or related moieties at lower temperatures. Consequently,
smaller, and defective NDs may exhibit higher graphitization rates, potentially leading to
the formation of multiple graphitic (onion-like) C sp2 shells on C sp3 DND cores, rather
than C sp2-type surface reconstructions.

4. Conclusions

We investigated the graphitization of three different types of hydrogenated NDs (top-
down or bottom-up HPHT, and DNDs) using XPS, UPS, and Raman spectroscopy. To
accurately assign the C sp3 and C sp2 phase features in the ND samples, we first collected
referential photoelectron spectra of hydrogenated monocrystalline diamond C(111)-H and
HOPG. Utilizing the temperature-dependent in situ XPS measurements, we observed
that the graphitization onset temperatures for employed NDs varied. In particular, the
graphitization onset temperatures decreased with decreasing ND size; >700 ◦C for ~18 nm
HPHT ND-H, >600 ◦C for 5 nm DND-H and 2–3 nm snr-DND-H. Additionally to the
sp2-related component areas in the C 1s peaks, we observed signs of graphitization such
as the broadening of the sp-peak in the valence band, an increase in the π-band peak
intensity, and a decrease in the 1332 cm−1 Raman diamond peak intensity. The C sp2

related contributions in the spectra and the correct assignment were independently verified
through the ND surface amorphization after ArCIB sputtering. We found that the energy
separation between the C 1s sp3 peak and valence band sp-peak remained constant at
271.3 ± 0.1 eV, enabling clear assignment of the sp2 and sp3 components in the C 1s spectra
as well as calibration of UPS spectra. Overall our findings suggest that the combination
of XPS, VB-XPS and UPS can help to resolve uncertainties in identifying of sp2 or sp3

components in C 1 s peak, and provide a solid basis for qualitative and quantitative
investigation of ND modifications, here demonstrated on ND graphitization.
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