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Preface to ”Synthesis, Processing and Application of

Micro and Nanostructured Materials”

Modern technology is a fundamental part of various scientific fields based on devices or

structures that use materials with special properties as essential components. Specific and attractive

applications have advanced with the development of micro and nanostructured materials. The

progress in the synthesis and processing of micro/nanomaterials has opened various possibilities.

Materials, at the micro scale, possess various properties that are of interest for many applications.

However, these materials have multiple specific characteristics of nanostructured materials.

Nanomaterials have received considerable interest from scientists from different fields, such as

chemistry, biochemistry, biology, pharmacy, physics, material science, and engineering. New

advances in both the synthesis and processing of micro and nanostructured materials have a

positive interdependence regarding the applications in which these materials are involved. This

is constantly demonstrated by the action and properties of nanoparticles in applications such as

biomedical science, the food and space industries, mechanics, energy science, drug delivery systems,

and optoelectronics. These types of materials also have economic and environmental implications

as their emphasizes the possibility of overcoming issues related to weight, size, biocompatibility,

energy consumption, and complicated strategies. They also have less of an environmental impact,

which is an aspect considered throughout the development of a material for new applications. The

papers published in this Special Issue outline various advances enabled by the use of micro and

nanostructured materials, highlighting the properties and applications that are achievable by altering

the composition and morphology of nanoparticles. In this book, uses of these materials with various

applications in different fields are outlined. For readers with an interest in the synthesis, processing,

and application of micro and nanostructured materials, this book provides a comprehensive insight

into the recent contributions of scientific knowledge.

Bogdan Stefan Vasile

Special Issue Editor
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Abstract: The present article evaluates, in qualitative and quantitative manners, the characteristics
(i.e., thickness of layers, crystal structures, growth orientation, elemental diffusion depths, edge, and
screw dislocation densities), within two GaN/AlN/Si heterostructures, that alter their efficiencies as
positron moderators. The structure of the GaN film, AlN buffer layer, substrate, and their growth
relationships were determined through high-resolution transmission electron microscopy (HR-TEM).
Data resulting from high-resolution X-ray diffraction (HR-XRD) was mathematically modeled to
extract dislocation densities and correlation lengths in the GaN film. Positron depth profiling was
evaluated through an experimental Doppler broadening spectroscopy (DBS) study, in order to quantify
the effective positron diffusion length. The differences in values for both edge (ρe

d) and screw
(
ρs

d

)
dislocation densities, and correlation lengths (Le, Ls) found in the 690 nm GaN film, were associated
with the better effective positron diffusion length (Leff) of LGaN2

eff = 43 ± 6 nm.

Keywords: gallium nitride; epitaxial thin films; dislocations; positron diffusion length

1. Introduction

Binary semiconductors, such as InN, AlN, GaAs, InAs, InP, GaN, AlSb, etc., and their alloys,
cover an extended range of structures useful in high-end device technology [1,2]. Due to the direct
bandgap that most of these materials possess, efficient emission and absorption of light is allowed.
Many binary compounds also exhibit a very low electron effective mass, thus a high mobility, which
makes them ideal candidates for developing high-speed devices [3]. Among these compounds, GaN has
shown impressive advantages. Because of its geometric and electronic structure made up of covalent
bonds between Ga and N, the wide energy band gap allows it to reach operating temperatures higher
than 350 ◦C [2]. A second advantage is the high mobility (>1200 cm2 V−1 s−1) of the two-dimensional
electron gas (formed at interfaces with e.g., AlN) that leads to low channel resistance and high current
density (>1 A mm−1), and a breakdown field of 3.3 MV cm−1 that is 11 times higher than that of
silicon (0.3 MV cm−1) [4,5]. GaN is widely used in applications that require either n-type or p-type
doped semiconductors for charge carrier injection in different devices [6]. New methods of obtaining

Nanomaterials 2020, 10, 197; doi:10.3390/nano10020197 www.mdpi.com/journal/nanomaterials1



Nanomaterials 2020, 10, 197

Ga based films using liquid Ga [7,8] for reactive depositions have emerged in recent years and the
fundamentals behind liquid metal enabled synthesis, along with the related surface functionalization
aspects [9] showed promising possibilities concerning the growth of GaN thin films. Despite this,
the fabrication of defect-free GaN films still possesses interest in some fields, such as field assisted
positron moderation [10].

Positron annihilation lifetime spectroscopy and Doppler broadening spectroscopy (DBS)
have become the most used positron annihilation derived spectroscopy techniques suitable for
non-destructive determinations of near surface crystallographic vacancies and dislocations in lattices,
as well as optical and electronic properties of materials due to the high affinity of positrons to defects.
Irrespective to the method used to obtain them, positrons manifest a broad energy distribution of about
several hundreds of keV. In order to use the above-mentioned spectroscopy techniques for thin-film
studies, positrons need to be moderated. The way to achieve this is to convert the fast positrons to slow
positrons (with a low kinetic energy of few eV and a narrow bandwidth) by using a moderator material
with negative work function for positrons (e.g., W or solid Ne) [11,12]. By varying the kinetic energy
of the slow positrons, the depth at which they are implanted can be controlled [11]. The negative
positron work function and the adequate branching ratio makes GaN a very promising candidate
for field assisted positron moderation. A long positron diffusion length is expected due to the wide
3.4 eV bandgap. GaN studies have been undertaken and measurements have yielded values for the
diffusion length of 19.3 ± 1.4 nm, surface branching ratio to free positrons of 0.48 ± 0.02 and positron
work function of −2.4 ± 0.3 eV, respectively [13]. The moderator efficiency, usually smaller than 10−2,
is greatly reduced by atomic scale defects which can trap positrons.

GaN-based devices still encounter several obstructing issues, including high defect density and
strain-induced polarization. In order to reduce the effects of these issues, a series of approaches were
proposed in the last decade [1]. In the early stages, the main efforts were focused on improving both the
qualities of the materials and the structuring of the device. The advanced growth techniques enabled
management of the nanostructured layer interfaces, further enhancing the quantum efficiencies of
devices. Substrates have a big influence on the growth mode and the final physical and chemical
properties, determining the surface morphology, polarity, crystal orientation, composition, and elastic
strains. When choosing a substrate, one of the most important criteria used is the mismatch parameter
between the substrate and the deposited film. Lateral mismatch of lattices leads to a decrease of the
thermal conductivity and accelerated diffusion of impurities. Vertical asymmetry causes a counter-phase
interface. Thermal strain is induced in the film by the discrepancy between the thermal conductivities
coefficients of substrates with respect to the epitaxial film. Chemical composition differences cause a
contamination of the film which forms unstable electronic bonds and a mixed polarity that appears in
the epitaxial film when the surface of the substrate is nonpolar [14]. Current reports of producing GaN
films indicate that heteroepitaxial GaN films can be grown on different substrates such as Si, Al2O3, ZnO,
TiO2, SiC, with different orientations [15]. The stable phase of gallium nitride is the α-phase wurtzite
structure. However, epitaxial layers can be achieved with the coexistence of wurtzite and zinc-blende
(β-phase) phases due to the stacking sequence of nitrogen and gallium atoms. Both structures have
polar axes and they do not have an inversion symmetry [16].

The aim of this study is to assess the quality of commercially available GaN epitaxial thin films,
grown on Si, for their potential use as positron moderators. High-resolution transmission electron
microscopy (HR-TEM) and high-resolution X-ray diffraction (HR-XRD) were performed in order
to determine the GaN films’ defect structures. The features of the heterostructures, such as layer
thicknesses, interfaces, elemental diffusion, and dislocations were correlated with the effective positron
diffusion lengths, evaluated by slow-positron DBS studies.
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2. Materials and Methods

2.1. Materials

Two gallium nitride, GaN, thin films grown using an epitaxial growth technique on Si substrates
were used in this study. The wafers were acquired from NTT Advanced Technology Corporation
(Kanagawa, Japan) and are defined by high uniformity, high breakdown voltage, a sheet carrier density
of approximatively 1013 cm−2, and an electron mobility of over 2000 cm2 V−1 s−1. The two wafers,
were further labeled as GaN300/Si and GaN700/Si, where the number stands for the claimed thickness
of the GaN film, expressed in nm. No further details on structure, defects, and interfaces were made
available by the producer.

2.2. Structural Analysis

2.2.1. Microstructural Characterization

The microstructure of the wafers was studied with the help of a Titan Themis 200 image corrected
transmission electron microscope (FEI, Hillsboro, OR, USA), equipped with a high-brightness field
emission gun (X-FEG) electron source and a Super-X detector for energy dispersive spectroscopy (EDS).
The heterostructures were investigated at 200 kV by HR-TEM, coupled with selected area electron
diffraction (SAED) and scanning transmission electron microscopy (STEM) for elemental line profiling.
Prior to analysis, the wafers were mechanically polished and then ion beam milled at a voltage of 3 kV
and current of 5 mA until perforation. Ion-beam milling was continued with decrements of voltage
and current, in order to remove debris produced by the high voltage ion beam thinning.

For processing the elemental line profiles from EDS data, ImageJ software was used [17].
The visualization and analysis of crystal structures were made with SingleCrystal® (Oxford, England),
and images of simulated crystals were generated using CrystalMaker®, a software by CrystalMaker
Software Ltd., Oxford, England [18].

2.2.2. Defect Structure Determination

HR-XRD analysis was performed using a 9 kW Rigaku SmartLab diffractometer (Neu-Isenburg,
Germany), with a rotating Cu anode (Kα = 1.5418 Å) and a HyPix-3000 high-resolution detector
(Rigaku, Neu-Isenburg, Germany), in 0D mode. The data (ω—rocking curves of selected symmetrical
and asymmetrical reflections) were recorded in double-axis configuration, in the parallel beam mode,
using a parabolic mirror (cross beam optics module) and a four bounce Ge-220 monochromator
(Rigaku, Neu-Isenburg, Germany), resulting in an axial divergence of the beam of 0.003◦ in the vertical
diffraction plane of the goniometer. A narrow incidence slit of 1 mm was used to avoid the effect
of sample curvature on the measurements. On the detector side, receiving slits (RS) of RS1 = 4 mm,
and RS2 = 38.5 mm were used (open detector configuration), so that all diffuse scattering from the
sample was accounted for. The wafers were first aligned with respect to the Si substrate, in order to
avoid any measurement errors due to sample misalignment, then the rocking curve measurement of
the selected GaN planes was performed.

The recorded data was processed using the theoretical model developed by Kaganer et al. [19],
using an integral of the form:

I(ω) =
Ii

π

∫ ∞
0

exp
(
−Ax2 ln

(B + x
x

))
cos(ωx)dx + Ibackgr (1)

where Ii is the integrated peak intensity and Ibackgr is the background intensity. The A and B parameters
were obtained by integral fitting on the experimental data. A and B describe the dislocation density
and the dislocation correlation range, respectively, and can be expressed as:

3
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A = fρdb2; B =
gL
b

(2)

where b is the Burgers vector, ρd is the dislocation density, L is the dislocation correlation length, f and
g are two dimensionless parameters which depend on the skew geometry of the diffraction setup:

f e =
0.7 cos2 ψ cos2φ

4π cos2 θB
; f s =

0.5 sin2 ψ cos2φ

4π cos2 θB
; ge =

2π cosθB

cosφ cosψ
,; gs =

2π cosθB

cosφ sinψ
(3)

where ψ is the angle between the sample surface and the scattering vector, φ is the angle between
either incident or diffracted vector and the sample surface, and θB is the Bragg angle at which the
diffraction interference takes place, according to the geometry described in Ref. [19]. Both f and g can
be computed so that the density of dislocations, as well as the characteristic dislocation correlation
length, can be obtained for either edge or screw defects, marked by the superscripts “e” and “s” in
Equation (3). For edge dislocations, an asymmetrical lattice plane of the GaN network was considered,
while for screw dislocations, a symmetrical plane of the same sample was used. For symmetric Bragg
reflections (so, for screw dislocations), the setup implies that ψ = π/2 and φ = θB, resulting in f = 1/8π
and g = 2π, respectively [19].

2.3. Doppler Broadening Spectroscopy

With a great probability, the annihilation of a positron with an electron in condensed matter is
followed by the emission of two gamma rays of energy Eγ ≈ 511 keV. The longitudinal component
of the annihilation pair momentum, pL, determines the energy shift due to Doppler broadening,
ΔEγ = 511-Eγ = pLc/2, where c is the speed of light. The Doppler broadening spectra of the annihilation
radiation are sensitive to the electron momentum distribution of the site where the positron annihilated,
since, the momentum distribution of the electrons in defects differs from that of electrons in the bulk
material [20].

The DBS experiments were performed at the slow positron beam line of the Institute of High Energy
Physics in Beijing, China. The gamma energy spectra were recorded by a HPGe detector (ORTEC,
Zoetermeer, Netherlands), with a resolution of FWHM (full width at half maximum) = 0.97 keV
estimated for 511 keV line. The detector was placed perpendicularly in respect to the positron beam
axis, at a distance of 20 cm from the sample. The incident positron energy was controlled from E+ = 0.5
to 25 keV. Each of the experimental spectra was collected over a period of 8 min for a fixed E+,
resulting in statistics of ~5 × 105 counts in the 511 keV region. The shape of the annihilation peak
was analyzed by the sharpness parameter, S, defined as the sum of counts, in the central region of
the peak (|ΔEγ| < 0.78 keV), relative to the total peak counts (Ntot), determined in the range between
500 and 522 keV. The triplet state of positronium (Ps) decays by emitting 3-gamma rays when it does
not interact with the electrons of the material. The ratio, FPs, between the counts in the valley region
(from 450 to 500 keV) in the energy spectrum to Ntot can give a relative estimate of the Ps emitted from
the surface.

The implantation profile of positrons in a material with density ρ in g cm-3 can be described,
according to Ref. [21], by:

P(z, E+) =
2z
z0

exp

⎛⎜⎜⎜⎜⎝−
(

z
z0

)2⎞⎟⎟⎟⎟⎠ (4)

where z is the depth at which the positron is located, expressed in nm, z0 = 1.13 zm, and the mean
penetration depth is

zm = (36/ρ)E1.62
+ nm (5)

Different layer densities are taken into account by using the modified positron implantation profile
described by:

Pρ(zρ, E+) = ρ(zρ)/ρ0P(z, E+) (6)

4
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with =
∫ zρ

0 ρ(ζ)/ρ0dζ, where ρ0 is the density of the substrate. In the analysis of the experimental
data, densities of 2.33, 3.26 and 6.15 g cm−3 were used for the Si substrate, AlN buffer layer, and GaN
film, correspondingly.

Due to the correlation between the mean positron implantation depth, zm, and E+, the experimental
data S(E+) and FPs(E+) represents depth profiles. The VEPFITsoftware (Delft University of Technology,
Delft, Netherlands) was used to fit the experimental data [22]. In addition to the implantation,
the processes that have to be taken into account to solve the positron transport problem are diffusion,
drift (in case of electric field), and trapping or annihilation of free positrons. Surface related processes,
such as Ps emission and positron surface trapping, are incorporated within the model. The influence
of epithermal positrons, and that of thermal positrons which diffuse back to the surface, is also taken
into account in the VEPFIT software.

The S(E+) is fitted using a model described by:

S(E+) = SeFe(E+) + SsFs(E+) +
∑

Si Fi(E+) (7)

with Fe(E+) + Fs(E+) +
∑

Fi(E+) = 1, where Fe(E+) is the fraction of epithermal positrons annihilated at
the surface, and Fs(E+) and Fi(E+) are the fractions of thermalized positrons annihilated at the surface
and in the i-th layer. Se, Ss, and Si are characteristic parameters, respectively, corresponding to the
annihilation of epithermal positrons and of thermalized positrons at the surface and in the bulk of
i-th virtually uniform layer. VEPFIT uses discretization as a fast method of solving numerically the
positron transport problem to obtain the fractions of annihilated positrons from the above described
states. One of the parameters which is derived from the fit is the effective positron diffusion length
(Leff) for each layer. Leff is limited by the layer defects and is described by:

Leff =
[
D+/(ktnt + λb)

]
(8)

where D+ is the positron diffusion coefficient, λb is the annihilation rate of positrons in a defect-free
material, and the product between the defect density, nt, and the positron trapping rate, kt, for vacancies,
usually holds the value of 1015 s−1.

Often, the information of the Ps emission from the surface, as derived from FPs(E+), is useful
in the interpretation of the experimental results. Both depth profiles S(E+) and FPs(E+) can be fitted
simultaneously by one and the same VEPFIT model.

3. Results and Discussion

3.1. Microstructural Characterization

3.1.1. TEM

Upon analyzing the structure of the two wafers, the existence of an AlN buffer layer was
acknowledged. Such a buffer layer has the purpose of accommodating the GaN network to that of the
Si substrate, thus decreasing the film strain and the amount of defects that would be generated during
film growth due to lattice mismatch [23]. Although the lattice mismatch between GaN and Si (1121)
is lower (16.9%) than in the case of AlN and Si (1121) (18.9%), the use of an AlN buffer layer is still
recommended due to the low mismatch between AlN and GaN (2.4%) that can ultimately lead to a
lower amount of defects in the final GaN film [24].

The TEM and SAED images in Figure 1 show the display of planes near the Si/AlN interface and
near the AlN/GaN interface in the GaN300/Si and GaN700/Si samples.
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(a) (b) 

  
(c) (d) 

Figure 1. High-resolution transmission electron microscopy (HR-TEM) micrographs and selected area
electron diffraction (SAED) patterns showing the display of atom planes in respect to their respective
interfaces for: (a) GaN300/Si–Si/AlN interface, (b) GaN300/Si–AlN/GaN interface, (c) GaN700/Si–Si/AlN
interface, (d) GaN700/Si–AlN/GaN interface.

Regarding the substrates from both wafers, the interplanary distance of 3.13 Å, corresponding to
(1121) planes, confirm the Fd3m diamond-like cubic structure of Si (International Centre for Diffraction
Data [ICDD] 00-005-0565), whereas the interplanary distance of 2.49 Å, corresponding to (0 0 0 2)
planes, confirmed the P63mc hexagonal structure of the AlN (ICDD 00-025-1133) buffer layer. Literature
studies revealed that GaN has a better affinity to grow on Si (1121) rather than Si (0 0 0 1) because of the
threefold symmetry of the Si (1121) and the six-fold arrangement for Si atoms that are present in the case
of growing AlN/GaN along the (0 0 0 2) direction [25]. From the SAED patterns in Figure 1a,c, it can
be deduced that through a semi-coherent interface of about 1 nm, containing point defects and a low
degree of crystallinity, hexagonal AlN grew over cubic Si, with the relationship Fd3m Si (1121) || (0 0 0 2)
AlN P63mc. Interplanary distances of 2.49 Å, corresponding to (0 0 0 2) planes, highlight once more the
P63mc hexagonal structure of AlN. Regarding the film, interplanary distances of 2.59 Å, corresponding
to (0 0 0 2) planes, confirm the P63mc hexagonal structure of GaN (ICDD 00-050-0792). From the SAED
patterns in Figure 1b,d, it can be deduced that through an interface containing linear dislocations,
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hexagonal GaN grew over hexagonal AlN with the relationship P63mc AlN (0 0 0 2) || (0 0 0 2) GaN
P63mc. In comparison with the thinner GaN film (GaN300/Si), the thicker one (GaN700/Si), although it
possesses the same crystallographic relationship relative to the buffer layer, shows fewer point defects
and linear dislocations at the interface, most likely due to the higher amount of time needed to deposit
a thicker film, during which, the sample is kept, in the manufacturing process, at a temperature that
favors the dislocation movement under thermal stress [26].

Simulated crystal models, based on the SAED patterns are presented in Figure 2, as overlays on
the HR-TEM micrographs of the interfaces.

 

  
(a) (b) 

  
(c) (d) 

Figure 2. HR-TEM micrographs with display of simulated crystal lattices near the interface between Si
substrate and AlN buffer layer in (a) GaN300/Si, (c) GaN700/Si and between AlN buffer layer and GaN
film for (b) GaN300/Si, (d) GaN700/Si.

In order to assess layer thicknesses and elemental diffusion length, TEM, STEM and EDS were
performed, which are highlighted in Figure 3.
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(a) (b) 

  
(c) (d) 

Figure 3. STEM micrographs with EDS mapping and elemental line profiles for (a) GaN300/Si,
(c) GaN700/Si, and TEM micrographs showing the overview of the two wafers, (b) and (d), respectively.

The STEM study allowed assessing layer thicknesses for both samples, the thinner one having a
350 nm GaN film and a 105 nm AlN buffer layer, whereas for the thicker sample, a 690 nm GaN film
and an 85 nm AlN buffer layer were found. For both samples, the epitaxial growth relationship can be
described by the relationship: GaN P63mc (0 0 0 2) || P63mc AlN (0 0 0 2) || (1121) Fd3m Si.

From the EDS maps and elemental line profiles presented in Figure 3a,c, it can be seen that both
samples manifested Al diffusion at the edge of the GaN layer. Because the film remained highly
crystalline and the interface between GaN/AlN is highly coherent, the diffusion of Al is most likely due
to the native defects mediated by Al displacements either during high-temperature annealing of the
film [27] or a film growth process that involves high temperatures.

3.1.2. XRD

In order to assess the threading dislocation density and correlation length of the GaN films,
two pairs of rocking curves (ω scans) were measured: one for the (0 0 0 4) plane, to assess the screw
values ρs

d and Ls, and another one for the (1015) plane, to determine the edge characteristics ρe
d and

Le. The collected and simulated omega scans, along with their respective full width at half maximum
(FWHM), are shown in Figure 4.
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Figure 4. Experimental and simulated omega scans around (a) (0 0 0 4) planes of GaN in GaN300/Si,
(b) (1015) planes of GaN in GaN300/Si, (c) (0 0 0 4) planes of GaN in GaN700/Si, (d) (1015) planes of
GaN in GaN700/Si. Abbreviations: FWHM, full width at half maximum.

The experimental advantage of the open detector consists in obtaining high intensities, while the
mathematical interpretation implies a simpler intensity distribution that can be described using a
one-dimensional integral. While the model usually applies for any diffraction maximum, separation
between two peaks that are in close proximity of each other requires a triple-axis configuration of the
diffractometer, with analyzer at the detector side, making the mathematical processing in this case
more complex, requiring a fit of a two-dimensional integral [19]. The (0 0 0 4) and (1015) planes are
chosen because of lack of overlapping diffraction peaks near the respective ω (coming from either the
buffer layer or substrate).

The length of the Burgers vector of edge dislocations was be = 0.32 nm and for screw dislocations -
bs = 0.52 nm. Parameters f e and ge, f s, and gs are calculated with Equation (3), and with the help of the
extracted A and B, a series of threading dislocation densities and correlation lengths were calculated,
the results being summarized in Table 1. The total threading dislocation density, ρt

d, is calculated as
the sum of the two component densities (screw and edge), while the mean distance between two
dislocations is given by rd = 1/(ρt

d)
1/2 [28]. As shown in Table 1, the thicker GaN film manifests defect

densities ρe
d = 2.24 × 1011 cm−2 and ρs

d = 1.35 × 1010 cm−2, both lower than those of the thinner one,
ρe

d = 4.19 × 1011 cm−2 and ρs
d = 1.85 × 1010 cm−2. In the GaN700/Si wafer, the values for the dislocations

correlation lengths, Le = 41 nm and Ls = 220 nm, are higher compared to the corresponding values of
the GaN300/Si wafer, Le = 27 nm and Ls = 107 nm. The dislocation correlation length, also known
as screening range, corresponds to the average size of cells in which the total Burger vector is equal
to zero. The correlation lengths values suggest a reduced scattering of X-rays for the GaN film from
the GaN700/Si wafer, also indicated by the smaller values of the FWHM, depicting a better quality of
the film.
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Table 1. Dislocation densities and correlation lengths for GaN in the GaN300/Si and GaN700/Si samples.
The uncertainty of the presented values is within the least significant digit.

Sample ρe
d

[cm−2] ρs
d

[cm−2] ρt
d

[cm−2] rd [nm] Le [nm] Ls [nm]

GaN300/Si 4.19 × 1011 1.85 × 1010 4.37 × 1011 15 27 107
GaN700/Si 2.24 × 1011 1.35 × 1010 2.35 × 1011 21 41 220

3.2. Positron Implantation Profile

The depth profiles S(E+) for the GaN300/Si and GaN700/Si are shown in Figure 5. The sharp
initial decrease of S for E+ � 1 keV was due to annihilated epithermal positrons. Because of their high
kinetic energy in the moment of annihilation, Se did not reflect the material structure. At E+ � 1 keV,
it can be seen that S slowly increased with E+ in the GaN film range, while approaching the AlN buffer
layer, a stronger increase starts (at E+ � 11 keV) and tends to reach a saturation level in the Si substrate
(better seen in Figure 5b). Full saturation can be expected at high enough energies (E+ > 25 keV) to
have all implanted positrons annihilated entirely in the Si substrate.

Figure 5. Plotted depth profiles S(E+) of (a) GaN700/Si and (b) GaN300/Si. The experimental errors are
in the order of the experimental point size. The stairs represent the best parameters obtained by the fit
of a 4-layer model to the experimental data by the VEPFIT software. The upper part of figure is the
experimental data and the best fit of the relative Ps fraction, FPs(E+).

Based on the TEM information for the wafer layers, a three-layer (GaN, AlN, and Si) model was
applied to fit the experimental S parameter by VEPFIT. The effective positron diffusion length in the Si
substrates was fixed to 245 nm in accordance to available literature data [29,30]. The thicknesses of layers
in the model were fixed to the values determined by the TEM analysis (see Section 3.1.1). The boundary
depths of the layers were calculated by Equation (5) and indicated in Figure 5. These preliminary
fits, for both samples, resulted in normalized chi squares (χ2) of 1.47 and 1.40 for GaN700/Si and
GaN300/Si, respectively, and also, into long Leff ~ 100 nm for the GaN film in both cases. The curves of
the preliminary fits were very close to the fits showed in Figure 5. However, the best fit parameters
revealed that the Ss ~ 0.445 was found to be lower than SGaN ~ 0.455 (specific to positrons annihilated
in GaN film). No Ps was formed in the bulk of GaN, however, at the surface, the branching ratio
showed that 12% of the positrons formed Ps [13]. The triplet state of Ps (o-Ps) annihilates in vacuum
into three gamma rays that do not contribute to the 511-keV peak. Statistically, 25% of Ps is singlet
form (p-Ps). The p-Ps annihilation in vacuum was characterized by a narrow Doppler shift distribution
curve, thus, with a high S [31]. For sample-detector longitudinal geometry, the emission of Ps at low
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incident positron energy may cause asymmetry in the Doppler broadened peak [32]. It is caused by a
shift of the centroid of the p-Ps contribution and may lead to an increase of the annihilation peak width.
However, for the geometry described in Section 2.3, if Ps is emitted from the surface, the centroid of
the p-Ps contribution will not be shifted. Therefore, Ss should have a larger value than SGaN. As this
relationship is not fulfilled for the preliminary fit results, it can be concluded that this type of fit is
physically incorrect. Our attempts to force Ss to be greater (or at least equal) than SGaN, without any
increase in the number of layers of the model, led to bad fits with χ2 > 7. The latter indicates depth
inhomogeneity of the GaN film.

In a defect-free GaN, produced by metalorganic vapor phase epitaxy, S decreased smoothly
with the increase of E+, which is typical for materials with long effective positron diffusion length
(reported as LDF

eff = 135 nm) [33]. For Mg-doped p-type GaN, a sharp decrease in S was observed for
E+ � 1 keV, similarly to what can be seen in Figure 5. Uedono et al. explain this behavior by the
created local electric field due to band bending near the surface, which suppresses the back diffusion
of the thermalized positrons to the surface [34]. As a result, less Ps is formed at the surface by the
thermalized positrons, and the positron diffusion length is shortened in a near surface layer. Based on
the above reasoning, the number of the layers of the fitting model is changed by splitting the GaN
film into sublayers (GaN1 and GaN2). In order to have a better understanding of the near surface
positron annihilation, simultaneous fit of S(E+) and FPs(E+) were performed by VEPFIT. Reasonable
fits (see Figure 5) were obtained with two sublayers of the GaN film (4-layer model). The best fit
parameters are summarized in Table 2.

Table 2. Best fit parameters obtained by VEPFIT from the S(E+) and FPs(E+) depth profiles. The values
without error margins are fixed parameters.

Sample GaN300/Si χ2 = 1.15 GaN700/Si χ2 = 1.73

Layer Leff [nm] S d [nm] Leff [nm] S d [nm]

GaN
Sublayer

GaN1 14.3 ± 0.5 0.4501 ± 0.0006 50 13.1 ± 0.4 0.4456 ± 0.0004 50
GaN2 22 ± 6 0.4558 ± 0.0004 300 43 ± 6 0.4536 ± 0.0003 640

AlN 26 ± 10 0.4957 ± 0.0019 105 4 ± 33 0.4707 ± 0.0032 85
Si 245 0.5254 ± 0.0005 - 245 0.5264 ± 0.0011 -

In a material in which Ps is not formed in the bulk, a higher S parameter means either more
defects or bigger defects [34]. Also, more defects or more efficient positron trapping by defects
(occurs for bigger defects) will result, according to Equation (4), in shorter Leff. For GaN700/Si, the value
SGaN1 = 0.4456 ± 0.0004 is lower than SGaN2 = 0.4456 ± 0.0004 and this relationship indicates lower
quality of the GaN2 sublayer compared to GaN1. The fact that LGaN1

eff = 13.1 ± 0.4 nm is shorter than
LGaN2

eff = 43 ± 6 nm seems to contradict the latter statement. However, the short LGaN1
eff can be explained

by the presence of local electric field directed inward the surface. Using the detector resolution and the
S determination range given in Section 2.3, the characteristic parameter for p-Ps annihilation, Sp-Ps,
was estimated to be 0.95. If the branching ratio of Ps formation by thermalized positrons on the surface
is 12% [13], the p-Ps annihilation contribution will be 3%. This should lead to an 0.028 increase in Ss,
compared to SGaN1. As can be seen in Figure 5b, the Ss (see the parameter’s stair at E+ = 0) was very
close to SGaN1, indicating strong reduction in the Ps formation due to back-diffusion of thermalized
positrons to the surface. The results for GaN300/Si in Figure 5a can be explained analogously.

For both samples, LGaN2
eff (see Table 2) are shorter than the defect free value LDF

eff = 135 nm. Saleh and
Elhasi [35] suggested that the observed low Leff < 60 nm values of positron diffusion length in GaN are
due to positron interaction with dislocations. The dislocations can shorten Leff by enhanced scattering
of thermal positrons on them, and while vacancies tend to reside along them, they induce negative
charge densities [36], trapping positrons more efficiently. In the case of the present study, the TEM
analysis and the XRD defect assessment pointed out higher dislocation densities in the GaN film
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of the GaN300/Si wafer compared to GaN700/Si wafer (see Table 1). This is in agreement with the
shorter effective positron diffusion length LGaN2

eff = 22 ± 6 nm (higher SGaN2 = 0.4558 ± 0.0004) in
the GaN300/Si wafer, compared to LGaN2

eff = 43 ± 6 nm (SGaN2 = 0.4536 ± 0.0003) in GaN700/Si wafer.
Another explanation for the last relationships could be that the highly defect GaN/AlN interface region
in the GaN film, has stronger influence on the SGaN2 and LGaN2

eff for the thinner GaN film.
It is important to note that the above VEPFIT analysis, summarized in Table 2, was done

without considering any electric field or interface layers (interpenetrating) neither between GaN and
AlN nor between AlN and Si. The presence of such interpenetrating interface layers were derived
from the elemental line profiles in Figure 3 (better seen in Figure 3a). The significant polarization,
due to charge densities present at semiconductor heterojunction interfaces, creates an internal electric
field which influences the positron transport trough the heterojunction interface. The mechanism
of forming the potential barrier is due to the equalization of the Fermi levels of the two materials
by charge transfer [37]. The positrons cannot diffuse equally well in both directions across such
interface. For example, the diffusing positrons in the GaN layer are pushed back by the potential
barrier at the interface, while these which diffuse in AlN will fall in a well at the barrier. The positrons
tend to localize at the well barrier interface in a nitride heterostructure, as shown by theoretical
calculations [38], and observed experimentally for GaN/SiC hetrojunction [39]. These effects can lead
to a wrong estimation by VEPFIT analysis of both thicknesses of the layers and effective positron
diffusion lengths. However, in our case, the S(E+) points increased rather smoothly with the increase
of E+ in the region of the AlN buffer layer (see Figure 5a,b) and the specific parameters for the AlN
(see Table 2) are determined by large uncertainties even with no electric field. So, further complications
of the model are not reasonable to be applied.

4. Conclusions

Two commercially available GaN/AlN/Si wafers were characterized by means of TEM and XRD in
order to assess the relationship of the heterostructures characteristics (i.e., thickness of layers, crystal
structures, preferred orientation growth, elemental diffusion, edge, and screw dislocation densities)
with the positron diffusion depths, evaluated by DBS studies. Although epitaxial films show, in general,
a high periodicity in the crystal lattice, there are inevitable defects that are bound to appear due to lattice
mismatch between substrates, buffer layers, and films. Hence, within the epitaxial layers, defined
by a [GaN P63mc (0 0 0 2) || P63mc AlN (0 0 0 2) || (1121) Fd3m Si] relationship, a correlation between
elemental diffusion, dislocation densities, and positron depth profiles was assessed. XRD dislocation
evaluations pointed out higher density of dislocations in the GaN300/Si wafer (ρe

d = 4.19 × 1011 cm−2,
ρs

d = 1.85 × 1010 cm−2, ρt
d = 4.37 × 1011 cm−2), implying a lower quality of the GaN film, compared to

the one in the GaN700/Si wafer (ρe
d = 2.24 × 1011 cm−2

, ρs
d = 1.35 × 1010 cm−2, ρt

d = 2.35 × 1011 cm−2).
This was also supported by the higher dislocation correlation lengths found in the GaN700/Si wafer
(Le = 41 nm and Ls = 220 nm) as well as the larger mean distance between two dislocations (rd = 21 nm)
which corresponded to larger average size of cells in which the total Burger vector is equal to zero,
implying a higher crystallinity of the GaN film, compared to the one in the GaN300/Si (Le = 27 nm,
Ls = 107 nm, rd = 15 nm). Elemental diffusion studies carried out by TEM have shown that outside
each layer boundary, both Al and Ga cross their respective layer interface to a certain depth, justifying
the need of using a model that includes two different GaN layers (for each wafer) to explain the results
from the DBS studies. Because both wafers were grown using the same method, in similar conditions,
the improvement in crystallinity of the top GaN film is associated with the decreased lengths for
elemental interfusion, relative to the GaN film width. While atomic displacements intermediate defect
formation and propagation, a shorter length of non-stoichiometry in the GaN film induces a better
quality of the top film, lowering the amount of defects and thus improving the positron moderation
capacity of the material. The studied materials, because of their high amounts of edge and screw
dislocations, diffusion, and partial non-stoichiometry, still imply several limitations in their use in
the field of positron moderation. The positron data revealed the lack of uniformity in defect depth
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distribution, a fact that could not be observed in HR-TEM, nor in XRD. Therefore, using a positron-based
complementary technique holds significant value for structural characterization. The DBS experiment
assessed the effective positron diffusion length for both wafers, with a larger value of LGaN2

eff = 43 ± 6 nm
(SGaN2 = 0.4536 ± 0.0003), corresponding to the GaN film found in the GaN700/Si wafer, compared
with LGaN2

eff = 22 ± 6 nm (SGaN2 = 0.4558 ± 0.0004) for the GaN film in the GaN300/Si wafer.
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Abstract: In this study, a p-type 2 at% lithium-doped nickel oxide (abbreviation L2NiO) solution
was prepared using Ni(NO3)2·6H2O, and LiNO3·L2NiO thin films were deposited using an atomizer
by spraying the L2NiO solution onto a glass substrate. The sprayed specimen was heated at a
low temperature (140 ◦C) and annealed at different high temperatures and times. This method can
reduce the evaporation ratio of the L2NiO solution, affording high-order nucleating points on the
substrate. The L2NiO thin films were characterized by X-ray diffraction, scanning electron microscopy,
UV–visible spectroscopy, and electrical properties. The figure of merit (FOM) for L2NiO thin films
was calculated by Haacke’s formula, and the maximum value was found to be 5.3 × 10−6 Ω−1.
FOM results revealed that the L2NiO thin films annealed at 600 ◦C for 3 h exhibited satisfactory
optical and electrical characteristics for photoelectric device applications. Finally, a transparent
heterojunction diode was successfully prepared using the L2NiO/indium tin oxide (ITO) structure.
The current–voltage characteristics revealed that the transparent heterojunction diode exhibited
rectifying properties, with a turn-on voltage of 1.04 V, a leakage current of 1.09 × 10−4 A/cm2 (at 1.1 V),
and an ideality factor of n = 0.46.

Keywords: lithium-doped nickel oxide; non-vacuum deposition; figure of merit; heterojunction diode

1. Introduction

At present, numerous applications, such as touch panels, light-emitting diodes, and solar cells,
require transparent, conductive coatings [1–3]. Thus far, materials belonging to the transparent
conducting oxide (TCO) family have been frequently used for this purpose. Most of the industry
standard TCO are n-type wide bandgap oxides (Eg > 3.1 eV), such as In2O3, SnO2, and ZnO, whose
conductivity can be further tuned by aliovalent doping or the formation of oxygen vacancies [4].
In contrast, the development of p-type TOS remains a challenge. Recently, semi-transparent
p-type conducting films of the nickel oxide (NiO) have attracted considerable attention because
of their importance in several scientific applications, including (i)material for electrochromic display
devices [5,6], (ii) functional sensor layers in chemical sensors [7], (iii) transparent electronic devices [8]
and (iv) the magnetic properties of nanoparticles [9–12]. A stoichiometric NiO thin film is an insulator at
room temperature (resistivity is ~1013 Ω·cm) [13]. Much effort has been made to explain the insulating
behavior of NiO. NiO crystallizes in a rock-salt crystal structure, in which Ni cations have a nominal
valence state of 2+ (3d8) in octahedral coordination (see Figure 1). Due to a strong electron correlation
in 3d orbitals, it has an optical bandgap of 3.4–4.0 eV [14]. In addition, according to the literature,
at temperatures above the Néel temperature (523 K), the crystal structure of NiO is cubic, whereas below
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the Néel temperature, the crystals become slightly distorted and acquire a rhombohedral structure
which accompanies the antiferromagnetic ordering [15].

NiO thin films can be grown by several chemical and physical methods, including magnetron
sputtering [16,17], evaporation [18], the sol–gel method [19], laser ablation deposition [20], and spray
pyrolysis (SP) [21,22]. NiO thin films with low resistivity (1.4 × 10−1 Ω·cm) can be deposited by
sputtering [23]. Compared with vacuum deposition, SP is a relatively simple, cost-effective nonvacuum
deposition method for fabricating TCO thin films for large-area coating. However, the resistivity of the
doped NiO thin films fabricated by SP is ~104 Ω·cm [24]; this resistivity is several orders of magnitude
greater than that observed for sputter-deposited NiO thin films. Conventional SP involves spraying a
nickel nitrate solution onto a preheated glass substrate at a temperature greater than 300 ◦C, followed
by evaporation, solute precipitation, and pyrolytic decomposition. With the increase in the substrate
temperature, the evaporation ratio of the solution on the substrate is extremely swift, leading to the
formation of inferior NiO thin films. To solve this problem, a modified spray method was used in this
study. First, the substrate temperature is slightly greater than the boiling point of the spray solution.
The evaporation ratio of the spray solution decreases, affording high-order nucleation points by the
spraying of the solution onto the substrate. The thin films were then formed and further annealed at
high temperatures to afford a crystalline structure. Finally, high-quality thin films were obtained and
subsequently applied as a photoelectric device.

To improve the conductivity of the NiO thin film, three improved mechanisms were used: (i) holes
generated from nickel vacancies, (ii) oxygen interstitial atoms, and (iii) monovalent atoms used as a
dopant. Monovalent atoms can be used as the dopant to increase the electrical conductivity of the
NiO thin films [25,26]. In this study, a modified spray method was employed for the deposition of
2 at% Lithium (Li)-doped NiO (L2NiO) thin films with a high electrical conductivity. The monovalent
atoms of Li can be substitution Ni atoms. In addition, the effects of annealing temperatures and times
on the physical, optical, and electrical properties of the L2NiO thin films were investigated. X-ray
photoelectron spectroscopy (XPS) was used to investigate the variations in the characteristics of the
L2NiO thin films. Finally, a transparent heterojunction diode device comprising an L2NiO thin film
and an indium–tin oxide (ITO) thin film was fabricated for future applications.

 

Figure 1. Crystal structure of the NiO thin film.

2. Experimental Methods

Lithium-doped nickel oxide (LNiO) thin films were deposited on a Corning glass substrate by the
modified spray method. The spray solution was prepared by mixing nickel nitrate (Ni(NO3)2·6H2O,
Alfa Aesar, MA, USA) and lithium nitrate (LiNO3, J.T. Baker, NJ, USA) in deionized (DI) water. A 1 M
L2NiO spray solution was prepared by doping 2 at% Li in NiO. The modified spray method involved
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spraying a L2NiO solution at 140 ◦C, which then evaporated, affording high-quality L2NiO thin films
on the Corning glass substrate. The L2NiO thin films were deposited under the following conditions:
solution volume = 40 mL, deposition rate = 10 mL/min. The distance between the Corning glass
substrate and the nozzle was approximately 20 cm, and compressed air was used as the carrier gas.
Annealing temperatures and times were 400–600 ◦C and 1–3 h, respectively, for the crystallization of
the L2NiO thin films. Finally, to fabricate the transparent heterojunction diodes, L2NiO thin films were
deposited on an ITO glass substrate, and the top and bottom aluminum (Al) electrodes were deposited
by electron-beam evaporation. The surface morphology of the L2NiO thin films were examined by
high-resolution scanning electron microscopy (HR-SEM, Hitachi, Japan). The resulting interface layer
morphology between the L2NiO and ITO thin film was characterized by high-resolution transmission
electron microscopy (HR-TEM, JOEL, Japan). The phase and crystallinity of the L2NiO thin films
were measured by X-ray diffraction (XRD, Bruker, MA, USA) using CuKα radiation in the 2θ range
of 20◦–80◦. The bonding state and element content of the L2NiO thin films were investigated using
X-ray photoemission spectroscopy (XPS, ULVAC·PHI, Japan). The XPS using a monochromatic Al Kα

X-ray (hν = 1486.6 eV) source was carried out at normal emission with an electron energy analyzer.
The resistivity, carrier concentration, and mobility were measured by Hall effect measurements using
the Van der Pauw method. The optical transmittance of the L2NiO thin films was measured using a
UV–vis system (Agilent, CA, USA), and the transmittance spectrum was recorded as a function of the
wavelength in the range of 200 to 1100 nm. The current–voltage (I–V) properties of the transparent
heterojunction diode was measured using an HP4156 semiconductor parameter analyzer (Agilent,
CA, USA).

3. Results and Discussion

Figure 2 shows the HR-SEM images of the L2NiO thin film with different annealing temperatures
and times. The HR-SEM image of the L2NiO thin film which had annealed at 400 ◦C for 1 h revealed a
smooth surface and no grain growth (Figure 2a). With the further increase in the annealing time to
3 h at 400 ◦C, the surface morphology revealed small grain sizes (Figure 2b). The average grain size
of the film annealed at 400 ◦C for 3 h was 38 nm. Surface SEM morphologies shown in Figure 2c,d
were compared by the increase in the annealing temperature of the L2NiO thin films from 500 ◦C to
600 ◦C for 3 h, and the grain sizes slightly increased. At annealing temperatures of 500 ◦C and 600 ◦C
for 3 h, the average grain sizes of the L2NiO thin films were 45 nm and 58 nm, respectively. As a
result of annealing at higher temperatures, the surface atoms on the substrate acquire more energy,
and these atoms can move to suitable nucleation sites. In addition, the low activation energy ions
doped in the thin film can easily escape from trap sites and transfer to nucleation sites. Crystalline
thin films can be obtained when an increased number of better nucleation sites are formed on the
substrate. In this study, the low activation energy of the Li ions doped in the NiO thin film leads to the
increase in grain size with the increase in the annealing temperatures and times [27]. Compared with
previous reports, the crystalline grain structure of the L2NiO thin films deposited by the modified
spray method is better than that obtained by SP [28,29], because SP involves the deposition of the
solution onto a preheated (>300 ◦C) substrate, but the evaporation ratio of the solution is extremely
swift, affording poor nucleating points. Therefore, the surface morphology of the thin film is not good.
The thickness of the L2NiO thin film with different annealing temperatures and times is shown in
cross-section SEM images (Figure S1). The thickness of the L2NiO thin film annealed at 400 ◦C for 1 h
was 202 nm. The thickness of the L2NiO thin films increased slightly as the annealing temperatures
and times increased.
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Figure 2. Surface SEM images of the L2NiO thin films as a function of annealing temperatures and
times: (a) 400 ◦C for 1 h, (b) 400 ◦C for 3 h, (c) 500 ◦C for 3 h, and (d) 600 ◦C for 3 h.

The crystalline structure of the L2NiO thin films was examined by XRD using CuKα (λ = 0.1542 nm)
radiation. Figure 3 shows the XRD patterns of the L2NiO thin films with different annealing
temperatures and times. The observed XRD patterns of the L2NiO thin films were compared with the
Joint Committee on Powder Diffraction Standards (JCPDS) data; they were in good agreement with the
standard diffraction pattern of NiO (JCPDS card no. 47-1049). Diffraction peaks for the L2NiO thin
films were observed at 2θ values of 37.3◦, 43.2◦, and 63.1◦, which correspond to the (111), (200), and
(220) planes, respectively. The L2NiO thin films were polycrystalline without any other detectable
secondary phase. Diffraction results revealed that the L2NiO thin film annealed at 400 ◦C for 1 h
exhibited an approximate amorphous structure due to its weak-intensity diffraction peaks (Figure 3a).
However, with the increase in the annealing temperatures and times from 400 ◦C to 600 ◦C and 1 to 3 h,
respectively, diffraction intensities for the (111), (200), and (220) planes slightly increased (Figure 3b–d).
The increase in the diffraction intensity was related to the grain sizes of the L2NiO thin films. Figure 3
(right side) also shows the grazing incidence angle X-ray diffraction patterns (GIAXRD) of the L2NiO
films in the 2θ range of 42◦ to 45◦. The full-width half-maximum for the diffraction peak of the (200)
plane of the L2NiO thin films decreased from 0.38 to 0.25. The crystallite size of the L2NiO thin films
was then calculated using the Scherrer equation. With the increase in the annealing temperatures and
times, the grain sizes increased from 39 nm to 60 nm. The results obtained for the various grain sizes
were similar to those from SEM (Figure 2). In addition, with the increase in the annealing temperatures
and times, the (200) plane was slightly shifted to high angles. According to Bragg’s law (nλ = 2dsinθ)
and d = a/(h2 + k2 + l2)1/2, the lattice constant (a) slightly decreased from 4.178 Å to 4.169 Å with the
increase in the annealing temperatures and times, indicating that the larger radius of Ni2+ (0.69 Å) can
be substituted by the smaller radius of Li+ (0.68 Å); this subsequently leads to the decreased lattice
constant of L2NiO thin films [30].
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Figure 3. X-ray diffraction patterns of the L2NiO thin films as a function of the annealing temperatures
and times: (a) 400◦C for 1 h, (b) 400◦C for 3 h, (c) 500◦C for 3 h, and (d) 600◦C for 3 h.

The crystal structure parameter of the L2NiO thin films produced with a 600 ◦C annealing
temperature for 3h was fitted using the cubic structural model, with the atomic positions being
described in the space group Fm3m. The fitted profiles of the L2NiO thin films for XRD data at 600 ◦C
annealing temperature for 3h is shown in Figure 4. The final refinement convergence of the L2NiO
thin films produced with a 600 ◦C annealing temperature for 3h was achieved with χ2 = 1.38, and the
measured result agreed well with the simulation value. i.e., the lattice constant (a) of the L2NiO thin
was 4.1686 Å, similar to the value calculated using Bragg’s law. The refined values of all thin film are
also tabulated in Table 1.

 

θθ

θ
Figure 4. Rietveld refinement of the L2NiO thin films produced with an annealing temperature of
600◦C for 3 h.
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Table 1. Refined values of the L2NiO thin films with different annealing temperatures and times.

Parameter
Nondoped NiO

(R [31])
L2NiO

(400◦C, 1 h)
L2NiO

(400◦C, 3 h)
L2NiO

(500◦C, 3 h)
L2NiO

(600◦C, 3 h)

a = c = b (Å) 4.1801 4.1774 4.1738 4.1701 4.1686

α = β = γ 90◦ 90◦ 90◦ 90◦ 90◦

Volume (Å3) 73.01 72.49 72.44 72.41 72.38

Figure 5a shows the optical transmittance spectra of the L2NiO thin films in the 250–1100 nm
range. For the L2NiO thin films annealed at 400 ◦C for 1 h and those annealed at 400 ◦C, 500 ◦C, and
600 ◦C for 3 h, average transmittance values in the visible region (400 to 700 nm) were 46.8%, 72.3%,
84.6%, and 87.9%, respectively. The increase in the average transmittance of the L2NiO thin films
was related to the increase in the grain size and decrease in the grain boundary, leading to the low
scattering effect in L2NiO thin films. Surface SEM images revealed that the grain size of the L2NiO thin
films increased with different annealing temperatures and times; this result was in agreement with the
optical transmittance results. In the ultraviolet range, with the increase in the annealing temperature
from 400 ◦C to 600 ◦C at an annealing time of 1 h to 3 h, the absorption edge was shifted toward a short
wavelength region. The blue-shift can be explained by the Burstein–Moss shift effect [32–34].

να
)

ν

Figure 5. (a) Optical transmittance spectra and (b) optical bandgap of the L2NiO thin films as a function
of annealing temperatures and times.
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The optical energy band gap (Eg) is an important physical parameter that mainly determines the
electrical and optical characteristics of materials. The energy band gap of the L2NiO thin films were
determined by applying the Tauc and Davis-Mott models [35]:

(αhν)1/2 = B
(
hν− Eop

g

)
(1)

where α is the absorption coefficient, h is Planck’s constant, ν is the frequency of the incident photon,
and B is the absorption edge width. The energy band gap was determined by the extrapolation of a
straight linear region of the plots to hν = 0 [36]. Figure 5b shows (αhν)1/2 vs. hν for L2NiO thin films
with different annealing temperatures and times. With the increase in the annealing temperatures from
400 ◦C to 600 ◦C and the annealing times from 1 h to 3 h, the energy band gap of the L2NiO thin films
increased from 2.89 to 3.21 eV (Figure 5b), suggesting that the Burstein–Moss effect may affect the band
gap shift [33,34]. In the Burstein–Moss effect, the band-gap shift is mainly related to the high carrier
concentration and/or low effective mass. According to the Burstein–Moss effect, the divergence of the
band gap is expressed as

ΔEBM
g =

h2

2m∗vc

(
3π2n

) 2
3 (2)

where ΔEgBM is the shift value between the doped semiconductor and undoped semiconductor, mcv
*

is the reduced effective mass, and n is the carrier concentration. The absorption edge of the L2NiO thin
films were observed in a shorter wavelength region because of the increase in the carrier concentration
(n) (Figure 5a).

Figure 6 shows the optical energy band gap, carrier concentration (n), mobility (μ), and resistivity
(ρ) of the L2NiO thin films with different annealing temperatures and times. All samples exhibited
p-type properties. With the increase in the annealing temperatures and times, the mobility of the L2NiO
thin films increased from 2.39 to 11.96 cm2/Vs because of the increase in the grain size and decrease
in the grain boundary, causing the carrier to encounter less hindering materials, and subsequently
resulting in increased carrier mobility. Meanwhile, the increase in the annealing temperatures and
times caused an increase in the carrier concentration. The number of Li atoms substituting the sites
of Ni atoms increased, leading to the substitution of a large number of Ni2+ by Li ions in the normal
crystal sites and creating holes at a high annealing temperature. Therefore, the carrier concentration of
the L2NiO thin films increased; this result can be obtained by Equation (3).

1
2

O(g)
2 +Li2O⇔ 2OO

x +2LiNi′+2
·
h (3)

With the increase in the annealing temperatures and times, the Li concentration of the L2NiO thin
films increased, as demonstrated by the XPS analysis shown in Table 2 and the XRD analysis shown in
Figure 3 (right side). The resistivity of the film is known to be proportional to the reciprocal of the
product of carrier concentration and mobility, as follows:

ρ = 1 / (n × μ) (4)

Table 2. Elements of L2NiO thin films as a function of annealing temperature and time.

Ni (at%) O (at%) Li (at%) O/Ni

L2NiO-400◦C-1 h 45.23 52.96 1.81 1.171

L2NiO-400◦C-3 h 45.1 53.07 1.83 1.176

L2NiO-500◦C-4 h 44.9 53.23 1.87 1.185

L2NiO-600◦C-3 h 44.62 53.50 1.88 1.199
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Ω

Figure 6. Optical band gap, carrier concentration, mobility, and resistivity of the L2NiO thin films as a
function of annealing temperatures and times.

Therefore, with the increase in the carrier concentration and mobility, the resistivity of the L2NiO
thin films decreased from 4.73 to 1.08 Ω·cm. Compared with previous reports, the resistivity of L2NiO
thin films was slightly less than those of undoped NiO thin films [36,37].

Figure 7 shows the Ni 2p3/2 XPS spectra of the L2NiO thin films with different annealing
temperatures and times. During the Gaussian fitting process, binding energies for the NiO and Ni2O3

peaks were observed at 854.0 eV and 855.8 eV, respectively, in the Ni 2p3/2 XPS spectra of the L2NiO thin
films annealed at 400 ◦C for 1 h (right side of Figure 7) [38,39]. The Ni2O3 and NiO peaks corresponded
to Ni3+ and Ni2+, respectively. With the increase in annealing temperatures and times for the L2NiO
thin films, the intensity of the Ni3+ bonding state slightly increased over that of the Ni2+ bonding state.
This result is related to the insertion of an excess amount of oxygen ions in the interstitial sites of the
L2NiO thin films due to annealing conducted in the atmosphere; this leads to the formation of Ni3+

ions and holes, which can be represented by Equation (5).

1
2

O(g)
2 ⇔ O′′i +2

·
h (5)

Meanwhile, the Ni 2p3/2 results were also confirmed from the O1s XPS spectra of the L2NiO thin
films with annealing temperatures and times, as shown in Figure 8. With the increase in the annealing
temperature and times, the intensity of the O1s peak increased appreciably. In the O1s XPS spectra,
the deconvolution of the electron binding energy of NiO (529.3 eV) and Ni2O3 (531.7 eV) was observed
for the L2NiO thin films [38,40,41]. The increase in the magnitude of the Ni3+ bonding state was
slightly greater than that of the Ni2+ bonding state, demonstrating that the hole carrier concentration
of the L2NiO thin films increased with the annealing temperatures and times. The increased hole
carrier concentration of the L2NiO thin films was in agreement with the Hall measurement (Figure 6).
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Figure 7. Ni 2p3/2 XPS spectra of the L2NiO thin films as a function of annealing temperatures and
times: (a) 400◦C for 1 h, (b) 400◦C for 3 h, (c) 500◦C for 3 h, and (d) 600◦C for 3 h.

 

Figure 8. O 1s XPS spectra of the L2NiO thin films as a function of annealing temperatures and times.
(a) 400◦C for 1 h, (b) 400◦C for 3 h, (c) 500◦C for 3 h, and (d) 600◦C for 3 h.

Figure 9 shows the figure-of-merit (FOM) of the L2NiO thin films with different annealing
temperatures and times. To deposit L2NiO thin films with high transmission and low resistivity,
the FOM values for the L2NiO thin films with different annealing temperatures and times were
calculated by using Haacke’s equation [42]:

FOM =
T10

Rs
(6)
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where T is the average optical transmittance at 400–700 nm and Rs is the sheet resistance of the L2NiO
thin films. With the increase in annealing temperatures and times, the FOM of the L2NiO thin films
increased (Figure 9). The maximum FOM (5.3 × 10−6 Ω−1) was obtained for the L2NiO thin films
annealed at 600 ◦C for 3 h. FOM results revealed that L2NiO thin films exhibit satisfactory optical and
electrical characteristics for photoelectric device applications.

 

Ω
−1

Figure 9. FOM values for L2NiO thin films as a function of annealing temperatures and time.

From the above results, it can be seen that the carrier concentration, mobility, and conductivity
characteristics of the Li ions doped in NiO thin film improved compared to non-doped NiO thin
film. For the possible fabrication of transparent heterojunction diodes, the L2NiO thin films were
then deposited at an annealing temperature of 600 ◦C and an annealing time of 3 h onto an ITO
glass substrate to form a p–n junction structure. The ITO thin film was deposited by the sputtering
method. The thickness of the ITO thin film was 1000 Å with a 92% visible-light transmittance and
a resistance of 12 Ω·cm, as shown in Figure S2a,b. Figure 10 shows the current–voltage (I–V) curve
of the L2NiO/ITO transparent heterojunction diode. The I–V results confirmed that the fabricated
L2NiO/ITO transparent heterojunction diode exhibited rectifying behavior with the use of aluminum
(Al) as the electrodes. Before the measurement of the I–V properties of the L2NiO/ITO transparent
heterojunction diode, ohmic contacts were confirmed to be present between the Al electrodes and the
L2NiO and ITO thin films. Under forward bias, the turn-on voltage for the L2NiO/ITO transparent
heterojunction diode was ~1.04 V (Figure 10a); this value is less than that (2.57 V) for a p-NiO/n-TZO
diode [43], 2.5 V for a p-CuO/n-ZnO diode [44], and similar (1 V) to that for a p-NiO/n-ZnO diode [45].
Under a reverse voltage, the leakage current was 1.09 × 10−4 A/cm2 at 1.1 V for the L2NiO/ITO
transparent heterojunction diode (Figure 10b). The rectification ratio (R) for the L2NiO/ITO transparent
heterojunction diodes was calculated using Equation (7) as follows to obtain a value of 17.3 (at 1.1 V):

R =
Forward current
Reverse current

(7)

The ideality factor (n) can be calculated from the slope of the linear region of the forward-bias log(I)–V
curve, which can be derived from Equation (8) and Figure 11:

n =
q

kT
×
[

dV
dln(I)

]
(8)
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where k is the Boltzmann constant, T is the temperature in kelvin, and q is the electron charge.
The ideality factor for the L2NiO/ITO transparent heterojunction diode was n = 0.46, which was less
than the ideal value of n = 1 (Equation (8)). The high leakage current and low ideality factor result from
imperfections between the heterojunction interfaces of the L2NiO and ITO thin films. Ajimsha et al.
reported that in an oxide layer, these imperfections were caused by the presence of different crystal-type
structures [46].

Figure 10. Current–voltage curve of the L2NiO/ITO transparent heterojunction diode: (a) forward
current and (b) reverse current.

 

Figure 11. Log current–voltage curve of the L2NiO/ITO transparent heterojunction diode.
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To further investigate the interface between the L2NiO and ITO thin films, TEM images were
recorded. Figure 12a shows a magnified TEM image of the interface between the L2NiO thin film
annealed at 600 ◦C for 3 h and the ITO thin film; a clear layer was present at the interface between
the two materials. The interfacial layer thickness was 55 Å; this layer was thought to be NiO2, Ni2O3,
and Ni3O4, because during spraying, Ni and O can be easily combined with In or Sn in ITO. This result
can be attributed to the relatively high bond energy of Ni–O (1029 kJ/mol) compared with those of
Sn–O (531.8 kJ/mol) and In–O (320 kJ/mol) [47–49]. From the XPS result, it was hypothesized that the
interfacial layer between the NiO and ITO was Ni2O3. Figure 12b shows the selected-area electron
diffraction (SAED) pattern of the boundary between the L2NiO and ITO thin films. The corresponding
SAED pattern exhibited (200) NiO, (211) ITO, and (002) Ni2O3 diffraction rings, confirming that the
L2NiO (including NiO and Ni2O3) and ITO thin films are polycrystalline; this result also confirmed
that a thin Ni2O3 interfacial layer was present between the L2NiO and ITO thin films. The thin Ni2O3

interfacial oxide layer rendered a high leakage current and low ideality factor for the L2NiO/ITO
transparent heterojunction diode.

Figure 12. (a) TEM image and (b) SAED pattern of the L2NiO/ITO transparent heterojunction structure.

4. Conclusions

In this study, a modified spray method was used for the deposition of high-quality 2 % Li-doped
NiO (L2NiO) thin films. The L2NiO thin films exhibited a cubic (NaCl-type) structure, and the lattice
constant of the L2NiO thin films slightly decreased from 0.4178 Å to 0.4169 Å with the increase in
annealing temperatures and times. As the smaller radius of Li+ (0.6 Å) was substituted by the larger
Ni2+ (0.69 Å), the number of substituted Li+ increased, leading to a decrease in the lattice constant
of the L2NiO thin films. According to the Burstein–Moss shift theory, the optical energy band gap
(Eg) of the L2NiO thin films increased from 2.89 eV to 3.21 eV with the increase in the annealing
temperatures and times because of the increase in the carrier concentration. In Hall measurements,
the carrier concentration and mobility of the L2NiO thin films increased, leading to a decrease in the
resistivity from 4.73 Ω·cm to 1.08 Ω·cm with the increase in the annealing temperatures and times.
The optimum FOM (5.3 × 10−6 Ω−1) was obtained for the L2NiO thin films annealed at 600 ◦C for 3 h,
for which the resistivity and average transmittance were 1.08 Ω·cm and 87.9%, respectively. Finally,
the transparent heterojunction diode comprising a p-type L2NiO thin film and an n-type ITO thin
film was successfully fabricated. Its properties included (1) a turn-on voltage of 1.04 V, (2) a leakage
current of 1.09 × 10−4 A/cm2 (at 1.1 V), (3) a rectification ratio of 17.3, and (4) an ideality factor of 0.46.
The high leakage current resulted from the Ni2O3 thin layer between the heterojunction interfaces of
the different crystal-type structure with the L2NiO and ITO thin films. Therefore, the L2NiO film was
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shown to possess satisfactory properties for applications including transparent diode, electrochromic
display, and solar cell devices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/4/636/s1,
Figure S1: Cross-section SEM images of the L2NiO thin films as a function of annealing temperatures and times:
(a) 400 ◦C for 1 h, (b) 400 ◦C for 3 h, (c) 500 ◦C for 3 h, and (d) 600 ◦C for 3 h. Figure S2: (a) Cross-section SEM
image and (b) optical transmittance spectra of the ITO thin film.
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Abstract: Silicon-carbon films have been deposited on silicon and Al2O3/Cr-Cu substrates, making
use of the electrolysis of methanol/dimethylformamide-hexamethyldisilazane (HMDS) solutions.
The electrodeposited films were characterized by Raman spectroscopy and scanning electron
microscopy, respectively. Moreover, the nucleation and growth mechanism of the films were
studied from the experimental current transients.
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1. Introduction

The diamond-like carbon (DLC) films are extremely alluring for their high mechanical hardness,
high electric resistivity, biocompatibility, chemical inertness, low coefficient of friction, and optical
transparency in the infrared range [1–3]. The issue of stress and poor adhesion to the substrate in
DLC films is a persistent problem that could be solved by incorporation of other elements (W, Ti, Al,
Si, etc.) [4–6]. Therefore, the incorporation of silicon is rather promising in order to obtain amorphous
silicon-carbon films.

Silicon-carbon films are very promising materials for microelectronic devices operating in
aggressive environments [7]. These films are used for gas sensors, ultracapacitors, field emission
devices, and other applications in aggressive environments. There are many techniques for producing
these films, such as magnetron sputtering [8], ion sputtering, chemical vapor deposition, pulsed laser
deposition, electrochemical deposition from molten salt, and the sol-gel method [9–11]. However,
the applications of these techniques have been limited, owing to the sophisticated equipment and
precise experimental conditions, including high vacuum and high temperature. It was experimentally
shown that most materials that can be deposited from the vapor phase can also be deposited in a liquid
phase using electrochemical techniques and inversely [10]. The application of the liquid deposition
techniques is a good prospect due to such advantages as low consumption of energy, low deposition
temperature, availability for large area deposition on complicated surfaces, and the simplicity of the
setup. There are some reports that have demonstrated the possibility of the electrochemical deposition
of DLC films from the organic liquids such as methanol [12], acetonitrile [13], dimethylsulfoxide [14],
and lithium acetylide in dimethylsulfoxide [15], in ambient conditions. However, earlier, we reported
the electrochemical deposition of silicon-carbon films from methanol/ethanol and hexamethyldisilazane
(HMDS) solution [16,17]. However, in the development of the synthesis of a new material, the deposition
kinetics is one of the first components to be studied in detail to ensure reproducibility. Currently,
there is no information about the deposition mechanisms of silicon-carbon films from organic liquids
onto different substrates.

Nanomaterials 2019, 9, 1754; doi:10.3390/nano9121754 www.mdpi.com/journal/nanomaterials33
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Electrochemical methods allow setting and controlling the overpotential, control charge, current,
the volume of the deposited solution, and a number of nuclei comparatively easily in the system,
so they are suitable for the study of the nucleation and growth of a new phase. The analysis of
potentiostatic current transients allows getting more information on the mechanism and kinetics of the
electrodeposition [18].

The aim of the present study is to investigate the mechanisms of the nucleation and growth
of silicon-carbon films onto silicon and Al2O3/Cr-Cu substrates through experimental potentiostatic
current transients. The surface morphology, as well as structural and phase composition of the films
were determined from scanning electron microscopy and Raman spectra investigations, respectively.

2. Materials and Methods

2.1. Synthesis of Silicon-Carbon Films

In this communication, the silicon-carbon films were deposited on silicon (100) (the resistivity
was 4.5 Om·cm) and Al2O3 substrates with a size of 12 × 17 mm2. In the first step, the silicon substrate
was dipped in the HF solution (≈ 15%) for a few minutes, and the conducting layer (Cr-Cu) was
sputtered on the surface of the Al2O3 substrate by the magnetron technique. The substrate was
mounted on the negative electrode, and graphite was mounted on the positive electrode. The distance
between the substrate and the positive electrode was set to 10 mm. The deposition was done from two
types of solution: (1) a methanol and HMDS solution; (2) a dimethylformamide (DMF) and HMDS
solution. HMDS was dissolved in analytically pure methanol/DMF, with the volume ratio of HMDS to
methanol (DMF) of 1:9. The films were deposited for 30 min. The applied potential was 180 and 500 V,
for methanol-HMDS and DMF-HMDS solutions, respectively.

A schematic diagram of the experimental setup is shown in Figure 1:

Figure 1. Schematic structure of electrolytic deposition system (1, glass cell; 2, dielectric cover;
3, graphite anode; 4, cathode substrate; 5, solution; 6, thermocouple; 7, clamps; 8, thermal table;
9, voltmeter of the thermocouple; 10, ammeter; 11, high-voltage voltmeter; 12, power supply).

2.2. Characterization

The film morphologies were investigated using scanning electron microscopy (SEM; SEM Zeiss
Merlin compact VP-60-13, Stavropol, Russia). Raman spectra were recorded at ambient temperature
using a Raman Microscope, Renishaw plc (Stavropol, Russia, resolution 2 cm−1, 514 nm laser).
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3. Results and Discussion

3.1. Characterization

During the deposition for a composite film from the DMF-HMDS solution, we found that the
current density increased from 35 mA/cm2 to 54–57 mA/cm2 with deposition time. In the case of
the methanol-HMDS solution, the current density decreased slightly from 50 mA/cm2 to 44 mA/cm2

and increased from 50 mA/cm2 to 55 mA/cm2 during the film deposition onto the silicon and Al2O3

substrate, respectively (Figure 2).

 

Figure 2. Experimental potentiostatic current transients for the deposition of silicon-carbon films on
silicon (a) and Al2O3 (b) substrates.

The surface morphology of the films changes under varying technological conditions.
The production of silicon-carbon materials is associated with thermodynamically nonequilibrium
processes, which cause the formation of inhomogeneities as the films grow due to the self-organization
of the structure. Figures 3 and 4 shows the SEM micrographs of the deposited films. From the figures,
it can be seen that films deposited from the methanol-HMDS solution and DMF-HMDS solution on the
silicon substrate are composed of compact grains. The average grain size was about 90, 60, and 170 nm
for the films, deposited from the methanol-HMDS on the silicon substrate, from the DMF-HMDS
solution on the silicon substrate, and from the methanol-HMDS on the Al2O3 substrate, respectively.
The silicon-carbon films deposited from the DMF-HMDS solution on the Al2O3 substrate characterized
by a powdery structure without large grains. Therefore, the histograms of the grain size distributions
were built (Figure 5).
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Figure 3. SEM micrographs of the silicon-carbon films deposited onto the silicon substrate from the
methanol-hexamethyldisilazane (HMDS) (a) and DMF-HMDS (b) solutions.

  

Figure 4. SEM micrographs of the silicon-carbon films deposited on the Al2O3 substrate from the
methanol-HMDS (a) and DMF-HMDS (b) solutions.

The scatter of grain size values for the films on silicon substrates lied in the range from 20 nm
to 200 nm. Grains with sizes of 50 and 80 nm predominated for the films deposited from the
methanol-HMDS and DMF-HMDS solutions, respectively. For the films deposited onto the Al2O3

substrate, the histogram of the grain size values distribution was characterized by the absence of
pronounced maxima. It was evident that the range of grain sizes for the films deposited from the
methanol-HMDS solution was much narrower than for those deposited from the DMF-HMDS solution
and was in the range of 60–150 nm.
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Figure 5. Histograms of the grain size distributions of the silicon-carbon films deposited on silicon (a)
and Al2O3 (b) substrates.

The Raman spectra of the films with the deconvolution of the D and G peaks, deposited on silicon
and Al2O3 substrates, are shown in Figure 6a,b, respectively.

The silicon-carbon films deposited from the methanol-HMDS solution investigated in this work
were complex heterogeneous objects (Figure 6a). The Raman spectra contained the lines in the range that
was characteristic of the SiC polytypes. The samples were characterized by the presence of the hexagonal
6H SiC polytype with the impurities of the rhombohedral 15R SiC phase. Furthermore, the bands
attributed to the Si–C bond and nanocrystalline diamond (ND) were observed. The spectrum of the
silicon-carbon film deposited on the Al2O3 substrate shifted to a lower wavenumber. The deconvolution
of the Raman spectra allowed us to find out “hidden” peaks. Deconvolution was carried out on a
minimum number of Gauss peak components for which their resulting curve described the experimental
curve with confidence >0.99%. Therefore, in the resulting Gauss deconvolution, three peaks were
observed at 1361, 1524, and 1627 cm−1. The peaks centered at 1361 and 1524 cm−1 corresponded to the
conventional D and G bands. The broadening in the G band at the higher wavenumber side was due
to the presence of the D’ band at 1627 cm−1. The appearance of the D’ peak proved that silicon-carbon
films were highly defective structures [19]. The relative intensity ratio of the D peak to G peak (ID/IG)
of the silicon-carbon films deposited from the methanol-HMDS solution was 1.05 for the films on both
types of substrates.
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Figure 6. Raman spectra with the deconvolution of the D and G peaks (under the Raman spectra) of the
silicon-carbon films deposited onto the silicon (1) and Al2O3 (2) substrates from the methanol-HMDS
(a) and DMF-HMDS (b) solutions (D* and D’ peaks characterize disorder carbon).

38



Nanomaterials 2019, 9, 1754

Raman spectra of silicon-carbon films deposited from the DMF-HMDS solution could be
characterized by the presence of the D peak and the G peak (Figure 6b). The spectrum of the
silicon-carbon film on the silicon substrate was also characterized by the D + G scattering peak.

In the spectrum of the silicon-carbon film deposited on the silicon substrate, the position of the D
and G peaks was 1386 and 1587 cm−1, respectively (Figure 6a), while the position of the D and G peaks
was 1438 and 1597 cm−1, respectively, in the spectrum of silicon-carbon film, deposited on the Al2O3

substrate [20]. Furthermore, the G peak of the silicon-carbon film deposited on the silicon substrate
shifted to a lower wavenumber, and the full width at half maximum of the G peak was also larger
than that of the silicon-carbon film, deposited on the Al2O3 substrate. The high intensity of the D
peak confirmed the existence of unsaturated hydrocarbons on the surface of SiC nanoparticles [21].
The bands attributed to the hexagonal 6H SiC polytype were observed.

The deconvolution of the D and G bands of the films deposited from the DMF-HMDS solution
was also carried out as shown in Figure 6b. The D*, D, and G peaks were found. It should be noted
that the D* peak has been found in disordered carbons. Some reports have attributed the D* peak
to the sp3 rich phase of disordered amorphous carbons [22]. The D and G peaks were centered at
1405 (1400) cm−1 and 1600 (1584) cm−1.

Furthermore, it was seen that the relative intensity ratio of the D peak to G peak (ID/IG) of the
silicon-carbon film deposited from the DMF-HMDS solution was higher than for the films deposited
from the methanol-HMDS solution and reached ~1.29. The smaller ratio corresponded to smaller free
carbon clusters [23].

3.2. Mechanism Study

The structure and morphology of silicon-carbon films depends on the nucleation and
growth mechanism.

Potentiostatic transient measurement is an important method for studying the initial kinetics of
electrocrystallization reactions [24–26].

The existing models of electrochemical deposition were based on two main ideal mechanisms for
new phase nucleation on the electrode surface: instantaneous nucleation and progressive nucleation.
In the case of instantaneous nucleation, all active centers are filled almost simultaneously, and further,
slow growth of nuclei occurs due to the introduction of new atoms. In the presence of inhomogeneities
on the surface of the substrate, germ growth first occurs at the most active centers, so with progressive
nucleation, the nuclei simultaneously emerge and continue to grow. It is assumed that there is a
constant supersaturation of the precursor concentration under potentiostatic conditions. Besides,
both kinetic controlled and diffusion controlled growth mechanisms of a new phase on the surface
are possible.

The model of 3D multiple nucleations with kinetic controlled growth was described by Isaev [18].
Instantaneous nucleation is described by:

j
jmax

= 2.34
t

tmax
ω
(
1.50

t
tmax

)
(1)

where j is the current density, t is time, and tmax is the time at the maximum current.
Progressive nucleation can be expressed as:

j
jmax

= 2.25ω2

(
1.34

t
tmax

)
(2)

where ω(x) = exp
(
−x2
) ∫ x

0 exp(ξ2)dξ is Dawson’s integral:

ω2(y) = exp
(
−y3
) y∫

0

(
y2 − ξ2

)
exp
(
3yξ2 − 2ξ3

)
dξ (3)
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The model of controlled nucleation was offered by Scharifker and Hills [27]. They considered
the 3D nucleation model given that over time, the diffusion zones of individual nuclei overlap, which
leads to a slowdown in germ growth. Instantaneous nucleation and growth are described by:

(
j

jmax

)2
=

1.9542
(t/tmax)

{
1− exp[−1.2564(t/tmax)]

}2 (4)

Progressive nucleation can be expressed as:

(
j

jmax

)2
=

1.2254
(t/tmax)

{
1− exp

[
−2.3367(t/tmax)

2
]}2

(5)

The experimental current–time transients shown in Figure 2 were analyzed using these expressions

and experimentally obtained values for jmax and tmax. First, the dependences of ln
(
1− j

√
t

( j
√

t)max

)
from t

and t2 were built in order to determine instantaneous or progressive nucleation.
Figure 7 shows graphs of electrodeposition transients characteristic of instantaneous nucleation.

 
Figure 7. Semilogarithmic dependencies calculated from the current transients for the film deposition
solution on the silicon substrate from the methanol-HMDS solution (1); on the Al2O3 substrate from
the methanol-HMDS solution (2) and DMF-HMDS solution (3).

Progressive nucleation is described by Figure 8.

 
Figure 8. Semilogarithmic dependencies calculated from the current transients for the film deposition
from the DMF-HMDS solution onto the silicon substrate.
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As shown in the figures, for all straight lines, a high approximation confidence value was set.
The comparison was based on the standard error value. Deviations from linearity were caused
by concurrent processes in the solution and on the substrate: molecules’ dissociation, heating of
the solution, and the formation of silicon-carbon and carbon bonds, characterizing the different
growth rates.

In Figure 9, the model and experimental dependencies are presented. The analysis of the
semilogarithmic and (j/jm) vs. (t/tm) dependencies showed that the mechanism of nucleation and
growth of silicon-carbon films from the methanol-HMDS and DMF-HMDS solutions on the Al2O3

substrate was well described by Equation 1 for instantaneous nucleation (Figure 9b,d). The experimental
current transients represented in the coordinates (j/jm) vs. (t/tm) for the deposition of silicon-carbon
film from the DMF-HMDS solution on the silicon substrate demonstrated the characteristic features of
the diffusion controlled growth model (Figure 9c).

The deposition of the silicon-carbon films from the methanol-HMDS solution onto the silicon
substrate was characterized by the instantaneous nucleation with kinetically controlled growth
(Figure 9a), while the model for instantaneous nucleation with diffusion controlled growth fit the
growth mechanisms of the new phase from the methanol-HMDS and DMF-HMDS solutions on the
Al2O3 substrate.

All the experimental dependences of (j/jm) vs. (t/tm) except the deposition from DMF-HMDS
solution on the silicon substrate demonstrated the higher current density compared to the model for
first two minutes due to the dissociation of molecules in precursors.

 

Figure 9. Cont.
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Figure 9. Experimental and model dependences of the current density on the deposition time of
silicon-carbon films from: (a) methanol-HMDS solution on a silicon substrate; (b) methanol-HMDS
solution on a Al2O3 substrate; (c) DMF-HMDS solution on a silicon substrate; (d) DMF-HMDS solution
on a Al2O3 substrate.

4. Conclusions

The silicon-carbon films were successfully deposited on silicon and Al2O3/Cu-Cr substrates from
organic solutions. The films deposited from the methanol-HMDS solution were mostly characterized
by the presence of the hexagonal 6H SiC polytype with the impurities of the rhombohedral 15R
SiC phase. Raman spectra of silicon-carbon films, deposited from the DMF-HMDS, solution can be
characterized by the presence of the D peak, G peak, and D + G scattering peaks of carbon and 6H SiC
polytype peaks. It was shown that the nucleation and growth mechanisms depend on the nature of the
solution and substrate.
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Abstract: Single-phase Ce3+-doped BaTiO3 powders described by the nominal formula
Ba1−xCexTi1−x/4O3 with x = 0.005 and 0.05 were synthesized by the acetate variant of the sol-gel
method. The structural parameters, particle size, and morphology are strongly dependent on the
Ce3+ content. From these powders, dense ceramics were prepared by conventional sintering at
1300 ◦C for 2 h, as well as by spark plasma sintering at 1050 ◦C for 2 min. For the conventionally
sintered ceramics, the XRD data and the dielectric and hysteresis measurements reveal that at room
temperature, the specimen with low cerium content (x = 0.005) was in the ferroelectric state, while the
samples with significantly higher Ce3+ concentration (x = 0.05) were found to be in the proximity of
the ferroelectric–paraelectric phase transition. The sample with low solute content after spark plasma
sintering exhibited insulating behavior, with significantly higher values of relative permittivity and
dielectric losses over the entire investigated temperature range relative to the conventionally sintered
sample of similar composition. The spark-plasma-sintered Ce-BaTiO3 specimen with high solute
content (x = 0.05) showed a fine-grained microstructure and an almost temperature-independent
colossal dielectric constant which originated from very high interfacial polarization.

Keywords: sol-gel; Ce3+-doped BaTiO3; dielectric permittivity; ferroelectric–paraelectric phase
transition; spark plasma sintering

1. Introduction

Due to their environmentally friendly character, along with multiple unique and useful properties
such as high dielectric permittivity, piezoelectric, pyroelectric and ferroelectric behavior, and PTCR
(positive temperature coefficient of resistivity) effect and high endurance under DC field stress,
BaTiO3-based ceramics are widely used in microelectronics applications as multilayer ceramic
capacitors (MLCC), ferroelectric memory (FeRAM), energy harvester actuators, transducers, IR sensors,
thermistors, controllers, and phase shifters [1–5].

Taking into account the flexibility of the perovskite lattice, a proper approach to tailoring the
functional behavior of BaTiO3-based ceramics consists of adopting an adequate compositional design,
which involves doping strategies or the formation of solid solutions.

It is well known that A-site donor doping in BaTiO3 involving the incorporation of larger
rare-earth ions such as La3+ and Nd3+ [6–12] in the perovskite lattice is more effective in shifting
the Curie temperature toward lower values than the effect induced by homovalent species such as
Sr2+ and Ca2+ [13–17]. The content of donor dopant also exhibits a complicated influence on the
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electrical properties. Thus, a higher content of donor solutes, exceeding a critical composition of
~0.5 atom %, but found within their solubility range, determines a typical insulating behavior determined
by a compensating mechanism via cation vacancies, in order to maintain electroneutrality [18].
For concentrations below the already mentioned critical value, such donor-doped BaTiO3 systems
behave at room temperature like semiconductors, with a well-marked PTCR effect just above the Curie
temperature due to the compensation of the donor dopant’s positive “extra-charge” inside the ceramic
grains via electrons [19]. However, a previous study revealed that even in the case of lightly La-doped
BaTiO3 ceramics, changes in the defect chemistry by modifying the preparation and sintering strategy
can induce a typical insulating, nonlinear behavior at room temperature [9].

Because of its variable oxidation state, cerium can be incorporated as Ce3+ on Ba sites, acting as a
donor dopant [20–22]; as Ce4+ on Ti4+, forming homovalent solid solutions [23–26]; or simultaneously
as Ce3+ on A sites and Ce4+ on B sites of the ABO3 perovskite lattice [27,28]. The valence of cerium
and, consequently, its site occupancy and solubility in the host BaTiO3 lattice are strongly dependent
on the starting Ba/Ti ratio and oxygen partial pressure [28].

According to Equation (1), “built-in” titanium vacancies as compensating defects for the effective
positive extra-charge of the donor dopant have to be stipulated in the starting formula, and sintering
in air at temperatures below 1350 ◦C followed by slow cooling has to be carried out in order to obtain
single-phase, insulating ceramics [6–8,29,30].

4CeO2 + 3TiO2 → 4Ce•Ba + 3Ti×Ti + V′′′′Ti + 12O×O + O2(g) (1)

In the present work, we considered two compositions, corresponding to the nominal
formula Ba1−xCexTi1−x/4O3, with x = 0.005 and 0.05, respectively. As already mentioned, a Ce3+

doping level of 0.5 atom % (x = 0.005) is considered the “critical” threshold for which a
semiconductor–insulator transition accompanied by the so-called “grain growth anomaly” takes
place, while a one-order-of-magnitude-higher solute concentration of 5 atom % (x = 0.05) represents
the “morphotropic” concentration reported in the literature for shifting the Curie temperature in the
proximity of room temperature [20–22].

Various techniques such as the classical solid-state reaction method [20,31,32], the sol-gel route [33],
and the Pechini procedure [21,22,34,35] have been reported for the preparation of Ce3+-doped
BaTiO3 ceramics. The “acetate” variant of the sol-gel route is known as an excellent preparation
technique for controlling the stoichiometry and microstructure homogeneity of doped BaTiO3-based
products [33,36–38], so we considered it as adequate for our study. The sol-gel powders were labelled
after their composition as BCT-005 and BCT-05, respectively.

In the last several years, spark plasma sintering has quite often been used as an alternative method
to the classical sintering procedure in order to obtain highly densified, nanocrystalline ceramics from
powders prepared by various wet chemical methods [39–42]. BaTiO3 ceramic bodies with minimum
grain growth and therefore exhibiting grain size (GS) down to 30 nm and relative density of 95–99%
have been produced by this procedure [43,44]. Unlike pure BaTiO3, spark-plasma-sintered ceramics
derived from substituted barium titanate solid solutions are much less studied from the point of view
of their microstructure and electrical characteristics [45–48]. Regarding the Ce3+-doped BaTiO3 system,
only results describing the characteristics of the ceramics consolidated by conventional sintering
are reported in the literature. No data referring to the microstructure and electrical behavior of
cerium-doped barium titanate ceramics obtained by field-assisted sintering techniques were found.
Therefore, in order to obtain fine-grained ceramics and to investigate the influence of grain size on the
electrical behavior, the sol-gel Ce3+-doped BaTiO3 powders were also consolidated by spark plasma
sintering. The structural parameters, microstructure, and functional properties of the resulting ceramics
after conventional sintering and spark plasma sintering are comparatively discussed. The ceramic
specimens were differentiated after the sintering procedure by adding to the powder labels the
indicative “CS” for conventional sintering and “SPS” for spark plasma sintering.
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2. Materials and Methods

2.1. Sample Preparation

Barium acetate (Ba(CH3COO)2, 99%, Sigma Aldrich, Saint Louis, MO, USA), titanium (IV)
isopropoxide 97% solution in 2-propanol (Ti[OCH(CH3)2]4, Sigma Aldrich, Saint Louis, MO, USA),
and cerium acetate (Ce(CH3CO2)3, 99.9%, Sigma Aldrich, Saint Louis, MO, USA) were used as starting
reagents. Two different solutions were prepared by dissolving appropriate amounts of barium acetate
in acetic acid and cerium acetate in acetic acid, at 70 ◦C, under continuous stirring. As stabilizers for the
sol, 2-methoxyethanol and acetylacetone in a 2:1 volume ratio were used. Another solution was formed
by mixing titanium isopropoxide in 2-propanol. The barium acetate solution was added to the titanium
isopropoxide solution under continuous stirring. Then, the cerium acetate solution was added to the
barium and titanium mixture solution. In a subsequent step, acetylacetone (CH3COCH2COCH3, 97%,
Aldrich, Saint Louis, MO, USA) was added to the as-obtained solution. The resulting clear, yellowish
sols were then heated on a hotplate under magnetic stirring at 80 ◦C for 2 h. During this process,
the solutions became increasingly viscous, until yellow-brown gels were obtained. These gels were
thermally treated at 100 ◦C for 12 h, resulting in brown-orange glassy resins which were lightly ground
in a mortar. The amorphous precursor powders were then thermally treated in static air at 900 ◦C for
2 h in a muffle furnace, using a heating rate of 5 ◦C min−1. An intermediate plateau of 2 h at a lower
temperature of 450 ◦C was also carried out in order to ensure the complete removal of organic material.

The as-synthesized oxide powders with compositions described by the nominal formula
Ba1−xCexTi1−x/4O3 (x = 0.005 and 0.05) were milled and shaped by uniaxial die pressing at 174 MPa into
pellets with a diameter of ~13 mm and a thickness of ~1.2–1.6 mm, using a small amount of organic
binder (5% PVA aqueous solution). The green bodies were sintered in a muffle furnace in static air at
1300 ◦C for a 4 h plateau, using a heating rate of 5 ◦C·min−1, and then they were slowly cooled (at the
normal cooling rate of the furnace) to room temperature in order to obtain dense Ce3+-doped BaTiO3

ceramic samples. After sintering, the color of the ceramic samples varied from light orange to reddish
with varying Ce3+ content from 0.5 atom % to 5 atom %.

Amounts of sol-gel powders with the abovementioned compositions were also used to prepare
dense ceramics by spark plasma sintering (SPS). The powders were poured into a graphite die and
then sintered under vacuum to create dense ceramic pellets of 10 mm diameter and ~1 mm thickness,
using commercial SPS equipment (FCT Systeme GmbH, Rauenstein, Germany, Spark Plasma Sintering
Furnace type HP D 1.25). The temperature was raised at a fixed heating rate of 100 ◦C·min−1 under a
constant applied pressure of 50 MPa and then held at a constant temperature of 1050 ◦C for 2 min.
Rapid heating was provided by a pulsed DC current. After polishing, all the ceramic samples were
annealed in air at 1000 ◦C for 16 h, with a heating rate of 10 ◦C min−1. The aims of this post-sintering
thermal treatment were (i) to reduce the concentration of oxygen vacancies originating from the
reducing conditions of the SPS process and to ensure the re-oxidation of the Ti3+ species to Ti4+; (ii) to
remove possible surface carbon contamination; and (iii) to relieve the residual stresses arising either
from the SPS process or from polishing.

2.2. Sample Characterization

To monitor the decomposition process of the precursors, thermal analysis investigations were
performed in a static air atmosphere up to 1200 ◦C, with a heating rate of 10 ◦C min−1, by using a
NETZSCH STA 409 PC LUXX (Selb, Germany) thermal analyzer.

The phase purity and crystal structure of the Ce3+-doped BaTiO3 powders and related ceramics
were determined by X-ray diffraction (XRD) investigations, performed at room temperature (23 ◦C) by
means of a SHIMADZU XRD 6000 diffractometer (Kyoto, Japan), using Ni-filtered Cu Kα radiation
(λ = 1.5406 Å). The measurements were performed in θ–2θmode with a scan step increment of 0.02◦
and a counting time of 1 s/step in the 2θ range of (20◦–80◦). Phase identification was performed
using HighScore Plus 3.0e software (PANalytical, Almelo, The Netherlands), PANalytical, Almelo,
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The Netherlands connected to the ICDD PDF-4+ 2017 database. To estimate the structural characteristics,
the same step increment but with a counting time of 10 s/step in the same 2θ range was used. Lattice
parameters were refined by the Rietveld method. After removing the instrumental contribution, the full
width at half-maximum (FWHM) of the diffraction peaks can be interpreted in terms of the crystallite
size and lattice strain. A pseudo-Voigt function was used to refine the shapes of the Ce3+-doped
BaTiO3 peaks.

For a high-accuracy estimation of the morphology and crystallinity degree of the constitutive
Ce3+-doped BaTiO3 particles, transmission electron microscopy (TEM/HRTEM) and selected-area
electron diffraction (SAED) investigations were performed. The bright-field and high-resolution
images were collected by using a TecnaiTM G2 F30 S-TWIN transmission electron microscope (FEI Co.,
Hillsboro, OR, USA). For these purposes, small amounts of powdered samples were suspended in
ethanol by 15 min ultrasonication. A drop of suspension was put onto a 400 mesh, holey carbon-coated
film Cu grid and dried. The average particle size for each Ce3+-doped BaTiO3 powder was calculated
using Origin Pro 9.0 software (OriginLab, Northampton, MA, USA) by taking into account size
measurements on ~60 particles (from images of appropriate magnifications obtained from various
microscopic fields) performed using the microscope software Digital Micrograph 1.8.0 (Gatan, Sarasota,
FL, USA).

A high-resolution FEI QUANTA INSPECT F microscope with field emission gun (FEI Co.,
Hillsboro, OR, USA), coupled with energy-dispersive X-ray spectroscopy (EDX), was used to analyze
the microstructure and the elemental composition of the ceramics obtained by both conventional
sintering and spark plasma sintering. The grain size of the ceramics was determined as the mean
intercept length by taking into account measurements on ~70–80 grains. The relative density values
of the sintered ceramic pellets were roughly determined as the ratio between the apparent density
measured by Archimedes’ principle and their crystallographic (theoretical) density calculated from the
diffraction data.

The dielectric behavior was studied by performing electrical measurements of capacitance
and dielectric losses, with the aid of an HP 4194A impedance/gain analyzer, on samples having a
parallel-plate capacitor configuration (by applying Ag–Ag electrodes on both polished surfaces of the
sintered ceramic disks of about 1 mm thickness). The measurements were performed in a Janis cryostat,
in a temperature range of −250 to +200 ◦C, and at different fixed frequencies of the small-amplitude
AC signal, in the range of 103–105 Hz. All these measurements were performed in vacuum, during
heating up, with a heating rate of β = 0.01 K/s (0.6 K/minute). It is thought that these measurement
conditions ensure a good thermal equilibrium for the sample during the capacitance measurements.

Hysteresis measurements, revealing the total (dynamic) polarization versus the electric field, were
performed at ambient temperature (22 ◦C) using a “Premier II” ferritester together with the “Vision”
software (Radiant Technologies, Inc., Albuquerque, NM, USA, version 4.2.0) package provided by
Radiant Technologies Inc (Radiant Technologies, Inc., Albuquerque, NM, USA). Measurements were
performed using a 1 s pulse (1 Hz measurement frequency).

3. Results and Discussion

3.1. Thermal Behaviour of Precursors

Thermal analysis methods allowed us to investigate the transformation of the amorphous
precursors into oxide powders during heating. Monitoring the thermal behavior of the gel precursor
with the highest cerium content showed that the decomposition process is complex, involving three
main decomposition stages showed on the derivative thermogravimetry (DTG) curve in the temperature
ranges 100–250 ◦C, 250–540 ◦C, and 540–785 ◦C, respectively. Each of these main stages consists of
several decomposition steps indicated by corresponding thermal effects recorded on the differential
thermal analysis (DTA) curve and accompanied by mass losses observed on the thermogravimetric
(TG) curve, as shown for the gel precursor with the highest cerium content in Figure 1.
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Figure 1. Thermal analysis curves of the precursor powder with the highest cerium content (x = 0.05).

In the low temperature range, the DTA curve exhibited a weak endothermic effect with a maximum
centered around ~143 ◦C and accompanied by a slight mass loss of 4.5% on the TG curve, which was
attributed to the release of adsorbed water and to the evaporation of the solvents. At temperatures
ranging between 250 ◦C and 540 ◦C, combustion of the organic groups took place in four different steps
as indicated by the exothermic effects whose maxima are located at 257, 346, 387, and 504 ◦C, respectively.
For these processes, a cumulative mass loss of 24.9% was estimated from the thermogravimetric
measurements. Further, a succession of weak, exothermic effects was recorded in the temperature
range of 540–785 ◦C, with the maxima centered at 584 ◦C, 656 ◦C, and 782 ◦C on the DTA curve. These
effects might appear to result from two opposite processes, i.e., endothermic decomposition of some
intermediate carbonated phases such as BaCO3 and Ba2Ti2O5·CO3 due to combustion, accompanied
by a mass loss of 12%, occurring simultaneously with the exothermic formation of the perovskite
skeleton, which seems to prevail. The last decomposition step (~782 ◦C) is clearly overlapped with the
formation of the perovskite Ce-BaTiO3 phase by a complex process involving crystallization and/or
solid state reaction between small amounts of barium- and titanium-rich secondary phases (Ba2TiO4

and BaTi2O5), which usually originate from some residual chemical heterogeneities in the precursor
gels. This overlapping results in a broad, flattened, high-temperature feature on the DTA curve. The
formation/crystallization of the Ce-BaTiO3 solid solution was completed at ~950 ◦C.

3.2. Ce3+-Doped BaTiO3 Powders

3.2.1. Phase Composition and Crystalline Structure

The X-ray diffraction patterns recorded at room temperature for the oxide powders obtained after
annealing at 900 ◦C for 2 h show the presence of well-crystallized Ce-BaTiO3 perovskite as a unique
phase, irrespective of cerium content (Figure 2a).

The analysis of the positions and profiles of the main diffraction peaks revealed the presence of
two features: (i) a shift in the main reflections toward higher diffraction angles with increasing Ce3+

content (Figure 2a), induced by the difference in the ionic radius values of the A-site substituting and
substituted species (r(Ce3+) = 1.34 Å compared to r(Ba2+) = 1.61 Å [49]), proving the incorporation of
the solute on the barium site; and (ii) the absence of splitting of the (200) reflection in the XRD patterns
of the powders under investigation, which seems to indicate a cubic structure (Figure 2b).

However, Rietveld refinement revealed that only the heavily doped powder (x = 0.05) exhibited
cubic Pm3m symmetry of the unit cell (ICDD card no. 01-083-3859). For the powder with lower Ce3+

addition (x = 0.005), the best fit for the corresponding XRD pattern (the lowest values of the Rietveld
parameters Rp, Rwp, and χ2) was obtained by using the P4mm space group, specific to the tetragonal
structure (ICDD card no. 01-081-8524). However, the low c/a ratio suggests that the size of the particles is
small enough to induce internal strains which seem to affect tetragonality in the Ba0.995Ce0.005Ti0.99875O3
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powder. The stabilization of the cubic structure in the heavily doped Ba0.95Ce0.05Ti0.9875O3 powder
is determined by several factors: (i) a significant increase in the concentration of smaller Ce3+ ions
on barium sites; (ii) a consequent increase in the concentration of titanium vacancies [35]; and (iii) an
increase of the internal strains simultaneous to the decrease in crystallite size induced by the greater
addition of donor dopant.

Figure 2. (a) XRD patterns recorded at room temperature for the 0.5% and 5% Ce3+-doped BaTiO3

powders thermally treated at 900 ◦C /2 h, and (b) details (light blue rectangle of Figure 2a) of the region
corresponding to diffraction angles 2θ = 44.5◦–46.5◦.

The obvious decrease in the lattice parameters and the contraction of the unit cell volume are
also related to the increasing cerium content incorporated on barium sites, taking into account the
lower ionic radius of Ce3+ with respect to Ba2+, as mentioned above. The structural parameters of the
perovskite phases are presented in Table 1.

Table 1. Phase composition and structural parameters obtained by Rietveld refinement and average
particle size estimated from TEM investigations for the sol-gel Ce3+-doped BaTiO3 powders annealed
at 900 ◦C/2 h.

Formula Ba0.995Ce0.005Ti0.99875O3 Ba0.95Ce0.05Ti0.9875O3

Sample Symbol BCT-005 BCT-05

Phase composition BCTss-100% BCTss-100%
BCTss structure Tetragonal, P4mm Cubic, Pm3m

Unit cell parameters
a (Å) 4.003105 ± 0.000113 4.001052 ± 0.001342
b (Å) 4.003105 ± 0.000113 4.001052 ± 0.001342
c (Å) 4.016862 ± 0.000156 4.001052 ± 0.001342

Tetragonality, c/a 1.0034 1.0000
Unit cell volume, V (Å3) 64.36961 64.05051

Theoretical density, ρt (g/cm3) 6.014 6.032
R profile, Rp 5.04481 4.89943

Weighted R profile, Rwp 6.56691 6.38165
Goodness of fit, χ2 0.01703 0.01539

Crystallite size, <D> (nm) 33.66 ± 10.03 25.98 ± 5.35
Internal strains, <S> (%) 0.27 ± 0.05 0.35 ± 0.07

Particle size, <dTEM> (nm) 109.25 ± 30.68 60.93 ± 13.71

BCTss, Ce3+-BaTiO3 solid solution: Tetragonal, P4mm (ICDD card no. 01-081-8524); Cubic, Pm3m (ICDD card
no. 01-083-3859).
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3.2.2. Morphology

TEM/HRTEM analyses coupled with SAED investigations revealed that the Ce3+-doped BaTiO3

powders consist of well-crystallized, polyhedral particles with well-defined edges and rounded corners
(Figures 3a–d and 4a–c). A high agglomeration tendency was observed for the particles of the sample
BCT-05, while partially sintered blocks were noticed in the case of the powder BCT-005. Average particle
sizes of 109.25 nm and 60.93 nm were estimated for the powders BCT-005 and BCT-05, respectively
(Figures 3b and 4b, Table 1). In the analysis of the influence of Ce3+ content on the powder morphology,
decreases in both the average particle size and the aggregation tendency when the dopant content
increased from 0.5 atom % to 5 atom % were indicated by the TEM images of Figures 3a and 4a.
When comparing the values of the average crystallite size calculated from the diffraction data with
the values corresponding to the average particle size estimated from TEM analysis, one can assume
that in both cases most of the particles are not single crystals. Thus, the grains inside the aggregates
observed in the powdered sample BCT-005 seem to consist of ~2–5 crystallites (Figure 3b). A more
complicated particle size distribution was determined for the powdered sample BCT-05, in which a
major proportion of the polycrystalline particles (consisting of ~2–4 crystallites) coexists with a smaller
fraction of single-crystal particles (Figure 4b).

 

 
 

Figure 3. (a) TEM image, (b) histogram indicating the particle size distribution, (c) HRTEM image,
and (d) selected-area electron diffraction (SAED) pattern of the sol-gel Ba0.995Ce0.005Ti0.99875O3

(BCT-005) powder.
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Figure 4. (a) TEM image, (b) histogram indicating the particle size distribution, (c) HRTEM image,
and (d) SAED pattern of the sol-gel Ba0.95Ce0.05Ti0.9875O3 (BCT-05) powder.

The HRTEM images in Figures 3c and 4c clearly show long-range highly ordered fringes spaced
at 2.01 and 1.99 Å, corresponding to the (002) and (200) crystalline planes of the tetragonal and cubic
structures of the powdered samples BCT-005 and BCT-05, respectively. The high crystallinity degree of
the randomly oriented particles/grains was also indicated by the bright spots, forming well-defined
diffraction rings assigned to several crystalline planes of the perovskite phase in the SAED patterns in
Figures 3d and 4d. The results of the SAED investigations are in good agreement with the XRD data,
indicating the tetragonal distortion of the specimen BCT-005 and cubic symmetry of the unit cell for
the powder BCT-05.

3.3. Ce3+-Doped BaTiO3 Ceramics

3.3.1. Phase Composition and Crystalline Structure

The XRD patterns of the ceramics derived from sol-gel powders and conventionally sintered
at 1300 ◦C/4 h show, irrespective of the cerium content, the obtaining of single-phase compositions
consisting of well-crystallized Ce3+-BaTiO3 solid solutions as identified by the main reflections of the
perovskite structure (Figure 5a). These observations were also sustained by the results obtained from
the Rietveld analysis, which indicated the presence of 100% Ce3+-BaTiO3 in both ceramics BCT-005_CS
and BCT-05_CS (Table 2 and Figure 5c,d). As in the case of the starting powders, the formation of
single-phase ceramics, free of any barium- or titanium-rich secondary phases, suggests the effectiveness
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of the “built-in” tetra-ionized titanium vacancies in compensating the supplementary positive electrical
charge induced by the presence of the Ce3+ solute on Ba sites.

Figure 5. (a) XRD patterns recorded at room temperature for Ba1−xCexTi1−x/4O3 ceramics obtained
by conventional sintering (CS) at 1300 ◦C/4 h; (b) details (light blue rectangle of Figure 5a) of the
region corresponding to diffraction angles 2θ = 44.5◦–46.5◦; (c,d) results of Rietveld analyses of X-ray
diffraction data for the conventionally sintered ceramics: (c) BCT-005_CS and (d) BCT-05_CS.
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Table 2. Structural/microstructural parameters of Ce3+-doped BaTiO3 ceramics derived from sol-gel
powders and consolidated by conventional sintering or spark plasma sintering.

Formula Ba0.995Ce0.005Ti0.99875O3 Ba0.95Ce0.05Ti0.9875O3

Sample Symbol BCT-005_CS BCT-005_SPS BCT-05_CS BCT-05_SPS

Sintering procedure/conditions CS
1300 ◦C/4 h

SPS
1050 ◦C/2 min

CS
1300 ◦C/4 h

SPS
1050 ◦C/2 min

Phase composition BCTss-100% BCTss-100% BCTss-100%
BCTss-98.2%

BT2-1.1%
C-0.7%

BCTss structure Tetragonal, P4mm Tetragonal, P4mm Cubic,
Pm3m

Cubic,
Pm3m

Unit cell
parameters

a (Å) 3.994169 ± 0.000108 4.000073 ± 0.000273 3.999053 ± 0.000054 3.999968 ± 0.000167
b (Å) 3.994169 ± 0.000108 4.000073 ± 0.000273 3.999053 ± 0.000054 3.999968 ± 0.000167
c (Å) 4.024993 ± 0.000127 4.021890 ± 0.000344 3.999053 ± 0.000054 3.999968 ± 0.000167

Tetragonality, c/a 1.0077 1.0054 1.0000 1.0000
Unit cell volume, V (Å3) 64.21228 64.35261 63.95455 63.99847

Theoretical density, t (g/cm3) 6.027 6.014 6.041 6.037
R profile, Rp 6.48709 6.75345 7.53511 7.3148

Weighted R profile, Rwp 9.1197 10.6243 10.8429 10.79943
Goodness of fit, χ2 0.47706 0.45168 0.62327 0.48938

Crystallite size, <D> (nm) 48.72 ± 4.31 45.85 ± 6.80 171.43 ± 7.49 45.05 ± 6.37
Internal strains, <S> (%) 0.19 ± 0.07 0.21 ± 0.12 0.18 ± 0.08 0.22 ± 0.11
Relative density, ρr (%) 91.7 95.8 97.1 98.6
Grain size, <GS > (μm) 1.167 ± 0.183 0.279 ± 0.089 1.066 ± 0.324 0.146 ± 0.054

CS, conventional sintering; SPS, spark plasma sintering; BCTss, Ce3+-BaTiO3 solid solution: Tetragonal, P4mm
(ICDD card no. 01-081-8524); Cubic, Pm3m (ICDD card no. 01-083-3859); BT2, BaTi2O5: Monoclinic, C2 (ICDD card
no. 04-012-4418); C, CeO2: Cubic, Fm3m (ICDD card no. 00-067-0121).

From a structural point of view, unlike the starting oxide powder, in the case of the ceramic
sample doped with 0.5 atom % Ce3+ (BCT-005_CS), the splitting of the (200) reflection in two adjacent
(002) and (200) peaks is more significant, indicating higher tetragonality of the unit cell due to the
microstructure coarsening induced by sintering (Figure 5b). For the BaTiO3 specimen with a higher
cerium concentration (5 atom %), even though the two (002) and (200) peaks merge into a single
symmetric (200) peak, the profile of this peak remains complicated (Figure 5b). This seems to suggest
the presence of a mixture of tetragonal and cubic modifications, which means that, for the BCT-05_CS
specimen, ferroelectric–paraelectric phase transition might occur near room temperature.

Calculation of the structural parameters based on the XRD data sustained this assertion, showing
a typical tetragonal structure for the lightly doped sample BCT005_CS, while a cubic structure was
determined for the specimen BCT05_CS (Table 2).

In the case of the ceramics obtained by spark plasma sintering, the corresponding XRD patterns
also revealed a clear tendency towards single-phase compositions (Figure 6a). For the sample with
higher cerium content (BCT-05_SPS), a small amount of CeO2 was identified at the detection limit,
most likely because of incipient oxidation of Ce3+ to Ce4+ which takes place during the post-sintering
thermal treatment. For this reason, the content of Ce3+ in the perovskite solid solution was slightly
lower that that stipulated by the nominal formula. Consequently, a small amount of BaTi2O5 was
also expelled from the perovskite lattice in order to preserve the stoichiometric ratio (Table 2 and
Figure 6d). These data are in agreement with the results reported by Makovec and Kolar [50], who
showed that after annealing at temperatures of 1000–1100 ◦C, internal partial oxidation of Ce3+ to Ce4+

accompanied by heterogeneous precipitation of small amounts of CeO2 and polytitanate phases occurs
in the perovskite matrix.
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Figure 6. (a) XRD patterns recorded at room temperature for Ba1−xCexTi1−x/4O3 ceramics obtained
by spark plasma sintering (SPS) at 1050 ◦C/2 min, followed by post-sintering re-oxidation thermal
treatment at 1000 ◦C/16 h; (b) details (light blue rectangle of Figure 6a) of the region corresponding to
diffraction angles 2θ = 44.5–46.5◦; (c,d) results of Rietveld analyses of X-ray diffraction data for the
SP-sintered ceramics: (c) BCT-005_SPS and (d) BCT-05_SPS.

For the ceramic specimen with low Ce3+ content (BCT-005_SPS), the oxidation process was
negligible, so quantitative formation of the perovskite Ce3+-BaTiO3 solid solution as a unique phase
was indicated by the Rietveld analysis (Table 2 and Figure 6c).
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The details (light blue rectangle of Figure 6a) of the region corresponding to diffraction angles
2θ = 44.5◦–46.5◦ revealed similar structural features to those in the case of the ceramics obtained
by conventional sintering (Figure 6b). For the ceramic sample BCT-005_SPS, even if the splitting of
the (200) reflection is less pronounced, the left-side asymmetry of the profile of the diffraction peak
suggests a tetragonal structure but with a lower tetragonality degree than that corresponding to the
conventionally sintered specimen of similar composition (BCT-005_CS).

In the case of the ceramic with high cerium content (BCT-05_SPS), the symmetric profile of the
(200) reflection indicates a cubic structure (Figure 6b). These observations were sustained by the data
provided by the Rietveld refinement (Table 2).

A reduction of the unit cell volume with increasing Ce3+ content was revealed for all the ceramic
samples, no matter the sintering procedure. The slightly higher values of unit cell volume specific
to the perovskite phase in the spark-plasma-sintered ceramics relative to the conventionally sintered
specimens of similar composition could be explained in terms of higher inter-ionic distances induced
by the presence of smaller grains, with lower crystallinity (Table 2).

3.3.2. Microstructure

The FE-SEM image of the ceramic sample with low cerium content obtained after conventional
sintering at 1300 ◦C/4 h (BCT-005_CS) shows a fine-grained, homogeneous microstructure consisting
of polyhedral, well-faceted grains (with truncated edges and corners) uniform in shape and size and
with a small amount of intergranular porosity (Figure 7a). An average grain size <GS> of 1.167 μm
(Table 2, Figure 7b), lower than the 5 μm reported in the case of sol-gel La3+-doped BaTiO3 ceramics of
similar composition and sintered under similar conditions [10], was estimated in this case.

An increase in Ce3+ content only slightly affected the average grain size, but it seems to have
promoted densification and induced a change in the morphology of the grains, which became rounded,
without faces, edges, or corners. However, the grains exhibited well-defined boundaries and perfect
triple junctions, while the intergranular pores were almost entirely missing, as the FE-SEM image in
Figure 7c revealed. An average grain size of 1.066 μm was estimated for the specimen BCT-05_CS
(Table 2, Figure 7d).

The ceramics obtained by spark plasma sintering exhibited denser microstructures composed of
grains with significantly lower sizes but with similar morphologies relative to the samples resulting
from conventional sintering (Figure 8a–c). Relative density values of 97.1% and 98.6% and average
grain size values of 0.279 and 0.146 μm were determined for the ceramics denoted BCT-005_SPS and
BCT-05_SPS, respectively (Table 2, Figure 8b,d). As in the case of the conventionally sintered sample,
the SP-sintered specimen with low Ce3+ content (BCT-005_SPS) exhibited faceted polyhedral grains,
tightly welded together, generating in some regions larger clusters composed of nanometric subgrains
separated by dislocation networks (Figure 8a). An increase in cerium concentration not only induced a
change in the grain morphology but also determined an obvious decrease in the average grain size.
Thus, the pore-free specimen with high Ce3+ content (BCT-05_SPS) consisted of small, equiaxial grains
and exhibited slightly higher densification and an almost unimodal grain size distribution (Figure 8c,d).
FE-SEM investigations in back-scattered electrons (BSE) mode did not reveal the presence of secondary
phases detected by XRD measurements, most likely because of their small amounts. It is worth
mentioning that spark plasma sintering performed at 1050 ◦C for 2 min followed by re-oxidation
thermal treatment at 1000 ◦C for 16 h induced an increase in the average grain size by 2.4–2.6 times
compared to the average particle size of the starting sol-gel Ce3+-doped BaTiO3 powders. On the other
hand, regarding the conventional sintering, a higher grain growth rate was estimated for the sample
with higher cerium content (BCT-05_CS) than for BCT-005_CS, taking into account the values of the
average particle sizes of the related powders.
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Figure 7. (a,c) FE-SEM images and (b,d) histograms indicating the grain size distribution
for the conventionally sintered ceramics: (a,b) Ba0.995Ce0.005Ti0.99875O3 (BCT-005_CS) and
(c,d) Ba0.95Ce0.05Ti0.9875O3 (BCT-05_CS).
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Figure 8. (a,c) FE-SEM images and (b,d) histograms indicating the grain size distribution
for the spark-plasma-sintered ceramics: (a,b) Ba0.995Ce0.005Ti0.99875O3 (BCT-005_SPS) and (c,d)
Ba0.95Ce0.05Ti0.9875O3 (BCT-05_SPS).

3.3.3. Dielectric and Ferroelectric Properties

Figure 9a–d presents the temperature dependence of the dielectric properties recorded for five
frequencies, in the range of 1 kHz–500 kHz, for the ceramics obtained by conventional sintering. Both
samples showed a well-defined, sharp, and frequency-independent maximum of permittivity assigned
to the ferroelectric–paraelectric phase transition at the Curie temperature (TC) (Figure 9a,c). A small
frequency dispersion was observed only in the ferroelectric phase, mainly for the specimen with
low cerium content (BCT-005_CS), whereas in the paraelectric state (above TC), the permittivity was
almost frequency-independent for both samples, irrespective of the amount of Ce3+ solubilized in the
perovskite lattice.
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Figure 9. (a,c) Relative permittivity and (b,d) dielectric losses vs. temperature for the conventionally
sintered ceramics described by the nominal formula Ba1−xCexTi1−x/4O3: (a,b) BCT-005_CS; (c,d)
BCT-05_CS. (e) P–E dependence for the Ce3+-doped BaTiO3 ceramics obtained by conventional sintering.
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The samples showed good dielectric properties, with high values of relative permittivity and
dielectric losses below 0.07 in the temperature range of −200 to +200 ◦C. The BaTiO3 sample doped with
5 atom % Ce3+ (BCT-05_CS) showed a drop of the loss tangent to below 0.01 at temperatures above the
Curie temperature (Figure 9d). This insulating behavior is consistent with full electrical compensation
by cation vacancies, homogeneously distributed inside the perovskite grains. These results are in
agreement with the data reported earlier for ceramics with similar composition derived from powders
synthesized using the modified Pechini method [35]. On the contrary, the BaTiO3 ceramic sample
doped with a significantly lower Ce3+ content (0.5 atom %) exhibited an increase in the tangent loss,
particularly at higher temperatures (above TC) and at lower frequencies (Figure 9b). Higher values
of dielectric losses in the low frequency range are most likely associated with thermally activated
space charge effects (Maxwell–Wagner phenomena), which commonly occur in lightly donor-doped
BaTiO3 due to the grain boundary contribution or to the ionization of oxygen vacancies in the sintered
ceramics [9,10,51].

For the lightly doped BCT-005_CS sample, the maximum permittivity at 1 kHz reached a value of
2448 at a Curie temperature of 133 ◦C, close to that specific to the undoped BaTiO3 ceramic, indicating
that at room temperature this specimen was found in its ferroelectric state (Figure 9a and Table 3).
The maximum permittivity was lower than that reported by Hwang and Han for their Ba0.0995Ce0.005TiO3

ceramic sample prepared by the Pechini method but sintered in air for 5 h at a higher temperature
of 1380 ◦C [21]. The other two strongly flattened permittivity maxima recorded at T1 = 25 ◦C and
T2 = −69 ◦C correspond to the tetragonal–orthorhombic (T–O) and orthorhombic–rhombohedral (O–R)
phase transitions (Figure 9a). It must be noted that even though the best fit obtained by Rietveld analysis
of the diffraction data indicated a tetragonal structure, the results of the dielectric measurements show
that, actually, at room temperature, a mixture of tetragonal and orthorhombic modifications was found
in the BCT-005_CS sample. The higher values of T1 and T2 than those corresponding to the undoped
BaTiO3 single crystals (for which T1 = 5 ◦C and T2 = −90 ◦C) seem to be related to the small grain size
of this polycrystalline ceramic sample.

Table 3. Dielectric properties at 1 kHz for the Ce3+-doped BaTiO3 ceramics derived from sol-gel
powders and consolidated by conventional sintering or spark plasma sintering.

Formula Ba0.995Ce0.005Ti0.99875O3 Ba0.95Ce0.05Ti0.9875O3

Sample Symbol BCT-005_CS BCT-005_SPS BCT-05_CS BCT-05_SPS

Sintering
procedure/conditions

CS
1300 ◦C/4 h

SPS
1050 ◦C/2 min

CS
1300 ◦C/4 h

SPS
1050 ◦C/2 min

ε′max 2448 19782 7758 3.67 × 106

TC 133 91 21 −
T1 25 −49 −44 −
T2 −69 −214 −93 −
ε′RT 1163 18367 7695 3.35 × 106

tan δRT 0.0287 0.2498 0.0098 ~10

The specimen with high Ce3+ addition (BCT-05_CS) showed a ferroelectric–paraelectric phase
transition in the proximity of room temperature. As in the case of the BCT-005_CS ceramic, the sharp
permittivity maximum suggests a first-order phase transition, specific to a typical ferroelectric material.
A Curie temperature of 21 ◦C with a permittivity maximum of 7758 was determined in this case
(Figure 9c and Table 3). This result is in agreement with the structural data, which showed cubic
symmetry of the unit cell for the sample BCT-05_CS, proving that this ceramic was already found in the
paraelectric state. The evolution of the Curie temperature with increasing donor dopant concentration
shows that the Ce3+ solute was exclusively incorporated on Ba sites in the perovskite lattice. It has to be
mentioned that for a ceramic sample with the same composition, derived from a powder prepared by
the Pechini method and sintered in similar conditions, a slightly higher Curie temperature of 25 ◦C was
reported in our previous work [35], which suggests that the wet chemical synthesis procedure of the
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starting oxide powder could play a certain role in stabilizing the paraelectric state at room temperature.
A decreasing rate of −24.9 ◦C/atom % of Ce3+ was determined for the sol-gel ceramics described by the
nominal formula Ba1−xCexTi1−x/4O3 investigated in this study. This value is higher compared to the
−18 ◦C/atom % reported in the literature by Jing et al. for Ba1−xCexTi1−x/4O3 specimens prepared by
the Pechini procedure [31].

A decreasing trend with increasing solute content, specific to A-site doping in BaTiO3, was also
recorded for the T–O and O–R phase transition temperatures, which showed values of −44 and −93 ◦C,
respectively (Table 3).

Measurements of P–E dependence were performed only for the ceramics obtained by conventional
sintering. The higher leakage currents in spark-plasma-sintered ceramics did not allow us to measure
the polarization versus the electric field, even for the single-phase specimen BCT-005_SPS.

In the case of the conventionally sintered sample with a small cerium addition, the hysteretic P–E
dependence at fields ranging between −40 and +40 kV/cm clearly indicated the ferroelectric state. The
sample labelled BCT-005_CS exhibited a tilted hysteresis loop, characterized by coercive fields of 8.7
kV/cm, saturation polarization of 8.1 μC/cm2, and a low remnant polarization value of 2.3 μC/cm2

(Figure 9e).
Regarding the specimen with high Ce3+ content (BCT-05_CS), the drop in coercivity and remnant

polarization was consistent with the proximity of the paraelectric state at room temperature (Figure 9e).
However, the “S” shape of the hysteresis loop seems to indicate a superparaelectric state, like that
specific to the relaxor systems, rather than a typical paraelectric state, characterized by linear P–E
dependence [52–55]. This suggests that at room temperature, a more complicated local structure,
involving polar nano-regions consisting of unit cells with low tetragonality, embedded in a matrix
of cubic unit cells, might be present in this sample. This kind of structure cannot be detected by
XRD measurements, which involves averaging over at least 10,000 unit cells in the calculation of unit
cell parameters.

The spark-plasma-sintered ceramics with the nominal formula Ba0.995Ce0.005Ti0.99875O3 exhibited
much higher permittivity values over the whole investigated temperature range when compared to the
conventionally sintered samples with similar composition. The temperature dependence of relative
permittivity was flattened, showing at 1 kHz a broad feature centered around the temperature of 91 ◦C
(Figure 10a and Table 3). This might correspond to a diffuse ferroelectric–paraelectric phase transition
caused by the low grain size, as reported in the case of undoped BaTiO3 ceramics consolidated by
spark plasma sintering [56–61]. The T–O phase transition was barely detected as an asymmetric feature
centered at −49 ◦C, while the shoulder at approximately −214 ◦C was assigned to the O–R phase
transition. These data show a much more pronounced shift of the phase transition temperatures T1 and
T2 towards lower temperature values compared to that specific to the Curie temperature, TC. Very high
permittivity values of 800–20,000 were recorded at 1 kHz over the entire temperature range of −250 to
+200 ◦C, and a maximum permittivity of 19,782 was found at 91 ◦C. Increasing frequency induced a
strong flattening of the temperature dependence of the relative permittivity, so that at 500 kHz, only
the ferroelectric–paraelectric phase transition could be identified, with the maximum permittivity
reaching 9915 at 107 ◦C (Figure 10a). Regarding the dielectric losses, higher tan δ values of 0.27–0.42
and 0.07–0.13 were recorded in the temperature range of −100 to 200 ◦C for lower frequencies of 1 kHz
and 10 kHz, respectively (Figure 10b, Table 3). At higher frequencies (of 50–500 kHz), in the same
temperature range, the dielectric tangent exhibited values below 0.07, similar to those obtained for the
conventionally sintered bulk ceramics with similar Ce3+ content. A strong anomaly in the temperature
dependence of the dielectric loss tangent, the origin of which is still not clear but seems to be related to
the (O–R) phase transition, was found in the low temperature range of −250 to +200 ◦C. This anomaly
shows a certain frequency dispersion, reflected by the decrease and concurrent shift towards slightly
higher temperature values of the tangent loss maximum with increasing frequency, as in the case of
the relaxor systems [52,53] (Figure 10b). The higher values of dielectric losses in the low frequency
region in spark-plasma-sintered BaTiO3 ceramics, relative to those in conventionally sintered samples,
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originated from the higher leakage currents induced by the higher density of interface states associated
with the lower grain size. Besides this, one cannot exclude the presence of a very small concentration of
oxygen vacancies which can persist even after prolonged re-oxidation thermal treatments; these might
induce a conductive contribution via a mechanism involving small polarons hopping [62]. However,
the white color in the cross section of the sample indicates that the insulating behavior prevails.

Figure 10. (a,c) Relative permittivity and (b,d) dielectric losses vs. temperature for the
spark-plasma-sintered ceramics described by the nominal formula Ba1−xCexTi1−x/4O3: (a,b) x = 0.005
(BCT-005_SPS); (c,d) x = 0.05 (BCT-05_SPS). (e) A schematic representation of the processes generating
colossal permittivity in the BTC-05_SPS ceramic sample.
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The sample with high cerium content, described by the nominal formula Ba0.95Ce0.05Ti0.9875O3,
showed colossal values of effective permittivity, almost temperature independent, which decreased
from 3 × 106 to 2 × 104 when the frequency increased from 1 kHz to 500 kHz (Figure 10c). The same
temperature invariance was recorded for dielectric losses, which decreased from tan δ >> 1 to tan
δ = 0.2 when the frequency increased from 1 kHz to 500 kHz (Figure 10d). Such large values of effective
permittivity and dielectric losses can be explained in terms of Maxwell–Wagner phenomena and
rather indicate a semiconducting behavior. Similar characteristics were also reported for a fine-grained
Ba0.95La0.05TiO3 ceramic sample prepared from nano-sized powders and consolidated by spark plasma
sintering, where the colossal permittivity was found to arise from a conjugated effect of the re-oxidized
insulating surface and high interfacial polarization inside the ceramic specimen [63,64]. This large
interfacial polarization seems to be determined by a “brick-wall”-type electric microstructure due to
the presence of highly semiconducting grain cores, with a high concentration of carriers (polarons)
induced by both reducing conditions during the SPS process and a high concentration of donor dopant
in association with the high density of very thin grain boundary depletion layers, rich in electron
traps (cation vacancies) and consequently exhibiting insulating properties (Figure 10e). In a highly
donor-doped, fine-grained barium titanate sample of grey color such as this, the semiconducting
behavior prevails and can be explained in terms of a combination of the two alternative models
proposed earlier by Takeuchi et al. to explain the presence of the conductive contribution induced by
the oxygen deficiency in partially reduced undoped BaTiO3 ceramics [39].

4. Conclusions

Ce3+-doped BaTiO3 powders described by the nominal formula Ba1−xCexTi1−x/4O3 with x = 0.005
and 0.05 were synthesized by the acetate variant of the sol-gel method. The structural parameters,
particle size, and morphology are strongly dependent on the Ce3+ content. From these powders,
ceramics were prepared by conventional sintering at 1300 ◦C/4 h or by spark plasma sintering at
1050 ◦C/2 min. For all the investigated ceramics, irrespective of their composition and sintering
procedure, the solute was exclusively incorporated as Ce3+ on Ba2+ sites, acting as a donor dopant.
The results of the dielectric and P–E measurements were in good agreement with the values of
the structural parameters calculated based on the XRD data, revealing that at room temperature,
the ceramic with low cerium content (x = 0.005) was in the ferroelectric state, while the sample
with a significantly higher Ce3+ concentration (x = 0.05) was found to be in the proximity of the
ferroelectric–paraelectric phase transition. Curie temperatures of 133 ◦C and 21 ◦C and values of
maximum permittivity of 2448 and 7758 were determined for the conventionally sintered ceramics
with x = 0.005 and x = 0.05, respectively. The fine-grained and dense ceramic sample with low solute
content resulting from spark plasma sintering exhibited insulating behavior at 1 kHz, with significantly
higher values of relative permittivity (εr ~20,000) and dielectric losses (tan δ = 0.2–0.4) over the
entire investigated temperature range relative to the conventionally sintered sample with similar
composition. The spark-plasma-sintered Ce3+-BaTiO3 specimen with high cerium content (x = 0.05)
showed a fine-grained microstructure and an almost temperature-independent colossal dielectric
constant (εr ~ 3.35 × 106). However, in this case, the enormous dielectric losses rather indicated a
semiconducting behavior.

To conclude, in this work we revealed that by reducing the grain size from micro- toward
nano-scale, the interplay of the influences of both the composition and the microstructural features
determined opposing evolution in the two BCT ceramics. Thus, a dielectric of average performance
(the BCT ceramic sample with x = 0.005) acquired significantly higher permittivity, more stable with
temperature, while a better dielectric (the BCT sample with x = 0.05) was converted into a typical
semiconductor, due to the high concentration of polarons.
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Abstract: Micrometer-tall vertically aligned single-crystalline CoFe2O4 nanobrush architectures
with extraordinarily large aspect ratio have been achieved by the precise control of a kinetic and
thermodynamic non-equilibrium pulsed laser epitaxy process. Direct observations by scanning
transmission electron microscopy reveal that the nanobrush crystal is mostly defect-free by nature,
and epitaxially connected to the substrate through a continuous 2D interface layer. In contrast,
periodic dislocations and lattice defects such as anti-phase boundaries and twin boundaries are
frequently observed in the 2D interface layer, suggesting that interface misfit strain relaxation under
a non-equilibrium growth condition plays a critical role in the self-assembly of such artificial
architectures. Magnetic property measurements have found that the nanobrushes exhibit a
saturation magnetization value of 6.16 μB/f.u., which is much higher than the bulk value. The
discovery not only enables insights into an effective route for fabricating unconventional high-quality
nanostructures, but also demonstrates a novel magnetic architecture with potential applications in
nanomagnetic devices.

Keywords: cobalt ferrite; nanobrush; pulsed laser epitaxy; vertically aligned; single crystalline;
magnetization; tailored anisotropy

1. Introduction

Metal oxides, particularly complex transition metal oxides, are highly desired for their wide
range of novel properties and potential applications [1]. Exploration of new fabrication routes for
unconventional metal oxide nanostructures has attracted increasing attention due to their novel
size-dependent properties, which opens up new avenues of functionalities in diverse fields including
electronics, photonics, sensors, catalysis, energy harvesting, and information storage [2–4]. In particular,
vertically ordered single-crystalline nanostructures have significant advantages over conventional
planar films due to the enhanced vertical surface area, control over the shape anisotropy, and efficient
vertical transport of electrons and optical excitations, which are critical to the function and integration
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of components at the nanoscale [5–8]. The ability to fabricate such nanostructures is essential in modern
science and technology; to whit, understanding their growth mechanisms at atomic level is imperative.

In our previous studies, we demonstrated the versatility of pulsed laser epitaxy (PLE) to tailor
a variety of isolated vertically aligned single-crystalline nanostructures by balancing the kinetic
and thermodynamic non-equilibrium PLE processes [9,10]. This balance provides a simple but
intriguing strategy for constructing unconventional vertically aligned single-crystalline binary oxide
nanostructures in terms of material diversity including CeO2, Y2O3, and TiO2 [9,10]. In this work, we
demonstrate the application of the technique to the synthesis of a ternary ferrimagnetic spinel oxide,
CoFe2O4 (CFO) nanobrush. In the past few decades, CFO has been intensively investigated due
to intriguing potential applications in spintronics, for example, as one component in multi-ferroic
heterstructure [11,12], or as a spin filter tunneling barrier [13,14], etc. The magnetic properties
(saturation moment, magnetic ground states, anisotropy) of CFO is a strongly structure dependent, and
thus can be manipulated by epitaxial strain through the magnetostriction effect [15–19], and the extent
of the inversion of the spinel structure [20–22]. The fabrication of high-density vertically ordered arrays
of single crystalline CFO nanomagnets is of fundamental importance to the emerging information
technologies such as ultrahigh density storage devices, magnetic random access memory devices, and
logic devices [23–26].

In this work, micrometer-tall vertically aligned single-crystalline CFO “nanobrushes” were
fabricated within a small window of kinetic growth parameters. Diffusion limited aggregation (DLA)
is a process whereby the incoming adatoms move in a random path to form clusters, the growth front
roughness thus highly depends on the surface diffusion kinetics. The formation of CFO nanobrushes
occurs due to a delicate balance between thermodynamic surface equilibration and kinetic DLA. It was
found that the interface misfit strain relaxation plays a critical role in the construction of the unique
nanobrush structure. The nanobrushes exhibit an abnormally high saturation magnetization value of
6.16 μB/f.u., associated with a thickness-dependent magnetic anisotropy.

2. Materials and Methods

CFO samples were epitaxially grown on (001) SrTiO3 (STO) substrates by a home-made PLE
system (Oak Ridge, TN, USA). The STO substrates were pretreated by buffered hydrofluoric acid (HF)
for 30 s and thermally treated at 1100 ◦C in air for 1.5 h to ensure TiO2-terminated surfaces. A KrF
excimer laser (pulse duration: 25 ns, laser fluence: 1.2–2.1 J/cm2, laser repetition rate: 15 Hz) was used
to ablate a stoichiometric CFO ceramic target for deposition at a substrate temperature, T, in a range of
400–700 ◦C in an oxygen partial pressure, p(O2), with a range of 0.1–1 Torr. The typical deposition
rate was 0.24 Å per pulse. 2D continuous CFO films were prepared at a p(O2) of 10 mTorr, a substrate
temperature of 700 ◦C, and a laser fluence of 0.8 J/cm2.

The structural quality of the CFO samples was examined by x-ray diffraction (XRD) using a
four-circle high-resolution x-ray diffractometer (X’Pert Pro, PANalytical, Almelo, Netherlands; Cu K α1

radiation). The surface morphology of the samples was characterized by scanning electron microscopy
(SEM). The macroscopic magnetic properties were measured with magnetic field applied along both
in-plane and out-of-plane directions using a superconducting quantum interference device (SQUID,
Quantum Design, San Deigo, CA, USA).

Cross-sectional specimens oriented along the [110] STO direction for scanning transmission
electron microscopy (STEM) analysis were prepared using ion milling after mechanical thinning and
precision polishing (using water-free abrasive). High-angle annular dark-field STEM (HAADF-STEM)
was carried out in a Nion UltraSTEM microscope operated at 100 keV (Nion Co., Kirkland, WA, USA).
The microscope was equipped with a cold field-emission gun and a corrector of third- and fifth-order
aberrations for sub-Ångstrom resolution. An inner detector semi-angle of ~78 mrad was used for
HAADF imaging. The convergence semi-angle for the electron probe was set to 30 mrad.
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3. Results

3.1. Self-Assembly of the CoFe2O4 Nanobrushes

As demonstrated in our previous work [9,10], self-assembly of highly epitaxial, vertically aligned,
single-crystalline oxide nanostructures was achieved by controlling adatom surface equilibration and
DLA far from thermodynamic equilibrium. In a similar manner, the development of the surface
morphologies as a function of kinetic growth parameters (substrate temperature, reactive gas pressure,
and laser fluence) was fully mapped out through the plan-view SEM images of the CFO film surfaces
in Figure 1. As shown from the XRD θ–2θ scans in Figure S1, all films were epitaxially grown on STO
(001) with only the (00l) series of the CFO peaks, except for the one prepared at 1 Torr that showed
weak impurity peaks.

Figure 1. Plan-view SEM images of surface morphologies of CoFe2O4 samples prepared at different
(a) oxygen pressure (p(O2)), (b) substrate temperatures (T), and (c) laser fluences (J). Other growth
conditions for the samples shown in (a) are T = 700 ◦C and J = 1.9 J/cm2; for (b), p(O2) = 0.8 Torr and
J = 1.9 J/cm2; for (c), p(O2) = 0.8 Torr and T = 700 ◦C.

The CFO sample prepared at 700 ◦C, 0.8 Torr, and 1.9 J/cm2 shows a distinct loosely packed surface
morphology consisting of well-defined pyramid-like heads. It is noted that this unique porous structure
formed at an extremely high p(O2) value, which is not normally used for conventional continuous 2D
film epitaxy. The high reactive gas pressure is mainly responsible for the small kinetic energy of the
arriving adatoms, giving rise to DLA and growth front roughness [5]. Furthermore, a high substrate
temperature is essential to form the well-defined pyramids as opposed to the randomly shaped
crystals observed at low temperatures. The large thermal energy provided by the hot substrate drives
the adatoms to locally arrange into the lattice correctly, resulting in the growth of ordered epitaxial
structures [27]. Relatively high laser fluence is also critical to the formation of this architecture, because
it prevents adatoms from bouncing off and eliminating the long-distance diffusion of the adatoms by
quickly covering them with the new incoming atoms [28–31]. This matches our previous observations
with CeO2, Y2O3, and TiO2 systems [9,10], in which balancing the DLA and surface equilibrium allows
spontaneous breakdown of the layer-by-layer growth while ensuring high crystallinity.

From the SEM image of the CFO sample (Figure 2a), the alignment of the pyramid-shaped heads
was consistent along the <100> directions. Each individual pyramid has a size ranging from 80
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to 150 nm in width. No impurity phases were detected in the XRD θ–2θ scan (Figure 2b) of the
(001)-oriented CFO sample. Based on the Bragg diffraction theory, the CFO sample has a lattice constant
of 8.386 ± 0.002 Å, which is located in between the reported values in JPCDS Card# 3-384 (8.377(7) Å)
and the Card# 22-1086 (8.3919 Å) for stoichiometric CFO and comparable to the reported value of 8.39 Å
in [32] for a cobalt ferrite bulk, which is slightly rich in Co with a Co:Fe ratio of 1:1.98. According to this,
the CFO sample is near stoichiometric. The crystallinity of the CFO was evaluated by rocking curve
measurements (Figure S2a). The typical full width at half-maximum (FWHM) of the 004 reflection
was ~0.38◦, revealing good epitaxial quality. The in-plane φ scans (Figure S2b) of the CFO 101 and
STO 101 reflections at ψ = 45◦ revealed a clear four-fold symmetry, demonstrating the cube-on-cube
registration relationship between the CFO sample and the STO substrate. X-ray reciprocal space
mapping (RSM) near the off-specular 114-reflection of the STO substrate was performed in order to
check the strain state as displayed in Figure 2c. The CFO sample shows both in-plane 7.48% and
out-of-plane 7.28% lattice strain relaxations. CFO and STO have in-plane lattice constants of 8.39 Å
and 3.92 Å, respectively, leading to a lattice misfit value of 7.4%. The fact that the strain relaxation is
close to the lattice mismatch between bulk CFO and STO suggests that both in-plane and out-of-plane
lattice strains are fully relaxed in the CFO sample.

Figure 2. (a) A plan-view SEM image with pyramid-shaped tips clearly seen from a micrometer-tall
CoFe2O4 nanobrush sample (NB1100), (b) a high-resolution XRD θ–2θ scan, and (c) an x-ray reciprocal
space map around the 114-reflection of SrTiO3 (STO) of sample NB1100 showing the biaxial strain of
the nanobrush is highly relaxed. * denotes the STO {00l} substrate peaks.
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3.2. Microstructure of the CoFe2O4 Nanobrushes

Cross-sectional STEM imaging showed the sample was composed of unique vertically aligned
“nanobrushes” with a thickness of 1100 nm (Sample NB1100), as shown in Figure 3a. Sample
NB1100 exhibits a two-layer structure: a dense thin interfacial layer connecting directly with the
substrate, above which vertically aligned crystalline nanobrushes with a micrometer length were grown.
The nanobrush diameter ranged from 80 to 120 nm and neighboring nanobrushes were separated by
voids, forming a dense brush architecture.

 

Figure 3. (a) A low-magnification cross-sectional high-angle annular dark-field (HAADF) image
of Sample NB1100. High-resolution HAADF images of the regions marked by a yellow and a
green rectangle in (a): (b) the nanobrush sidewall and (c) magnified interface microstructure. (d)
High-resolution HAADF observation of a blue rectangle region in (c), showing the film/interface atom
structure and (e) its fast-Fourier transformation (FFT) map.

To shed light on the formation of the nanobrushes, HAADF-STEM observation of Sample NB1100
along the CFO [110] direction was performed. The results showed that the single crystal nanobrushes
were free from any obvious lattice defects (as shown in Figure 3b) and epitaxially grown. Typically,
impurity phases were observed in epitaxial CFO films that lose coherence with the underlying substrate.
We did not observe any impurity phase or even defects in the STEM nor XRD with the nanobrush
structures that were not coherent with the substrate. Figure 3c clearly shows a continuous layer with an
average thickness of 50 nm existing between the nanobrushes and the substrate. The interface displays
a clear, albeit a less-abrupt interfacial region, between the dense interface layer and the substrate with
slight intermix of the CFO lattice with the STO lattice no more than two unit cells (thin dark region of
Figure 3d). The intermix can be attributed to damage caused by the incoming atoms present at the
required high energy synthesis conditions.

As revealed by the fast-Fourier transformation (FFT) map in Figure 3e, periodic dislocation arrays
were formed at the CFO/STO interface. The average periodicity was about 4.0 nm. Compared to the
standard lattice misfit of 7.4% at the CFO/STO interface, the result suggests nearly full lattice misfit
compensation by forming the interfacial dislocations. The results indicate that the thin CFO layer
epitaxially grown on the substrate was initially under compressive stress due to the large lattice misfit,
which favors the formation of interfacial dislocations to compensate for the misfit strain once the
layer reaches the critical thickness [33]. The near-interface dense layer consists of nanodomains with
anti-phase boundaries (APB) and twin boundaries formed in-between as shown in Figure 3d. The
defects in the near-interface dense layer were not found in the nanobrush region. The areas between
neighboring defects are energetically favorable for the epitaxial growth, leading to a rough growth
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front with the dimples corresponding to the defective area, whereas the peaks correspond to the
defect-free areas [8]. A shadowing effect that reduces the probability of deposition in dimples will
cause this growth front roughness to develop into extended nanobrushes [27].

3.3. Magnetization of the CoFe2O4 Nanobrushes

Figure 4a,b compare the in-plane and out-of-plane M–H hysteresis loops of the 1100 nm tall
nanobrush Sample NB1100, a 70 nm tall nanobrush sample (NB70), and a 180 nm thick 2D continuous
film (2DCF). The morphology and XRD characterization of these films are shown in Figure S3.
The magnetic parameters extracted from the loops are listed in Table 1. As shown in Figure S3, NB1100
and NB70 exhibited mesoscale porous structures with a mean column width of 83.67 nm and 28.53 nm,
respectively. Estimation of the volume fraction of CFO nanobrushes in the NB1100 is critical for
accurate determination of its saturation magnetization value. The detailed estimation process of the
volume fraction of CFO nanobrushes equal to 63 ± 10% is provided in the Supplementary Materials
and Figure S4. Using this value for the volume fraction of nanobrushes, the NB1100 had an in-plane
saturation magnetization value of Ms = 6.16 ± 0.7 μB/f.u. at 10 K. W. H. Wang reported the flux growth
of bulk single crystal CFO with the 004 reflection FWHM of 0.15◦ and a saturation magnetization of
3.65 μB/f.u. [32]. The measured saturation magnetization of the NB1100 was almost three times that
of the 2DCF and much higher than the reported bulk value [32]. The large saturation magnetization
reduced slightly at 300 K. As shown in Figure S3, the NB70 and the 2DCF had much larger widths of the
004 Bragg reflections (e.g., full width at half maximum values 0.73◦ for the NB70 and 0.83◦ for the 2DCF)
than the NB1100, 0.38◦, suggesting lower crystalline quality (e.g., due to defects) compared to NB1100.
The high saturation magnetization exhibited by NB1100 can be attributed to the high crystallinity of the
nanobrushes and a possible extremely low inversion ratio, x, tending toward a normal spinel (all Fe3+

on octahedral sites and all Co2+ on tetrahedral sites). At thermodynamic equilibrium, CFO should
possess an inverted spinel structure where half of the Fe+3 are on the tetrahedral sites and the remaining
Fe3+ plus the Co2+ are on the octahedral sites. As the magnetic moments on the tetrahedral and
octahedral lattices are in opposition, the CFO magnetization is strongly dependent on the degree of
spinel inversion. Density functional theory calculations suggest the magnetization per formula unit of
CFO varies from 3 μB in a fully inverted spinel structure where the magnetic moments of Fe3+ on the
tetrahedral sites and the octahedral site are completed, compensated up to 7 μB as the inversion ratio
decreases toward a normal spinal structure where all Fe3+ is on the octahedral sites and all Co2+ is on
the tetrahedral sites [20–22]. The spinel inversion of CFO is highly sensitive to the growth conditions,
where experimental values ranging from x = 0.62 to x = 0.93 have been reported [34,35]. W. H. Wang
did not provide information on the inversion ratio of the bulk single crystal CFO, but indicated the CFO
was not completely inverse [32]. The high saturation moment of 6.16 μB/f.u. may suggest that NB1100
has a partial inversion with a ratio below 0.5. Functionally, such a high magnetization observed in the
CFO nanobrush architecture is highly desirable.

Table 1. Magnetic parameters (saturation magnetization Ms, coercivity Hc) of the CoFe2O4 samples.

T (K) Sample
Ms_H//ab
(μB/f.u.)

Ms_H//c
(μB/f.u.)

Hc_H//ab
(MA/m)

Hc_H//c
(MA/m)

10 2DCF 2.27 2.19 0.99 0.65
NB70 3.89 3.85 0.90 0.75

NB1100 6.16 ± 0.71 6.00 ± 0.63 0.37 0.42
Bulk [32] 3.65 - 0.10 -

300 2DCF 1.83 1.87 0.19 0.11
NB70 3.13 3.17 0.15 0.10

NB1100 5.90 ± 0.61 5.64 ± 0.59 0.05 0.07
Bulk [32] 3.57 - 0.02 -
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Figure 4. The M–H curves of Sample NB1100, a 70 nm tall nanobrush sample (NB70), and a 180 nm thick
2D continuous film (2DCF) under in-plane (H//ab) and out-of-plane (H//c) magnetic fields measured
at temperatures of (a) 10 K and (b) 300 K, respectively. The M–H curve of the CoFe2O4 bulk was
retrieved from [32] for comparison. (c) The coercive field (Hc) and the saturated magnetization (Ms) of
the NB1100 plotted as a function of temperature.

The coercivity of different forms of CFO samples under both in-plane and out-of-plane magnetic
field directions at 10 K and 300 K are listed in Table 1. Based on the Stoner–Wohlfarth model,
coercivity comes from a combined effect of the anisotropy field(~K/Ms, K is anisotropy constant) and the
shape-anisotropy field (~(1-3D)Ms, D is a demagnetizing factor, D = 0 for long cylinder structures) [36].
A greater anisotropy gives rise to a larger coercivity. The Hc of bulk CFO are small at both 10 K and
300 K [32]. This could be attributed to the fact that cubic structure has weak anisotropy. As the NB1100
has a very large aspect ratio (length of each nanobrush divided by its width) of 9.2 and a higher Ms, we
expected a more pronounced contribution to Hc from the shape-anisotropy field as compared to 2DCF
and NB70. However, at 10 K, larger Hc was observed in 2DCF and NB70 than that in NB1100, which
indicates a dominant contribution from the anisotropy field in 2DCF and NB70. In addition, we saw
an in-plane Hc (H//ab) marginally larger than out-of-plane Hc (H//c) for the NB70 and 2DCF. However,
the reverse was the case for the NB1100. The NB110 was fully relaxed as shown in the reciprocal space
mapping analysis in Figure 2c and CFO had a large magnetostrictive constant, thus we attribute the
difference to strain in the NB70 and 2DCF and lacking in the NB1100, and the ease with which magnetic
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response can be manipulated through symmetry change [37]. This is reasonable when considering the
extremely large magnetostrictive constant of CFO [38]. From this, it is evident that control over the
nanobrush height provides a mechanism for tailoring the magnetic anisotropy. A similar thickness
dependent anisotropy has been observed in BFO/CFO nanocomposites [39].

Figure 4c shows the temperature-dependent Ms(T) and Hc(T) in the NB1100. While the Ms(T)
only reduces by 32.6% up to 300 K, the Hc is strongly temperature dependent and a pronounced
reduction is observed. According to the Callen–Callen rule [40], the anisotropy constant is linked to

the magnetization via power laws: K(T) = K(0)
(

Ms(T)
Ms(0)

)n
, where the mth order anisotropy constant

obeys n = m(m + 1)/2. The temperature dependent anisotropy of Fe and Co metals are well described
by this model [36]. For a cubic structure as in CFO, a fourth order anisotropy is expected and therefore
n = 10. However, from the scaling as shown in Figure S5, we observed a much faster Hc reduction
than n = 10 in Ms(T)n. The failure of the Callen–Callen model for this nanobrush system may be
ascribed to the fact that the Callen–Callen model merely bridges the anisotropy to the net magnetization
while neglecting the effect of different exchange fields on different sublattices. Since CFO is an
uncompensated ferrimagnet [36], which involves multiple magnetic sublattices, the Callen–Callen
model may be inadequate to describe the subtle temperature dependent exchange field on different
sublattices, resulting in an error of the anisotropy at finite temperatures.

4. Discussion

A simple but novel synthesis strategy that can be applied extensively in diverse material
systems for unconventional vertically aligned nanostructure fabrication was developed. Vertically
aligned single-crystalline CFO nanobrushes were epitaxially grown on STO substrates by PLE.
Thermodynamically and kinetically balancing DLA and surface equilibration through kinetic growth
parameter control provides a route to design epitaxially grown self-assembled nanostructures.
The magnetic properties are highly sensitive to both the morphology and brush length. It was
found that the nanobrushes exhibited a very high saturation magnetization and a length-dependent
magnetic anisotropy. This work provides new insight into the controllable synthesis of vertically
aligned nanostructures and demonstrates a novel magnetic structure suitable for applications in
nanomagnetic devices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/3/472/s1,
Figure S1: XRD scans of the CFO samples prepared as functions of kinetic growth parameters; Figure S2: The
crystallinity of Sample NB1100 evaluated by XRD characterization (rocking curve and in-plane φ scan); Figure S3:
Morphology and structural characterization of NB1100, NB70, and a 2D continuous film; Figure S4: Estimation of
the volume fraction of Sample NB1100; and Figure S5: Comparison of the normalized Hc(T) curve with Ms

10(T)
curve according to the Callen–Callen rule.
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Abstract: Double perovskite Bi2NiMnO6 (BNMO) thin films grown on p-Si (100) substrates with
LaNiO3 (LNO) buffer layers were fabricated using chemical solution deposition. The crystal structure,
surface topography, surface chemical state, ferroelectric, and current-voltage characteristics of BNMO
thin films were investigated. The results show that the nanocrystalline BNMO thin films on p-Si
substrates without and with LNO buffer layer are monoclinic phase, which have antiferroelectric-like
properties. The composition and chemical state of BNMO thin films were characterized by X-ray
photoelectron spectroscopy. In the whole electrical property testing process, when the BNMO/p-Si
heterojunction changed into a BNMO/LNO/p-Si heterojunction, the diode behavior of a single diode
changing into two tail to tail diodes was observed. The conduction mechanism and temperature
stability were also discussed.

Keywords: Bi2NiMnO6; thin films; diode effect; oxygen defect; conduction mechanism

1. Introduction

In the past few decades, electronic devices prepared using a semiconductor have become an
important research project in the field of materials science [1–4]. These devices have garnered attention
for their practical applications, such as magnetoresistance, photodetectors, p-n diodes and thin film
transistors [5,6]. Bi2NiMnO6 has been widely studied as a multiferroic material. The ferromagnetic
and ferroelectric Bi2NiMnO6 was successfully prepared at 6 GPa as reported by Azuma et al. [7]. Low
temperature (about 100 K) ferroelectric properties in pulsed laser-deposition drive Bi2NiMnO6 thin
films on (001)-oriented SrTiO3 single crystal substrates were reported by Sakai et al. [8]. The phase
transition temperature of epitaxial Bi2NiMnO6 thin films affected by single crystal substrates was
studied using Raman spectroscopy [9]. The magnetodielectric effect was obtained in single-phase and
epitaxial thin film of multiferroic Bi2NiMnO6, as reported by Padhan et al. and Rathi et al. [10–12].
The ferroelectric behavior and magnetic exchange interaction effect of Bi2NiMnO6 with the electric
polarization 19.01 μC/cm2 was reported by Zhao et al. [13]. Theoretical and experimental results
confirm that Bi2NiMnO6 thin films are multiferroic materials [8,14–18]. The ferroelectric and current
leakage characteristics of La-doped Bi2NiMnO6 and Bi2NiMnO6 thin film was reported by Li et al. [19].

However, the ferroelectric diode effect and temperature stability of Bi2NiMnO6 thin film has never
been reported. Therefore, in this work, a thin film of Bi2NiMnO6 was growth on p-Si and LaNiO3/p-Si
substrates using chemical solution deposition technology, the ferroelectric diode effect and temperature
stability of Bi2NiMnO6 thin film was first investigated, as was the conduction mechanism.

Nanomaterials 2019, 9, 1783; doi:10.3390/nano9121783 www.mdpi.com/journal/nanomaterials77
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2. Materials and Methods

The Bi2NiMnO6 (abbreviated as BNMO) precursor was prepared by dissolving nitrogen salt,
bismuth, manganese acetate, and nickel acetate in a ratio of 2.2:1:1 in ethylene glycol solution [16]. The
excess of 10% bismuth was to prevent evaporation of the film during the drying and annealing process.
Three milliliters of acetic acid was added to the solution to prevent precipitation. The precursor BNMO
concentration is 0.2 M. The LaNiO3 (LNO) precursor was prepared by dissolving nickel acetate and
lanthanum nitrate in a ratio of 1:1 in ethylene glycol solution and the resulting concentration was 0.3
M. The 5 mL acetone acetate stabilizer was also added to the precursor. The precursors were then aged
for 3 days. The wet LNO/p-Si thin film was synthesized by a spin-coating process at a rate of 2500 rpm
for 15 s. The LNO/p-Si substrate was made using a drying process at 573 K for 5 min and an annealing
process at 973 k for 30 min. The BNMO/p-Si and BNMO/LNO/p-Si heterojunctions are prepared using
the spin coating process at 3000 rpm for 15 s, the dry process at 573 K for 5 min and annealing process
at 973 K for 10 min by rapid thermal annealing (RTA) in air atmosphere. A gold electrode with a
diameter of 0.3 mm was plated on the surface of the film sample by a small high vacuum coater to
form a film capacitor structure.

The crystal structure analysis was measured using XRD (Bruker D8 Advance, AXS, Germany) and
the chemical states were examined using X-ray photoelectron spectroscopy (XPS, Escalab 250Xi, Sussex,
UK). The surface topography and elemental analysis were performed with the field emission scanning
electron microscope (FE-SEM, SU8220, Hitachi, Japan). The ferroelectric properties of the BNMO thin
films were measured with a ferroelectric test system (Radiant Technologies Precision Workstation,
Albuquerque, NM, USA). The current-voltage characteristic was measured with a Keithley 2400 system.

3. Results and Discussion

The XRD patterns are shown in Figure 1. From Figure 1, there are six peaks at (100), (110), (111),
(200), (210) and (211), the crystal structure of LNO grown on p-Si can be judged by PDF card of 33-0710
as a cubic phase. The crystal structure of BNMO film grown on p-Si substrate without and with
LNO can be determined by diffraction angles of 23.62◦ and 31.18◦. It has the monoclinic structure
reported by Azuma et al. [7]. The unit cell of BNMO was considered to be similar to BiMnO3. The three
possible transition metal sites of M1, M2, and M3 were filled with Bi3+, Ni2+ and Mn4+ cations and
the Mn4+–O2−–Ni2+ chemical links and Bi3+–O2− links were the main chain segment. The diffraction
angle of 27.58◦and 29.22◦ matches the results of Li et al. [19], and it is a monoclinic structure with
C2 space group [20]. In theory, The NiO6 and MnO6 octahedral of BNMO are isotropic and do not
cause distortion.

 

Figure 1. The XRD patterns of LNO, BNMO/LNO and BNMO thin films on p-Si substrates.
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Figure 2 show the surface and cross-section topographies of BNMO thin film and BNMO/LNO
thin film grown p-Si substrates, respectively. From Figure 2a,b it can be clearly observed from the
surface topography that the grain size of BNMO/p-Si thin film is nearly 15 nm, but the BNMO/LNO/p-Si
thin film is nearly 10 nm. The BNMO thin film was formed by the Mn4+ cations and Ni2+ cations,
and the thin films was annealed at air atmosphere for only 10 min. Therefore, the growth of crystal
grains is relatively difficult, resulting in a small grain size. Observed from the cross-section images, it
can be obtained that the thickness of the BNMO layer growth on the p-Si substrata is nearly 100 nm
(see Figure 2c), the BNMO layer on LNO/p-Si substrate is 140 nm (see Figure 2d). The different film
thickness of the BNMO layers may be caused by the different adhesion of LNO and Si to the solution
and the first layer, respectively.

 

Figure 2. The surface topography and cross-section images: (a,c) for BNMO/p-Si, (b,d) for
BNMO/LNO/p-Si.

The XPS spectra of Ni 2p and Mn 2p are shown in Figure 3. The binding energy of Mn 2p3/2 and
Mn 2p1/2 of the BNMO/p-Si heterojunctions was 641.35 eV and 653.2 eV [21]. The binding energy of Mn
2p3/2 and Mn 2p1/2 of the BNMO/LNO heterojunction was 641.6 eV and 653.45 eV. The binding energy
of Ni 2p3/2 and Ni 2p1/2 of the BNMO/p-Si heterojunction was 872.45 eV and 861.3 eV [22]. The binding
energy of Ni 2p3/2 and Ni 2p1/2 of the BNMO/LNO/p-Si heterojunction was 855.1 eV and 872.55 eV.

The XPS spectrum is subject to peak processing. The binding energy of 638.85 eV, 641.65 eV,
and 644.25 eV of the BNMO/p-Si heterojunction and 638.25 eV, 641.5 eV, and 643.95 eV of the
BNMO/LNO/p-Si heterojunction indicates the Mn2+, Mn4+ and Mn6+ cation. The binding energy of
855 eV and 857.65 eV of the BNMO/p-Si heterojunction and 855 eV and 857.2 eV of the BNMO/LNO/p-Si
heterojunction shows the Ni2+ and Ni3+ cation. The ion ratio of Mn2+:Mn4+:Mn6+ on BNMO/p-Si
thin film is 0.15:1:0.3 and for BNMO/LNO/p-Si thin film is 0.16:1:0.27. The ratio of Ni2+:Ni3+ on the
BNMO/p-Si heterojunction and on the BNMO/LNO heterojunction is 1:0.22 and 1:0.24, respectively. By
analyzing the XPS spectrum, a variety of Ni, Mn ions are found in the BNMO heterojunction device.
The cubic crystal structure of NiO and BiMnO3 octahedral crystallites interferes with the formation of
pure phase monoclinic crystals and causes crystal defects.
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Figure 3. The fitted narrow-scan spectra for (a) Mn 2p and (b) Ni 2p.

The room temperature polarization-electric field (P-E) properties are shown in Figure 4. The
results show that the two films have antiferroelectric-like properties. The saturated polarization (2Ps),
remnant polarization (2Pr), and coercive field (Ec) of BNMO/LNO/Si thin film were 0.875 μC/cm2,
0.150 μC/cm2, and 40.0 kV/cm, and 1.03 μC/cm2, 0.202 μC/cm2, and 38.4 kV/cm, respectively for
BNMO/Si and BNMO/LNO/Si thin films at 500 Hz. The ferroelectric polarization was enhanced by
using LNO as a buffer layer. The room temperature ferroelectric polarization phenomenon could be
due to the incompletely symmetric monoclinic structure preventing the ferroelectric domain from
flipping. It is a pinning effect caused by the interaction of defect dipoles in the BNMO layer. The
BNMO growth on the LNO/p-Si substrate is a nanocrystalline state, resulting in more lattice defects,
preventing the deformation of the crystal [7].

 
Figure 4. The typical hysteresis loops of the BNMO/Si and BNMO/LNO/Si thin films measured at
500 Hz.

The current-voltage characteristics of BNMO/Si and BNMO/LNO/Si thin films are shown in
Figure 5. From Figure 5a, we know that from 0 to −1.0 V and from 0 to 0.25 V, the current hardly
changed with the increase of absolute voltage value, when the voltage increases from −1.0 to −1.5 V,
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the current increased, and when the voltage increased from 0.65 to 1.5 V, the current increased rapidly.
The results show typical diode characteristics.

  

Figure 5. I-V characteristics of BNMO thin films without (a) and with (b) a LNO buffer layer on p-Si
substrates. Insets show the schematics of the diode cell used for measurement.

The BNMO/p-Si heterojunction exhibited rectification effect behavior of p-n junction. It is a
forward-conducting heterojunction device with an ON/OFF ratio (R = Ion/Ioff) of 65. The n-type
semiconductor properties of BNMO have not been reported. It can be inferred from the results, and
the process of converting Mn2+ ions into Mn4+ ions can release electrons.

As the bottom electrodes of the LNO grew on the p-Si substrate, the rectification effect of the
forward conduction was forcibly converted into a reverse conduction rectification effect, and the
ON/OFF ratio is increased to 1.4. The result shows two tail to tail diodes. The cubic phase of LNO acted
as an n-type semiconductor to release electrons, while the nano-crystallinity of the BNMO layer defects
acted as a hole-absorbing electron [23–25].The Schottky emission mechanism is determined by the
linear relationship of Ln(I) versus V1/2 [26,27]. If the relationship is linear, this is due to the thermionic
emission by holes, vacancies and defects [28–32], respectively. The restricted behavior of the interface
and the hole trapping behavior are considered to be a case of the Schottky emission mechanism, as
expected with linear relationship of Ln(I) versus V1/2 for the BNMO/LNO/p-Si heterojunction (see the
inset of Figure 5b). Therefore, the large ON/OFF ratio of the BNMO/LNO/p-Si heterojunction is caused
by the hole of the BNMO layer being filled.

The voltage-current characteristics measured at different temperatures were shown in Figure 6.
The conductivity of the BNMO/p-Si heterojunction and the BNMO/LNO/p-Si heterojunction was
increased due to increased test temperature. The ON/OFF ratio of the BNMO/p-Si heterojunction is
decreased from 65 to 3.8, and the ON/OFF ratio of the BNMO/LNO/p-Si heterojunction is increased from
1.4 to 13.4. The result can be interpreted with the thermion emission effect of Schottky diodes [33–36].
The electrons are excited by the lattice defects caused by the heat. Therefore, the conductivity of the
film increases. At the same time, the space charge accumulated at the interface of the heterojunction
is also subject to thermal radiation. The BNMO/p-Si heterojunction is excited by thermal radiation,
causing the electrons of the defect to be excited, forming a space charge region at the interface of the
heterojunction, and finally the rectification effect is improved. The BNMO/LNO/p-Si heterojunction
is thermally radiated, and the electron trapping ability of the hole is weakened, resulting in the
rectification effect being weakened.
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Figure 6. The I-V characteristics of BNMO thin films (a) without and (b) with a LNO buffer layer on
p-Si substrates measured at different temperatures.

4. Conclusions

In conclusion, the BNMO thin films on Si and LNO/Si substrates show a monoclinic phase with
C2 space group and the porosity of BNMO thin film with LNO layer is smaller than without, resulting
in a larger ferroelectric polarization. The conduction mechanism of the BNMO/Si and BNMO/LNO/Si
heterojunctions were dominated by Ohmic conduction and Schottky emission mechanisms, respectively.
In the case of temperature rise, the rectification effect of BNMO/Si will decrease due to the energy
of the hole trapping electrons being weakened and the rectification effect of the BNMO/LNO/p-Si
heterojunction will increase due to the charge accumulation, respectively. XPS testing shows that
BNMO synthesized under normal pressure is a material with the coexistence of different valence cations.
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Abstract: Europium substituted bismuth ferrite powders were synthesized by the sol-gel technique.
The precursor xerogel was characterized by thermal analysis. Bi1−xEuxFeO3 (x = 0–0.20) powders
obtained after thermal treatment of the xerogel at 600 ◦C for 30 min were investigated by X-ray
diffraction (XRD), scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM),
Raman spectroscopy, and Mössbauer spectroscopy. Magnetic behavior at room temperature was
tested using vibrating sample magnetometry. The comparative results showed that europium has a
beneficial effect on the stabilization of the perovskite structure and induced a weak ferromagnetism.
The particle size decreases after the introduction of Eu3+ from 167 nm for x = 0 to 51 nm for x =
0.20. Photoluminescence spectroscopy showed the enhancement of the characteristic emission peaks
intensity with the increase of Eu3+ concentration.

Keywords: bismuth ferrite; sol-gel process; magnetic properties; photoluminescence properties

1. Introduction

Among various multiferroic compounds, bismuth ferrite (BiFeO3) stands out because it is one
of the few magnetic ferroelectrics at room temperature. Therefore, there has been intensive research
in the past decades to make it useful in practical applications. There are certain issues that are still
open in what concerns voltage-induced changes, the possibility of reading magnetic data or the
mechanism of magnetoelectric coupling, and whether it may be controlled [1]. Besides, extensive
studies search for the possibility of using BiFeO3 based materials for applications such as actuators,
transducers, magnetic field sensors, information storage devices, optical imaging, photocatalysis, or gas
sensors [2–6]. Recently, BiFeO3 nanopowders were found to exhibit catalytic activity for doxorubicine
degradation [7].

The antiferromagnetic structure in BiFeO3 is quite complex, usually being considered as a G-type
with a spiral spin arrangement (about 62 nm wavelength), due to the interplay between exchange and
spin-orbit coupling interactions involving Fe ions. There are several strategies to enhance its magnetic
properties, including chemical modifications, or control of morphology and structure. In terms of
morphologies, BiFeO3-based nanostructures exhibit increased magnetization than the corresponding
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bulks, due to the perturbation of the helimagnetic order by structural peculiarities (e.g., local defects)
or the specific size of nanoparticles [8–12].

Another way to modify the magnetic structure consists in replacing Bi by rare earth ions, based on
the fact that in the perovskite-like structure, the superexchange interaction between the localized RE4f
and Fe3d electrons may play an important role. The effect of several rare-earth dopants/solutes, as
Ho [13,14], Sm [15,16], La [17,18], Dy [19], Gd [20], or Nd [21] on the properties of bismuth ferrite have
been investigated. There are some works which described the effect of Eu3+ used as A site solute on
the characteristics of bismuth ferrite powders prepared by various non-conventional techniques, such
as hydrothermal process [22], ball milling [23], or different variants of the sol-gel methods [24–26], etc.
Even if the magnetic behavior of these powders was extensively analyzed, however no data regarding
other properties as photoluminescence were reported.

The aim of this work is to study the influence of europium addition on the phase purity, crystal
structure, morphology, magnetic behavior, and optical properties of Bi1−xEuxFeO3 powders (x = 0;
0.05; 0.10; 0.15; 0.20) prepared by the sol-gel route. In order to be able to assess only the contribution
of Eu substitution on the A-site of the perovskite structure, all the processing parameters were
constantly maintained.

2. Materials and Methods

Synthesis of Bi1−xEuxFeO3 powders (x = 0; 0.05; 0.10; 0.15; 0.20) was carried out through sol-gel
route. All the solvents and chemicals were of analytical grade and used without further purification.
The precursor solution was prepared by dissolution of Bi(NO3)3·5H2O (Sigma Aldrich, St. Louis,
MO, USA ≥98%), Eu(NO3)3·5H2O (Sigma Aldrich, 99.9%) and Fe(NO3)3·9H2O (Aldrich, 99.99%) in
stoichiometric ratios in acetic acid solution (Honeywell Fluka, Wabash, IN, USA ACS Reagent, ≥99.7%).
A transparent brownish red sol resulted after the complete dissolution (≈ 1 h) of the nitrates. The sol
was stabilized with 2-methoxyetanol which was added in a 1:1 volume ratio with respect to acetic acid.
The amounts of precursors are summarized in Table 1. After 1 h mixing at 400 rpm, the temperature
was set to 80 ◦C and the sol was kept under magnetic stirring at this temperature for 12 h until a gel
was obtained. Gel drying was carried out in a forced convection oven (Memmert Universal Oven U,
Schwabach, Germany) in air at 120 ◦C for 12 h to obtain the xerogels. The precursor powders were
heat treated in air at 600 ◦C with a soaking time of 30 min, a heating rate of 5 ◦C/min and then were
slowly cooled at the normal rate of the oven (CWF 1200, Carbolite Gero, Hope Valley, England).

Table 1. Amounts of precursors for Bi1−xEuxFeO3 sol-gel synthesis.

x = 0 x = 0.05 x = 0.10 x = 0.15 x = 0.20

Bi(NO3)3·5H2O 1.4554 g 1.3826 g 1.3098 g 1.2371 g 1.1643 g
Eu(NO3)3·5H2O 0 g 0.0643 g 0.1285 g 0.1928 g 0.2571 g
Fe(NO3)3·9H2O 1.2121 g 1.2121 g 1.2121 g 1.2121 g 1.2121 g
2-methoxyetanol 125 mL 125 mL 125 mL 125 mL 125 mL

Acetic acid 125 mL 125 mL 125 mL 125 mL 125 mL

Thermal behavior of the precursor powders was investigated by differential scanning
calorimetry–thermogravimetry (DSC-TG) analyses carried out with a TG 449C STA Jupiter (Netzsch,
Selb, Germany) thermal analyzer. Samples were placed in alumina crucible and heated with 10 ◦C/min
from room temperature to 900◦, under dried air flow of 20 mL/min.

Room temperature X-ray diffraction (XRD) measurements were performed to investigate the
phase purity and structure of the (Bi,Eu)FeO3 powders. For this purpose, an Empyrean diffractometer
(PANalytical, Almelo, The Netherlands), using Ni-filtered Cu-Kα radiation (λ = 1.5418 Å) with a scan
step increment of 0.02◦ and a counting time of 255 s/step, for 2θ ranged between 20–80◦was used.
Lattice parameters were refined by the Rietveld method [27], using the HighScore Plus 3.0e software
(PANalytical, Almelo, The Netherlands). After removing the instrumental contribution, the full-width
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at half-maximum (FWHM) of the diffraction peaks can be interpreted in terms of crystallite size and
lattice strain. A pseudo-Voigt function was used to refine the shapes of the BiFeO3 peaks.

The local order and the cation coordination in the calcined powders were studied by Raman
spectroscopy carried out at room temperature, using a LabRAm HR Evolution spectrometer (Horiba,
Kyoto, Japan). Raman spectra were recorded using the 514 nm line of an argon ion laser, by focusing a
125 mW beam of a few micrometer sized spots on the samples under investigation.

Mössbauer spectroscopy ICE Oxford Mössbauer cryomagnetic system (WissEL, Mömbris,
Germany) was used to analyze the state of iron ions in the perovskite lattice. The system was
equipped with a 10 mCi 57Co(Rh) source and the velocity was calibrated using a α-Fe standard foil.

Morphology and crystallinity degree of the (Bi,Eu)FeO3 particles were investigated by scanning
electron microscopy operated at 30 kV (Inspect F50, FEI, Hillsboro, OR, USA) and transmission
electron microscopy operated at 300 kV (TecnaiTM G2 F30 S-TWIN, FEI, Hillsboro, OR, USA). The
average particle size of the (Bi,Eu)FeO3 powders was estimated from the particle size distributions,
which were determined using the OriginPro 9.0 software (OriginLab, Northampton, MA, USA) by
taking into account size measurements on ~100 particles performed by means of the software of the
electron microscopes (ImageJ 1.50b, National Institutes of Health and the Laboratory for Optical and
Computational Instrumentation, Madison, WI, USA) in the case of SEM, and Digital Micrograph 1.8.0
(Gatan, Sarasota, FL, USA) in the case of transmission electron microscopy (TEM).

Vibrating sample magnetometry (7404-s VSM, LakeShore, Westerville, OH, USA) was used in
order to investigate the magnetic behavior of the processed powders. Hysteresis loops were recorded
at room temperature with an applied field up to 15 kOe, with increments of 200 Oe and a ramp rate of
20 Oe/s.

The fluorescence spectra were recorded with a LS 55 spectrometer (Perkin Elmer, Waltham, MA,
USA) using an Xe lamp as a UV light source, at ambient temperature, in the range 350–650 nm, with all
the samples in solid state. The measurements were made with a scan speed of 200 nm/min, excitation
and emission slits of 10 nm, and a cut-off filter of 350 nm. An excitation wavelength of 320 nm was used.

3. Results

3.1. Thermal Behavior of the Precursor Powders

The TG-DSC curves of the Bi1−xEuxFeO3 xerogels are shown in Figure 1. The peaks corresponding
to the exothermic effects and associated mass loss are illustrated in Table 2.

Figure 1. (a) Differential scanning calorimetry (DSC) and (b) thermogravimetry (TG) curves of
Bi1−xEuxFeO3 xerogels.
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Table 2. TG-DSC effects corresponding to Bi1−xEuxFeO3 xerogels.

x = 0 x = 0.05 x = 0.10 x = 0.15 x = 0.20

T (◦C)
Mass
Loss
(%)

T (◦C)
Mass
Loss
(%)

T (◦C)
Mass
Loss
(%)

T (◦C)
Mass
Loss
(%)

T (◦C)
Mass
Loss
(%)

103.3 −4 103 −4.4 105.1 −3.7 108.3 −4.7 104.5 −4.7
214.1 −18.2 218.4 −26.5 221.6 −24.6 206.7 −12.4 208.7 −13.4
275.9 −14 278.0 −5.5 282.1 −8.7 239.2 −11.4 240.3 −11.1
413.5 −2.4 419.9 −2 422.2 −2.1 269.9 −10.8 277.9 −10.8

427.8 −2.2 391.9 −2.7

Thermal analysis reveals four step decomposition in the case of (Bi,Eu)FeO3 powders with x = 0,
x = 0.05, x = 0.10, and five step decomposition for the samples with x = 0.15 and x = 0.20. The first step
decomposition at 103–108◦ was attributed to dehydration of the xerogels.

The second decomposition step (110–230 ◦C) associated with exothermic reactions with the highest
mass loss, between 18.2% and 26.5% for the selected compositions, correspond to decarboxylation of
acetic acid and decomposition of small groups such as NO3

−. For the powders with x = 0.15 and x =
0.20, this reaction takes place in two steps, one at 206.7 ◦C and 208.7 ◦C, respectively, and the other at
239.2 ◦C and 240.3 ◦C, respectively [28].

The exothermic effect at 270–282 ◦C could be assigned to the collapse of the gel network and
combustion of most organic materials. A small weight loss ≈2.5% occurring up to 430 ◦C corresponds
to the end of CO2 release [28].

3.2. Phase Composition and Structure of the (Bi,Eu)FeO3 Powders

The room-temperature XRD patterns of Bi1−xEuxFeO3 powders are illustrated in Figure 2. The
profiles of the peaks indicate a high crystallinity. A rhombohedral perovskite structure with space
group R3c was indexed for the powders with x ≤ 0.10 [23]. A small amount of Bi25FeO40 sillenite phase
is also detected for these compositions. Upon increasing the substitution ratio, the secondary phase
diminishes until vanishing, which proves the beneficial effect of Eu3+ in what concerns the stabilization
of the perovskite phase. All the reflections corresponding to the major perovskite phase are shifted to
higher values of the diffraction angle when x is increased. Besides, in the case of the compositions with
x ≥ 0.15 it may be observed that the (012) peak is split and a supplementary interference occurs at 2θ ≈
34◦. These are arguments that suggest Eu3+ ions have substituted Bi3+ in the BiFeO3 lattice and that a
phase transition from rhombohedral R3c (α phase) to orthorhombic Pnma (β phase) crystal symmetry
has occurred [29,30].
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Figure 2. (a) X-ray diffraction (XRD) patterns of Bi1−xEuxFeO3 calcined powders, (b,c) Rietveld refined
patterns for x = 0.05 and x = 0.20.

Rietveld refinement was performed in order to accurately determine the phase composition and
structure of the powders. For the specimens with x ≥ 0.15, the best fit to data was obtained when
using a mixture of rhombohedral R3c and orthorhombic Pnma polymorphs. The quality of the fits is
indicated by the agreement indices obtained from Rietveld refinement (Table 3).

Table 3. Agreement indices from Rietveld refinement for Bi1−xEuxFeO3 calcined powders.

Agreement Indices x = 0 x = 0.05 x = 0.10 x = 0.15 x = 0.20

Rexp 6.1381 6.4479 6.4451 6.3596 6.4065
Rp 5.5304 5.0238 6.7391 8.6136 8.7802

Rwp 7.1636 6.4951 8.9802 11.6540 11.6193
χ2 1.3621 1.0147 1.9414 3.3581 3.2894

The phase composition evolution versus Eu3+ substitution degree is shown in Figure 3. For x≥ 0.15,
the Bi25FeO40 secondary phase vanishes in the limit of detection of X-ray diffraction. Stabilization of
the perovskite phase is also accompanied by rapid polymorph transition. When increasing x from 0.10
to 0.15, phase composition changes from 97.4% R3c bismuth ferrite and 2.6% sillenite in the secondary
phase to 62% R3c bismuth ferrite polymorph and 40% Pnma bismuth ferrite polymorph, respectively.
These results are in good agreement with those reported by Iorgu et al. [31] and Khomchenko et al. [32]
who also found a second orthorhombic polymorph in their Eu-substituted bismuth ferrite, with x ≥
0.10 obtained by combustion method and solid state reaction, respectively.

Figure 3. Phase composition evolution in Bi1−xEuxFeO3 calcined powders.
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Unit cell parameters and cell volume (Figure 4) decrease with the increasing amount of Eu solute.
This, together with the phase transition, is supported most likely by the smaller ionic radius of Eu3+

(1.07 Å) than that of Bi3+ (1.17 Å) [33].

 

Figure 4. (a) Unit cell parameters corresponding to R3c polymorph, and (b) unit cell volume for
Bi1−xEuxFeO3 calcined powders.

As expected, the formation of (Bi,Eu)FeO3 solid solutions drives to the decrease of the crystallite
size and the concurrent increase of the internal microstrains (Figure 5).

Figure 5. Average crystallite size and lattice microstrain for Bi1−xEuxFeO3 calcined powders.

Raman spectroscopy is a powerful technique, which is sensitive to structural phase transitions
and it has been carried out to further support the Rietveld analysis of the XRD patterns. The active
Raman modes of the BiFeO3 solid solutions with rhombohedral R3c structure may be summarized
using the irreducible representation of ΓRaman, R3c = 4A1 + 9E [34–36].

In the present study, for the powders with lower Eu content (x ≤ 0.10), the modes A1-1 and
A1-2, attributed to Bi-O bonds shift to higher-frequency region. This may be explained by the partial
substitution of Bi3+ with Eu3+ because the frequency of the mode is inversely proportional to the mass,
M, at A-site. Since the mass of Eu is about 27% lower than the mass of Bi, substitution will induce the
shift in the frequency of vibration of the modes, which is consistent to the data presented in Figure 6.
When x increases from 0.10 to 0.15, the most significant feature in the Raman spectra is that A1-1 and
A1-2 modes almost vanish and severely broaden, while the E mode at ≈290 cm−1 shifts to a higher
frequency and increases in intensity. Such peak has been reported for orthorhombic rare earth ferrites
and can be assigned to Ag mode [37]. The further increase of x from 0.15 to 0.20 indicate a visible
distortion of FeO6 octahedra, which is evidenced by the increase of intensity of the 500 and 600 cm−1
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modes [38]. All the discussed features are arguments that Eu3+ is incorporated on the Bi site of the
perovskite lattice of BiFeO3 forming solid solutions, and that when the substitution degree exceeds
the value of 0.15, using the processing parameters in the present work, it induces a structural phase
transition from rhombohedral to orthorhombic symmetry.

Figure 6. Typical Raman scattering spectra of Bi1−xEuxFeO3 calcined powders.

The 57Fe Mössbauer spectra for the selected compositions with x = 0 and x = 0.20 were recorded
at room temperature. Results show that the spectra corresponding to the investigated samples present
hyperfine magnetic sextet (Figure 7).

Figure 7. Room temperature 57Fe Mössbauer spectra of powders with x = 0 and x = 0.20.

The refining of the spectra under the assumption of the Lorentzian shape of the Mössbauer line
allowed obtaining of the characteristic parameters: isomeric shift (IS), quadrupole splitting (ΔEq) and
hyperfine field (Hhf), which are presented in Table 4.
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Table 4. Mössbauer parameters for x = 0 and x = 0.20 samples.

IS (mm/s) ΔEq (mm/s) Hhf (T)

x = 0 0.335 0.179 48.90
x = 0.20 0.335 −0.054 48.89

SE ±0.001 ±0.002 ±0.02

The values of IS and ΔEq prove that Fe occupies only the B-site in the perovskite structure and
correspond to high-spin Fe3+ ions.

Upon introduction of Eu3+ in the lattice, ΔEq switches from positive values (0.179 mm/s) in the
case of x = 0 to negative values (−0.054 mm/s) in the case of x = 0.20. This means that the electric field
gradient is drastically changed by the substitution and may be assigned to structural phase transition
from rhombohedral to orthorhombic symmetry, as seen for Bi1−xDyxFeO3 nanoparticles obtained by
Qian et al. [39]

In what concerns the Hhf, the substitution of Bi3+ with Eu3+ does not affect the obtained values nor
the charge density reflected in the IS parameter which remains constant. All Mössbauer parameters are
in good agreement with those obtained by Prado-Gonjal et al. for microwave-assisted hydrothermal
processed BiFeO3 powders [40].

3.3. Morphology

Scanning electron microscopy (FE-SEM) images depicting the morphology and the particle size
distribution of the calcined (Bi,Eu)FeO3 powders are shown in Figure 8. A general view of two selected
compositions, x = 0 (Figure 8a) and x = 0.10 (Figure 8b), illustrate porous networks with pores in the
micrometer and submicrometer range, which were formed after heat treatment of the precursor gels.
The walls of the pores are dense and consist of agglomerated particles as it may be seen in the detail in
the images of Figure 8c,e,g,i,k. In each case, the particles exhibit polyhedral shapes and as x increases
the particles tend to have a more rounded aspect. Moreover, for ternary compositions, a tendency
toward coarsening was observed. In what concerns the particle size, one can see a decrease after the
introduction of Eu3+ as a substituent in the perovskite lattice from 167 nm for x = 0 to 85 nm for x = 0.05,
which becomes even more evident for the compositions where the polymorphic transformation occurs
(x = 0.15 and x = 0.20). In the latter case, the particle size decreases from 78 nm for x = 0.10 to 56 nm for
x = 0.15. This kind of effect is consistent with other studies regarding substituted BiFeO3 particles
prepared by various techniques [24,26,31,41]. Moreover, Dai et al. explained this in the case of (Eu, Ti)
co-substituted ceramics as a result of suppression of oxygen vacancies by the solutes, which slows
oxygen ion motion and, consequently, grain growth rate [42]. The particle size distribution is unimodal
(Figure 8d,f,h,j,l) and becomes narrower as the solute concentration increases. Thus, in the BiFeO3

sample, the unimodal distribution show 20%–25% of nanoparticles in the size range of 140–180 nm.
Besides, the influence of the addition of Eu3+ on the size and particle size distribution should be noted.
The introduction of 5% Eu3+ results in the particle size distribution shown in Figure 8f. The entire
particle size distribution is between 50 and 120 nm, with a maxima at 80–90 nm, which represents a
proportion of 35%. Actually, all the nanoparticles present sizes below those characteristic to BiFeO3

(80–280 nm). The slowing particle growth effect of europium is better observed when its concentration
in the perovskite solid solution increases. Thus, for x = 0.10, even if 30% of the nanoparticles correspond
to the size range of 80–90 nm, the unimodal distribution is asymmetric due to the increase of the ratio
of nanoparticles in the range size of 50–80 nm. More obvious contribution of the solute is shown in the
case of x = 0.15 and x = 0.20, where one can observe that 35%–40% of the nanoparticles are in the size
range of 50–60 nm and, respectively, 40–60 nm. The measurements of the sizes and the corresponding
distributions from FE-SEM data illustrate a clear influence of the Eu3+ solute on the reduction of the
particles size, as well as on the narrowing of the particle size distribution with the increase of the
substitution rate.
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Figure 8. FE-SEM images showing the morphology and corresponding histograms for particle size
distribution of Bi1−xEuxFeO3 powders: (a,b) General view for x = 0 and x = 0.10, (c,d) x = 0: (c) detail,
(d) particle size distribution, (e,f) x = 0.05: (e) detail, (f) particle size distribution, (g,h) x = 0.10: (g)
detail, (h) particle size distribution, (i,j) x = 0.15: (i) detail, (j) particle size distribution, (k,l) x = 0.20:
(k) detail, (l) particle size distribution.

TEM investigations sustain FE-SEM observations. The coarsening of the particles is observed
better in Bright-field TEM images (Figure 9a,e,i,m,q) by means of necks at the particles limits. Particle
size distributions (Figure 9b,f,j,n,r) are similar to those measured from FE-SEM images, as the small
differences are in the limits of the standard deviation. Morphology evolution with increasing Eu3+

solute degree is similar to that reported by Bahraoui et al. who synthetized Bi1−xEuxFeO3 powders by
the sol-gel method with calcination treatment at 500 ◦C for 24 h, but the average particle size is almost
four times higher [26]. This shows that although the time of heat treatment at 600 ◦C was relatively
short (30 min), the temperature has a stronger influence on the particle size growth.

The powders show a high crystallinity degree as assessed from the selected area electron
diffraction (SAED) patterns (Figure 9c,g,k,o,s), which consist of well-defined diffraction spots arranged
in concentric diffraction rings. For the pure BiFeO3 powder (x = 0), the diffraction rings are less visible
due to the fact that both crystallite size and particle size are situated in the submicrometer scale and
because the coarsening process may induce some preferential orientations of the aggregated particles.
In the case of the samples with higher Eu3+ content (x = 0.15 and x = 0.20), the patterns are more
complicated because of the coexistence of rhombohedral and orthorhombic polymorphs which are
homogeneously distributed.
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Figure 9. (a,e,i,m,q) Bright field TEM images, (b,f,j,n,r) particle size distributions, (c,g,k,o,s) Selected
area electron diffraction patterns, and (d,h,l,p,t) High resolution TEM images corresponding to
Bi1−xEuxFeO3 powders for: x = 0 (a–d), 0.05 (e–h), 0.10 (i–l), 0.15 (m–p) and 0.20 (q–t), respectively.

High resolution transmission electron microscopy (HR-TEM) investigations reveal long-range
highly ordered fringes with spacing at 2.28 Å and 1.77 Å corresponding to the (2 0 2) and (1 1 6)
crystalline planes of the rhombohedrally-distorted perovskite structure in the case of x = 0. For x
= 0.05 and x = 0.10, there were also identified the crystallographic planes specific to rhombohedral
polymorphs (Figure 9f,h). In the case of x = 0.20, both polymorphs were identified in the same particles
consisting of multiple crystallites. It is worth mentioning that the substitution also induces the forming
of polycrystalline particles, which is also evidenced in the HR-TEM images.

In order to have a better understanding of the nature of the particles, in Figure 10 a comparison
between average crystallite size determined from XRD data and average particle size measured on
SEM and TEM images was depicted. In the case of unsubstituted BiFeO3 particles, the three values
are almost equal. Slightly differences that occur are in the range of standard deviation. This means
that in this case, the particles are single crystals. Interestingly, when comparing the values obtained
for Eu-substituted BiFeO3 compositions, one can observe that the values for the average nanoparticle
size determined from SEM and TEM investigations are very close, whereas the average crystallite size
presents at most a half value of the average particle size, proving that for x ≥ 0.05, the particles are
polycrystalline and consist of two or more crystallites, which sustains the HR-TEM observations.
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Figure 10. Comparison between average crystallite size determined from XRD data and average
particle size measured from SEM and TEM images.

3.4. Magnetic Behavior

Figure 11 and Table 5 show the room-temperature M = f(H) hysteresis loops up to 15,000 Oe, and
Ms, Mr, and Hc parameters of the Bi1−xEuxFeO3 powders.

Figure 11. M-H hysteresis loops for Bi1−xEuxFeO3 powders: Inset showing the low-field M =

f(H) dependence.

Table 5. Ms, Mr and Hc for Bi1−xEuxFeO3 powders.

x = 0 x = 0.05 x = 0.10 x = 0.15 x = 0.20

Ms (emu/g) 0.3529 1.6570 1.1089 0.7113 0.2968
Mr (emu/g) 0.0128 0.2287 0.0734 0.0551 0.0457

Hc (Oe) 51.290 101.160 69.883 91.156 36.815

It can be observed that the sample with x = 0 shows a continuous linear increase of magnetization
versus magnetic field which suggests the presence of the antiferromagnetic phase, involving relative
low exchange integrals in order to progressively reorient the spins along the field direction.

However, at very low fields, there is a much faster variation of saturation magnetization of 0.3529
emu/g and a coercive field of 51.290 Oe. Unlike this sample, in the case of the samples with 0.05 ≤ x
≤ 0.15, a weak ferromagnetic behavior, with a saturation magnetization of 1.6570 emu/g for x = 0.05,
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1.1089 emu/g for x = 0.10 and 0.7113 emu/g for x = 0.15 is present. A possible conclusion of these
aspects is that Eu content influences the spin spiral structure, most likely by a perturbation of the
superexchange interactions between localized Eu4f and Fe3d electrons.

At the maximum substitution degree studied in this work, the magnetic behavior shows a decrease
in Ms, Mr, and Hc compared to pristine BiFeO3 particles, suggesting that increasing Eu content above x
= 0.15 does not improve the magnetic behavior of the particles. This suggests that the presence of the
orthorhombic Pnma polymorph affects the magnetic order.

3.5. Photoluminescence Properties

BiFeO3 is an interesting optical material, which shows promising applications in photocatalysts
and photoconductive devices. Thus, photoluminescence spectroscopy was used to study the optical
property of Bi1−xEuxFeO3 nanoparticles.

During synthesis there are generated several deep and shallow oxygen vacancies and surface
defects that introduce localized electronic levels in-band [43]. Therefore, the PL spectra (Figure 12) are
complex and present more than a single peak from band-to-band transition.

Figure 12. Fluorescence spectra for Bi1−xEuxFeO3 powders.

The most intense blue emission peak at the wavelength of 455 nm (2.72 eV) originates from
self-activated centers in the synthesized nanoparticles [44,45]. The emission peak is broad and
asymmetric, with a clear overlap with the peak from 479 nm (2.58 eV). This indicate the existence of
another transition below the conduction band, due to the presence of defects in grain boundaries or
oxygen vacancies, usually referred as near-band edge (NBE) transition [45–47].

In the blue-green region there are further shoulders at the 511–524 nm range which can be
attributed to oxygen vacancies and a small, but broad peak in the range of 569–584 nm which has an
unknown origin [48]. These peaks are usually referred as defect-level emissions (DLE).

The intensity of emission peaks increases with the increase of the solute content from the
Eu3+-doped BiFeO3 with x = 0.05 to x = 0.20. This behavior cannot be explained in terms of the
difference in nanoparticles dimensions, taking into account that the 5% and 10%-doped samples, as
well as the 15% and 20%-doped powders exhibit roughly similar sizes.

In the first instance, for 5% Eu3+-doped sample, the photo-generated electron-hole pairs present
a lower recombination rate, which leads to lower intensity of emission peaks. For the next three
samples the increase of luminescent emission with the europium amount could be related to a higher
concentration of surface defects as new crystalline phase is formed. These defects can contribute to the
capture of photo-generated electrons, to produce excitons, which will enhance the emission intensity.
A similar behavior was reported for Sn4+/Gd3+ or Mn2+-doped BiFeO3 samples [49,50].
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In the 550–650 nm range there are no peaks that can be assigned to Eu3+ ions emission spectrum,
indicating either a masking effect from BiFeO3 luminescence or, simply, a quenching of europium
fluorescence. This effect was also observed for other rare earth ions used as soluted for bismuth
ferrite [49,51,52].

4. Conclusions

Bi1−xEuxFeO3 powders were prepared by the sol-gel method. XRD and Raman spectroscopy
investigations indicated phase-pure particles and a structural phase transition for x ≥ 0.15 when using
the processing parameters presented in the present work. Mössbauer spectroscopy showed only the
presence of Fe3+ and a hyperfine magnetic sextet. FE-SEM and TEM analysis evidenced obtaining
submicron-sized single-crystal particles for pure BiFeO3 composition, and polycrystalline nanoparticles
in the case of Eu3+-substituted powders. The most pronounced ferromagnetic behavior was observed
for Bi0.95Eu0.05FeO3 composition, which exhibited a saturation magnetization of 1.65 emu/g and a
coercitive field of 100 Oe, which occurs, most likely, by a perturbation of the superexchange interactions
between localized Eu4f and Fe3d electrons. This work shows a possibility to tailor magnetic behavior of
bismuth ferrite using rare earth metal solute on the A-site of the perovskite structure. The luminescence
emission increases with the increase of the Eu3+ content, but the quenching of the fluorescence specific
to europium ions seems to be induced by a masking effect of BiFeO3, as in other rare-earth doped
bismuth ferrite systems.
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Abstract: The green synthesis of nanoparticles (NPs) is currently under worldwide investigation as
an eco-friendly alternative to traditional routes (NPs): the absence of toxic solvents and catalysts
make it suitable in the design of promising nanomaterials for nanomedicine applications. In this
work, we used the extracts collected from leaves of two cultivars (Leccino and Carolea) belonging
to the species Olea Europaea, to synthesize silver NPs (AgNPs) in different pH conditions and low
temperature. NPs underwent full morphological characterization with the aim to define a suitable
protocol to obtain a monodispersed population of AgNPs. Afterwards, to validate the reproducibility
of the mentioned synthetic procedure, we moved on to another Mediterranean plant, the Laurus
Nobilis. Interestingly, the NPs obtained using the two olive cultivars produced NPs with different
shape and size, strictly depending on the cultivar selected and pH. Furthermore, the potential ability
to inhibit the growth of two woman cancer cells (breast adenocarcinoma cells, MCF-7 and human
cervical epithelioid carcinoma, HeLa) were assessed for these AgNPs, as well as their capability
to mitigate the bacteria concentration in samples of contaminated well water. Our results showed
that toxicity was stronger when MCF-7 and Hela cells were exposed to AgNPs derived from Carolea
obtained at pH 7 presenting irregular shape; on the other hand, greater antibacterial effect was
revealed using AgNPs obtained at pH 8 (smaller and monodispersed) on well water, enriched with
bacteria and coliforms.

Keywords: Green synthesis; Silver nanoparticles; Olea Europaea; Leccino; Carolea; cytotoxicity;
genotoxicity; antibacterial activity

1. Introduction

The growing use of nanotechnology-based materials is providing new solutions to previously
unsolved issues [1]. AgNPs represent the 24 % [2] of the whole materials present in the current textiles,
plastics, food, and other countless commercial products [3–6]. Their use is even higher in electronics [7],
medicine [8], and materials sciences [9]. These widespread applications are mainly due to their
unique physico-chemical properties that ranged from plasmonic [10] to antibacterial [11] and anticancer
activity [12]. Inevitably, their potential impact on human health as well as on the environment, especially
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in terms of dangerous chemicals used for producing any nanomaterial were investigated. AgNPs can
be synthesized by means of physical or chemical methods [13]. The latter chemical approach is based on
the use of either organic or water solutions containing metal precursors and reducing agents. The typical
drawback here is the toxicity induced by the chemicals, that thus required the implementation of long
and time-consuming post-synthesis purification procedures [14]. Despite chemical and physical routes
represent the most common methods used to synthetize high quality AgNPs, finding new “green”
solutions for their development will represent a serious step towards a decrease of environmental
impacts [15]. Green chemistry is an eco-friendly and valid alternative due to the use of natural
agents for the production of NPs [16]. This eco-friendly alternative employs natural products and
non-toxic agents, which are usually in the form of plant extracts or even microorganisms and water [17].
Green synthesis routes show several pros, such as: (i) reducing the waste products, (ii) decreasing the
energy-associated cost of productions and (iii) eliminating the environmental toxicity [18]. In many
green syntheses, the silver ions (Ag+) reduction, that is the crucial step for the assembling of AgNPs,
is mediated by the biomolecules presents in the plants extract (i.e., proteins, alkaloids, saponins,
amino polysaccharides proteins, tannins, enzymes, vitamins etc)[19,20]. Another advantage consists in
the Ag+ reduction in plant extracts-mediated syntheses, with a faster rate compared to the process
performed with microorganisms [21]. Many works are available on the bio-synthesis of AgNPs from
plant leaves extracts [22], such as Rosa rugosa [23], Psidium guajava [24], Magnolia Kobus, Ginko biloba,
Pinus desiflora, Diopyros kaki, Pllatanus orientalis [25], Stevia rebaudiana [26], Cocos nucifera coir [27],
Chenopodium album [28], Gliricidia sepium [29], Ocimum sanctum [30], Cycas [31]. Olea Europaea is one
of the most important tree in the Mediterranean countries, due to their capability to produce oil,
a relevant source of nutrition and medicine [32]; the leaves have always been used as antimalarial,
antibacterial and anti-mycoplasma agent, thanks to their inherently high concentration of antioxidants
and anti-inflammatory molecules [33]. Biological molecules such as luteolin-7-glucoside, luteolin,
cafeic acid, p-coumaric acid, vanillin, diosmetin, rutin, apigenin-7-glucoside, diosmetin-7-glucoside
and vanillic acid [34,35] are present in high concentrations [36]. Secoiridoids like oleuropein only exist
in plants belonging to the family of Oleaceae. These compounds are both terpenic and hydroxy aromatic
secondary metabolites. Olive leaves are also rich in mannitol, which is a sugar alcohol, synthesised
only by the Oleaceae plants [37]. Therefore, in this study, we wondered if two Olea Europaea cultivar
leaves, Leccino and Carolea, might be used as natural sources to synthesize AgNPs with controlled
properties. We used the leaves of these trees resulting from pruning and other agricultural activities,
which were destined to become waste. We investigated the physico-chemical properties of the AgNPs
achieved, from the two selected cultivar leaves, in low temperature conditions and different pH
conditions (pH 7 and pH 8). Such a green synthetic route, optimized for achieving AgNPs from olive
oil extracts, was found to be fast, low-cost, reproducible and environmentally friendly. In addition,
its reproducibility was assessed by synthesizing AgNPs from another Mediterranean plant, the Laurus
Nobilis. Finally, the antibacterial and anticancer properties of the obtained AgNPs, were tested against
bacteria colonized well water and two cancer cell lines, respectively.

2. Materials and Methods

2.1. Preparation of Leaves Extract

Leaves of two Olea Europaea cultivar (Leccino and Carolea), were collected in winter from olive trees.
Several washes with MilliQ water were carried out in order to remove pollution or other contaminants
from leaves. Leaves were then dried at room temperature overnight. There was 50 g of leaves finely
cut and added in 500 mL of MilliQ water. The mix was boiled for 15 min. The extract was cooled
down to room temperature, and afterwards filtered with Whatman No. 1 filter paper. The filtrate was
further centrifuged at 4000 rpm for 10 min and the supernatant was used for the synthesis. The same
procedure was implemented for the preparation of Laurus Nobilis extract.
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2.2. Synthesis of Green AgNPs

There was 5 mL of extract added to 100 mL of AgNO3 (1 mM) and the reaction was heated
to 60 ◦C for 45 min. In this time, the reaction colour changed from clear yellow to dark brown,
indicating reduction of Ag+ ions to Ag0 NPs at pH 7. We also used NaOH to increase the pH of
the mixture from 7 to 8. The solution was centrifuged at 12.000 rpm for 30 min in order to obtain
concentrated AgNPs for the next characterizations steps.

2.3. Characterization of Green AgNPs

2.3.1. Transmission Electron Microscopy (TEM), Dynamic Light Scattering (DLS) and ζ-Potential

TEM characterizations were carried out with a JEOL Jem 1011 microscope, operating at an accelerating
voltage of 100 kV (JEOL USA, Inc, Peabody, MA, USA). TEM samples were prepared by dropping a
dilute solution of NPs in water on carbon-coated copper grids (Formvar/Carbon 300 Mesh Cu). DLS and
ζ-potential measurements were performed on a Zetasizer Nano-ZS equipped with a 4.0 mW HeNe laser
operating at 633 nm and an avalanche photodiode detector (Model ZEN3600, Malvern Instruments Ltd.,
Malvern, UK). Measurements were performed at 25 ◦C in aqueous solution (pH 7).

ImageJ open source software (NIH image) version 1.47 was used with a suite of analysis
routines used for particle analysis to test the circularity values of NPs measured on TEM acquisition.
Sorting based on circularity and including only those with circularity values > 0.8 will ensure any
aggregates are not included in the measurement [38].

2.3.2. UV-Vis Spectroscopy

The UV–Vis absorption spectra of AgNPs samples were collected at room temperature by means
of a Cary 5000 UV/Vis/NIR spectrophotometer (Varian, Palo Alto, CA, USA).

2.3.3. Energy-Dispersive X-ray Spectroscopy (EDS)

EDS analyses were recorded with a Phenom ProX microscope (Phenom-World B. V., Eindhoven,
Germany), at an accelerating voltage of 10 kV. The samples were prepared by dropping a solution of
NPs in water onto monocrystalline silicon wafer.

2.3.4. Attenuated Total Reflection (ATR) Fourier Transform Infrared Spectroscopy (FTIR)

Mid-infrared spectra were acquired with a Varian 670-IR spectrometer equipped with a DTGS
(deuterated tryglycine sulfate) detector. The spectral resolution used for all experiments was 4 cm−1.
For attenuated total reflection (ATR) measurements, a one-bounce 2 mm diameter diamond microprism
was used as the internal reflection element (IRE). Films were directly cast onto the internal reflection
element by depositing the solution or suspension of interest onto the upper face of the diamond crystal
and allowing the solvent to evaporate.

2.3.5. Cell Culture

MCF-7 and Hela were maintained in high glucose DMEM with 50 μM of glutamine, supplemented
with 10% FBS, 100 U/mL of penicillin and 100 mg/mL of streptomycin. Cells were incubated in a
humidified controlled atmosphere with a 95 % to 5 % ratio of air/CO2, at 37 ◦C.

2.3.6. WST-8 Assay

MCF-7 and Hela cells were seeded in 96 well microplates at the concentration of 5 × 103 cells/well
after 24 h of stabilization. NPs stock solutions (AgNPs from the Leccino, Carolea at pH 7 and AgNPs
from the Leccino, Carolea and Laurus Nobilis at pH 8) were added to the cell media at 20 μg/mL and
50 μg/mL. Cells were incubated for 48 and 96 h. At the endpoint, cell viability was determined using a

109



Nanomaterials 2019, 9, 1544

standard WST-8 assay (Sigma Aldrich). Assays were performed following the procedure previously
described in De Matteis et al [39]. Data were expressed as mean ± SD.

2.3.7. Lactate Dehydrogenase (LDH) Assay

MCF-7 and Hela cells were seeded in 96 well microplates (Constar) and treated with NPs stock
solutions (AgNPs from the Leccino, Carolea at pH 7 and AgNPs from the Leccino, Carolea and Laurus Nobilis
at pH 8) at 20 μg/mL and 50 μg/mL of concentration. After 48 and 96 h of cell–AgNP interaction, the LDH
leakage assay was performed onto microplates by applying the CytoTox-ONE Homogeneous Membrane
Integrity Assay reagent (Promega) following the manufacturer’s instructions. The culture medium was
collected, and the level of LDH was measured by reading absorbance at 490 nm using a Bio-Rad microplate
spectrophotometer (Biorad, Hercules, CA, USA). Data were expressed as mean ± SD.

2.3.8. Determination of the Intracellular Uptake of Green AgNPS by Inductively Coupled Plasma
Atomic Emission Spectroscopy (ICP-AES)

1 × 105 of MCF-7 and HeLa cells were seeded in 1 mL of medium in a 6-well plate. After 24 h
of incubation at 37 ◦C, the medium was replaced with fresh medium containing the green AgNPs
obtained at pH 7 and pH 8, at the concentrations of 20 μg/mL and 50 μg/mL. After 48 h and 96 h
of incubation at 37 ◦C, the culture medium was removed, and the MCF-7 and Hela washed with
PBS buffer to eliminate non-internalized NPs. Cells were detached with trypsin and counted by sing
automatic cell counting chamber. 360.000 cells were suspended in 200 μL of milliQ, and treated with
HNO3 and diluted to 5 mL: the solution was analysed to evaluate Ag content. Elemental analysis was
carried out by ICP-AES, Varian Vista AX spectrometer (Varian Inc., Palo Alto, CA, USA).

2.3.9. Comet Assay (Single Gel Electrophoresis)

HeLa cells were exposed to 50 μg/mL of AgNPs obtained from Leccino and Carolea for 96 h,
at density of 5 × 104 in each well of 12-well plates in a volume of 1.5 mL. After treatments, cells were
centrifuged and suspended in 10 μL of PBS at concentration of 1000 cells/μL. The cell pellets were
mixed with 75 μL of 0.75 % low-melting-point agarose (LMA) and then layered onto microscope slides
pre-coated with 1% normal melting agarose (NMA) and dried at room temperature. Subsequently,
the slides were immersed in an alkaline solution (300 mM of NaOH, 1 mM of Na2EDTA, pH 13) for
20 min to allow for unwinding of the DNA. The electrophoresis was carried out in the same buffer
for 25 min at 25 V and 300 mA (0.73 V/cm). After electrophoresis, cellular DNA was neutralized by
successive incubations in a neutralized solution (0.4 MTris–HCl, pH 7.5) for 5 min at room temperature.
The slides were stained with 80 μL SYBR Green I (Invitrogen). Comets derived from single cells were
photographed under a Nikon Eclipse Ti fluorescence microscope, and head intensity/tail length of each
comet were quantified using Comet IV program (Perceptive Instruments).

2.3.10. Determination of Ag+ Release

Ag+ release was quantified using 50 μg/mL of AgNPs from Leccino and Carolea cultivar obtained
at pH 7 and AgNPs from Leccino, Carolea cultivar and Laurus Nobilis obtained at pH 8. The release
was studied upon 24 h, 48 h and 96 h of incubation time in water (pH 7) and acidic buffer (pH 4.5).
After the time points, the NPs were collected by centrifugation at 13.000 rpm for 1 h and digested
by the addition of HNO3 solution (10% v/v). The number of free ions was measured by ICP-AES
(Varian Inc., Palo Alto, CA, USA).

2.3.11. Confocal Measurements

HeLa cells were seeded at concentration of 8× 104 cells/mL in glass Petri dishes (Sarstedt, Germany).
After 24 h of stabilization, the culture media was supplemented with AgNPs derived from Leccino
and Carolea (50 μg/mL) for 96 h. After exposure, the medium was removed; then three washes with
Phosphate Buffered Saline (PBS, D1408, Sigma Aldrich) were performed. Samples were fixed by using
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glutaraldehyde (G5882, Sigma Aldrich) at 0.25 % in PBS for 10 min. After two washes with PBS,
Triton X-100 (Sigma Aldrich) at 0.1 % for 5 min was used to permeabilize the cell membrane of fixed
cells before staining the nuclei by 1 μg/mL of DAPI (D9542, Sigma Aldrich) for 5 min. Acquisitions
were performed by Leica TCS SPE-II confocal microscope using a 100× objective (water immersion,
HCX PL APO, 1.10NA). The fluorescent images were obtained exciting fluorescent dyes by means laser
radiation having wavelength at 405 nm. The nuclear morphology was quantified in terms of shape
descriptor parameter: circularity. Circularity parameter compares an object to a circle; it is ranges from
0 to 1 (for a perfect circle). All results were obtained as means calculated on 15 cells and data were
statistically analysed by means of a paired two-tailed t-test. The statistical difference of results was
considered significant for p-value < 0.05*.

2.4. Antibacterial Activity of Green AgNPs

Collection of Water Samples

Water samples were collected from coliforms contaminated artesian well in south of Italy with
bottles previously sterilized. The collection was done in the early morning, because it was reported
that the coliforms could increase in warm pulled water [40].

2.5. Total Bacteria Detection by Plate Count Techniques

The count of viable bacteria was performed by plate count techniques [41].Well water (1 mL) was
dropped on petri dishes previously filled with 9 mL of Plate Count Agar (Liofilchem) using spread
plate technique for control. For treated samples, 50 μg/mL of green AgNPs derived both from Leccino
and Carolea at pH 7 and from Leccino, Carolea and Laurus Nobilis at pH 8 were added. The inoculated
plates were incubated at 22 ◦C for 72 h and 37 ◦C for 48 h after which the plates were observed. Bacteria
growth and numbers of colonies were counted using a colony counter. Colony counts were expressed
as Colony Forming Units (CFU/ml) of the sample:

No. of CFU/ml = No. of colonies counted × Dilution factor × Volume of sample taken.

2.6. Most Probable Number (MPN) to detect Coliforms and Faecal Coliforms

Most Probable Number (MPN) method [42] permitted to evaluate the number of coliforms bacteria
in well water by means of replicate liquid broth growth in ten-fold dilutions. Contaminated well
water was diluted serially and inoculated in Lactose Broth (Merck) at 37 ◦C for 24 h. The treated well
water samples were represented by water with 50 μg/mL of green AgNPs derived both from Leccino
and Carolea at pH 7 and from Leccino, Carolea and Laurus Nobilis at pH 8 before the inoculation at
37 ◦C for 24 h. The presence of total coliforms in water was detected by the ability of these bacteria to
produce acid and gas using lactose. The acid production was detected by color change and the gas
with the gas bubbles in the inverted Durham tube. To evaluate the AgNPs-induced bacteria reduction,
the total number of coliforms, in terms of MPN index (estimated number of coliforms in 100 mL of
water), was obtained by counting the tubes within two reactions taking place and comparing them
with standard statistical tubes. This involved the presumptive, confirmed and completed test for
coliform bacteria [43]. Incubation at high temperature was used to distinguish organisms of the total
coliforms from faecal coliform group. In order to detect faecal coliforms, 1 mL of liquid medium from
the tubes that underwent a color change, indicating the presence of coliforms, was added to EC broth
(10 mL) at 44.5 ◦C for 24 h. Gas production with growth within 24 ± 2 h of incubation at 44.5 ± 0.2 ◦C
is considered positive for the presence of faecal coliforms in water. Absence of gas production is
considered a negative test for the presence of faecal coliforms [44,45].
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3. Results and Discussion

The use of plants or microorganisms to synthetize NPs is a method particularly suitable for
achieving metal NPs, such as AgNPs [46]. In our work, we used plants extracts obtained from leaves
of typical Mediterranean tree, which can be easily found in Italy, namely Olea Europaea. The olive is
an evergreen tree and its leaves are by products of olive farming that are stored during the pruning
process [47]. Among different cultivar, differences in leaves length can be observed ranging from
30 to 80 mm [48]. The leaves from Olea Europaea, Leccino and Carolea cultivar, growing in the same
pedoclimatic conditions (Figure 1a), were collected in winter when the bioactive compounds, such as
amino acids, tannins and carbohydrates content was abundant [49]. In particular, the production of
NPs was favoured by the high concentration of phenols in cold season that helped the Ag+ clustering,
which was the seeding event in the growth of NPs [50]. Leaves were used to prepare plants extracts
(Figure 1a) useful to obtain AgNPs with easy and not-toxic reproducible synthetic route with the
addition of 1 mM of AgNO3 at two different pH (7 and 8) and at low temperature. The solution turned
dark brown in 45 min confirming the AgNPs formation promoted by reduction of the Ag+ (Figure 1b).
The dark brown colour indicated the free conduction electrons oscillation induced by the surface
plasmon resonance excitation phenomenon [51,52].

The difference between the newly suggested green synthetic route and the previous approach by
some of the authors [39] consists in the non-use of in sodium citrate and tannic acid, added at high
temperature, to boost the Ag+ reduction to obtain stable and monodispersed spherical AgNPs with a
size of (20 ± 3) nm. NPs obtained from leaves extracts were deeply characterized by means of TEM,
DLS, ζ-Potential, UV-vis, EDS and FTIR-ATR in water. TEM analyses confirmed that AgNPs were
different in shape and size when using the two cultivar extracts at pH 7 (Figure 1c,d,f,g). In detail,
AgNPs derived from Leccino at pH 7 showed a quasi-spherical morphology and a mean size of (35 ± 8)
nm (Figure 1e), whereas AgNPs obtained from Carolea were mainly triangular and hexagonal in shape,
with a mean size of (60 ± 11) nm (Figure 1h). DLS measurements carried out in water were perfectly
consistent with TEM analyses: in fact, the AgNPs showed a hydrodynamic radius compatible with the
mean size values noticed in TEM acquisitions. In particular, at pH 7, the hydrodynamic radius recorded
for Leccino was (31 ± 9) nm (Figure 1i) whereas it was (58 ± 14) nm for Carolea (Figure 1l). Interestingly,
the increase of the pH reaction solution up to 8 triggered the formation of monodispersed AgNPs with
comparable size and shape, though using different Olea Europaea cultivars; in fact, spherical shape and
smaller mean size (10 - 22 nm) were observed in NPs synthesized using extracts from both cultivars.
Such figures of merit were indeed different compared to those observed in NPs synthesized at pH
7 (Figure 2a,b,d,e). These results were correlated to pH 8 that influenced the stabilization NPs [22].
AgNPs from Leccino had a mean size of (15 ± 2) nm (Figure 2c). On the contrary, the same NPs derived
from Carolea showed a mean size of (23 ± 7) nm (Figure 2f). DLS measurements allowed an estimation
of the NP hydrodynamic radius of (12 ± 3) nm for NPs from Leccino (Figure 2g), and 20 ± 8 nm from
Carolea (Figure 2h). Such values were in agreement with the TEM observations.

After demonstrating the potential to use leaves from Olea Europaea for the synthesis of AgNPs,
we moved on to synthesize AgNPs from the extract of Laurus nobilis, in order to validate the results
obtained by using the same procedure at pH 8 using extracts from different trees deriving from the
same Mediterranean area. In this case, the achieved AgNPs showed a mean size of (20 ± 8) nm
(Figure 3c), as also confirmed by the DLS peak at (22 ± 6) nm (Figure 3d). These data were consistent
with those found for the above reported syntheses at the same pH, using olive leaves extracts.
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Figure 1. Morphologic differences between leaves collected from Leccino and Carolea cultivars and leaves
extract preparation (a). The reaction started with AgNO3 addition and the change of colour from yellow to
dark brown indicated silver NPs (AgNPs) formation (b). Representative TEM images of AgNPs obtained
from Olea Europaea Leccino (c–d) and from Carolea (f–g) at pH 7. Size distribution was measured on
500 AgNPs from Leccino (e) and Carolea (h) and fitted with a normal function (solid line). Dynamic Light
Scattering (DLS) measurements in water of AgNPs from Leccino (i) and Carolea (l) at pH 7.

Afterwards, ζ-potential analyses revealed that negative surface charge was observed for all the
obtained AgNPs in water (Table 1). This can be ascribed to proteins and other biological molecules
present in leaves extracts, adsorbed on the NPs surface [53]. In fact, during green synthetic process,
biomolecules such as proteins and peptides behave as capping agents and they are typically adsorbed
during the NPs formation step, affecting the reaction dynamic and the NPs growth in different
directions. These negatively charged natural capping agents are responsible of NPs stabilization due to
their ability to control particles size, shape/morphology and to protect the surface from agglomeration
phenomena that will influence their consequent uptake in cells [54].

113



Nanomaterials 2019, 9, 1544

Figure 2. Representative TEM images of AgNPs obtained from Olea Europaea (a–b) Leccino and (d–e)
Carolea at pH 8. Size distribution was measured on 500 AgNPs from Leccino (c) and Carolea (f) and fitted
with a normal function (solid line). DLS measurements in water of AgNPs from Leccino (g) and Carolea
(h) at pH 8.

Figure 3. Representative TEM images of AgNPs obtained from Laurus Nobilis at pH 8 (a–b).
Size distribution was measured on 500 AgNPs and fitted with a normal function (solid line) (c).
DLS measurements in water of AgNPs from Laurus Nobilis at pH 8 (d).
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Table 1. ζ-potential values of green silver NPs (AgNPs) achieved at different pH.

Green AgNPs pH Zeta Potential Value

AgNPs from Olea europaea (Leccino) 7 −15 ± 5
AgNPs from Olea europaea (Carolea) 7 −20 ± 3
AgNPs from Olea europaea (Leccino) 8 −30 ± 8
AgNPs from Olea europaea (Carolea) 8 −18 ± 2

AgNPs from Laurus Nobilis 8 −25 ± 2

Image J software was used to investigate the NPs sharpness by means the circularity parameter.
We used high resolution TEM images to measure the geometrical parameters of the NPs; 50 random
NPs from each type were investigated to obtain the average circularity distribution (Table 2).
Circularity values near 1 indicate a perfect cycle, whereas near 0 an high sharpness degree [55].
The AgNPs obtained from Carolea cultivar at pH 7 had an average circularity of (0.28 ± 8) and
showed a much higher degree of sharpness when compared to AgNPs from Leccino at the same
pH 7, which presented an average circularity of (0.55 ± 4). NPs tended to assume a more spherical
morphology at pH 8 even if different cultivars were used in basic synthesis, with an average circularity
of (0.88 ± 3) for Leccino, and (0.63 ± 6) for Carolea. Laurus nobilis extract, on the other hand, induced the
formation of AgNPs with a circularity value of (0.65 ± 4).

Table 2. Circularity values obtained using ImageJ software on TEM acquisitions.

Green AgNPs Circularity Value (pH 7) Circularity Value (pH 8)

AgNPs from Olea Europaea–(Leccino) 0.55 ± 4 0.88 ± 3
AgNPs from Olea Europaea–(Carolea) 0.28 ± 8 0.63 ± 6

AgNPs from Laurus Nobilis - 0.65 ± 4

UV-vis absorption spectra of the AgNPs were recorded in the 300–800 nm range and compared
with those of the corresponding leaves extracts (Figure 4a).

1 mg/mL of leaves extracts, prepared as reported in the experimental section was used, and two
peaks in the UV region, namely at 280 nm and 350 nm, probably due to aromatic compounds, have
been detected for all the extracts solutions, while no absorption signal was detected in the 400-800 nm
range. The absorption spectra of the AgNPs obtained from Leccino and Carolea extracts at pH 7 showed
a surface plasmon resonance peak at 463 nm and 458 nm, respectively, which was red-shifted compared
to AgNPs synthesized by colloidal chemical routes [39], showing a peak at 400 nm. It is worthwhile to
notice that in both samples; the plasmon peaks were rather broad, suggesting the formation of AgNPs
with a broad size distribution (Figure 4b). In particular, when the sharpness degree increased like in
the case of triangulary-shaped NPs, the spectrum underwent a pronounced red shifted with respect to
the AgNPs produced by colloidal chemical reduction processes. When the synthesis was performed at
pH 8, the absorption spectra were narrow and closer to the wavelength absorption peak of the AgNPs
synthesized by colloidal chemical routes. Namely, a peak at 420 nm was observed for the AgNPs from
Leccino, and at 417 nm for the AgNPs from Carolea. The absorption peak of the AgNPs from Laurus
nobilis was at 415 nm (Figure 4c).

Elemental analyses were also performed to investigate the chemical composition of the NPs
samples. The EDS analyses of the AgNPs deposited onto silicon substrate in the range of 0–5 keV
(Figure 5) clearly showed a strong spectral signal in the silver region (3–3.5 keV), both for NPs derived
from colloidal chemical route and from green NPs, processed both at pH 7 and pH 8. The signals
related to Na, Mg, Cl, C, O suggested the presence of biomolecules (carbohydrates and proteins).
The Na element can be originated from sodium citrate, which was used for the colloidal chemical
synthesis (green spectrum in Figure 5a).

FTIR-ATR spectroscopy investigation was performed in order to study the chemical composition of
the solution in which the AgNPs were synthesized by the here proposed “green” approach, and hence,
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to elucidate the chemical groups which could be involved in the stabilization of the NPs in aqueous
solution upon their formation. For this purpose, the FTIR-ATR spectra of the AgNPs solutions were
compared with those of the plant extracts achieved in the same experimental conditions used to
synthesize AgNPs. The FTIR-ATR spectrum of AgNPs prepared by the chemical colloidal route, in the
presence of sodium citrate and tannic acid surfactant was reported, as a suitable reference for the
assignment of the FTIR-ATR peaks of the AgNPs, synthesized by the green route [39].

1 

 

Figure 4. UV-vis spectra of Olea Europaea extracts (Leccino, Carolea) and Laurus Nobilis (a), UV-vis spactra
of AgNPs derived from colloidal chemical routes and from green synthesis using Olea Europaea extracts
(Leccino and Carolea) at pH 7 (b), AgNPs derived from green synthesis using Olea Europaea extracts
(Leccino and Carolea) and Laurus Nobilis at pH 8 (c).
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Figure 5. EDS measurements of AgNPs obtained from colloidal chemical route, from Leccino cultivar
and Carolea at pH 7 (a) and from Leccino cultivar, Carolea cultivar and Laurus Nobilis at pH 8 (b).

The FTIR-ATR spectra of extracts (Figure 6a) showed, in the high wavenumber region, a broad
band in the range of 3700–3014 cm−1 and the peaks at 2927 cm−1 and 2887 cm−1, which were ascribed
to the stretching vibrations of O-H and -C-H groups. Such vibrations attested for the presence of
molecules containing alcohol, carboxylic acid and aliphatic groups in the plant extracts solutions.
On the other hand, in the low wavenumber region, the peaks at ca. 1704 cm−1 and 1623 cm−1 were
ascribed to carboxylic -C=O stretching and aromatic -C=C- ring stretching modes. The peak at
1383 cm−1, with the shoulder at 1450 cm-1, were aliphatic bending vibrations and the bands at 1261
cm−1, 1198 cm−1 and 1050 cm−1 can be due to the -C-O bending of alcohols and carboxylic acid groups
and –C-O-C- stretching vibrations of ethers. The FTIR-ATR spectra of the AgNPs synthetized from
Olea Europaea (Leccino and Carolea) at pH 7 (Figure 6b) showed the broad band peak in the range of
3100–3014 cm−1 and the peaks at ca. 2927 and 2854 cm−1 due to stretching vibrations of the -O-H
and aliphatic -C-H groups of the alcohols and carboxylic acids found in the plant extracts solutions
(Figure 6a). In the low wavenumber region, they showed a shoulder at 1717 cm−1 which can be ascribed
to the -COOH stretching of free carboxylic molecules, along with two strong bands, at 1640 cm−1 and
1387 cm−1 in the NPs from Leccino, and 1600 cm−1 and 1356 cm−1 in the NPs from Carolea. Such a
double band can be accounted for by the signals of the antisymmetric and symmetric -COO- stretching
of carboxylic molecules, respectively, coordinated to the surface Ag atoms [56,57] and thus responsible
for the stabilization of the NPs in aqueous solution. Indeed, the same bands were observed also in
the FTIR-ATR spectra of AgNPs, synthesized by the colloidal chemical route, by reduction of silver
precursor in the presence of sodium citrate and tannic acid surfactants, which were coordinated to
the AgNPs surface by their carboxyl groups. Finally, the characteristic peaks of the -C-O bending of
alcohols and carboxylic acid groups and –C-O-C stretching vibrations of ethers present in the extracts
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solutions are still evident in the spectra of the green AgNPs. The AgNPs solutions synthesized at
pH 8 (Figure 6c) presented the same vibrations of the NPs solutions achieved at pH 7 (Figure 6b),
thus assessing the involvement of molecules containing carboxylic acid groups in the stabilization of
the NPs achieved also in these synthesis conditions. The same evidence was obtained for the AgNPs
achieved from Laurus Nobilis (Figure 6c) in the same experimental conditions, thus indicating that the
same chemical moieties were responsible for the stabilization of the AgNPs, irrespectively of the plant
from which the synthesis was performed.

Figure 6. FTIR spectra of Olea Europaea (Leccino and Carolea) and Laurus Nobilis extracts (a), AgNPs
derived from colloidal chemical routes and from green synthesis using Olea Europaea extracts (Leccino
and Carolea) at pH 7 (b), AgNPs derived from green synthesis using Olea Europaea extracts (Leccino and
Carolea) and Laurus Nobilis at pH 8 (c).
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The potential toxicity of NPs against cells was then investigated, opting for the MCF-7 and HeLa
cell lines. The interaction of AgNPs with MCF-7 was studied because these cells are a well-established
model for the identification of adverse effects of NPs and have an epithelial and non-invasive phenotype,
as reported elsewhere [58]. In addition, the human cervical carcinoma HeLa cells were selected because
they are the most often used models for cytotoxicity studies [59]; in addition this cell line shows good
growth and did not require growth factors for its proliferation [60,61].

We evaluated cell viability after exposing the MCF-7 and HeLa to AgNPs from Leccino and
Carolea at pH 7 (Figure 7a) and to AgNPs from Leccino, Carolea and Laurus Nobilis obtained at pH
8, at concentrations of 20 μg/mL and 50 μg/mL, for 48 h and 96 h (Figure 7b). All the tested NPs
induced toxicity in MCF-7 cells, with some differences observed between the AgNPs synthetized at
pH 7 and those at pH 8. The cytotoxic effects were more evident when cells were treated with NPs
produced at pH 7, especially for Carolea-derived NPs, in comparison with the same NPs, obtained at
pH 8. In particular, the cells treated with 50 μg/mL of AgNPs prepared from Carolea at pH 7 showed a
viability reduction of more than 30 % after 48 h, and only 48 % of cells were viable after 96 h. At pH 8,
the cytotoxic effects were similar for the AgNPs derived from Leccino, Carolea and Laurus Nobilis.

Figure 7. WST-8 of MCF-7 and HeLa cells after 48 h and 96 h exposure to two doses (20 μg/mL and
50 μg/mL) of AgNPs derived from Oleaea Europeae (Leccino and Carolea) at pH 7 (a and c) and from Oleaea
Europeae (Leccino and Carolea) and Laurus Nobilis at pH 8 (b and d.) Viability of NPs-treated cells was
normalized to non-treated control cells. As positive control (P), cells were incubated with 5 % Dimethyl
Sulfoxide (DMSO) (data not shown). Data reported as mean ± SD from three independent experiments
are considered statistically significant compared with control (n = 8) for p value < 0.05 (< 0.05 *).
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The treatment against HeLa cells showed the same trend observed for MCF-7 (Figure 7c).
Also, in this case, the AgNPs derived from Carolea at pH 7 were more toxic than the same obtained from
Leccino, but the cytotoxic effect was stronger respect to MCF-7. Indeed, at 96 h, AgNPs obtained from
Carolea induced a viability reduction of 62 % at 50 μg/mL of concentration. Using AgNPs obtained at
pH 8, the effects followed the same trend obtained in MCF-7 but the effect resulted more visible in
HeLa cells (Figure 7d).

These results suggested a selective toxicity that was dependent on the shape of the NPs, and hence,
on the pH used for the synthesis reaction [62,63]. However, it was important to remark that the toxicity
induced by these green NPs was lower compared to the same AgNPs obtained from colloidal chemical
routes [39].

AgNPs induced cell membrane poration with a consequent LDH release in close agreement
with the viability results (Figure 8). The effect was more evident in Hela cells with respect to MCF-7
especially upon AgNPs obtained from Carolea obtained at pH 7 and after 96 h at the higher concentration
(Figure 8a–c). The LDH release percentage reached an increase of about 143 % with respect to the
untreated (control) cells after 96 hours of exposure (Figure 8c). Using AgNPs obtained from the three
plant extracts at pH 8 (Figure 8b,d), the effects on cell membrane of HeLa and MCF-7 were similar.

To understand whether the enhanced cytotoxicity of Carolea-derived AgNPs may be due to
differences in uptake dynamics, we quantified the internalization of green AgNPs (20 μg/mL and
50 μg/mL) in MCF-7 and HeLa by elemental analyses (Figure 9). The uptake was slightly higher for
AgNPs derived from Carolea compared to those derived from Leccino at pH 7 in the two cell lines.
AgNPs obtained at pH 8 presented similar uptake levels, which were anyway lower compared to
NPs produced at pH 7. In MCF-7, the detected intracellular amount of Ag was (5.93 ± 0.56) μg after
incubation with 50 ug/mL of Carolea-derived AgNPs for 96 h. In the same conditions of exposure,
the Ag content found for the Leccino-derived NPs, was of (4.5 ± 0.41) μg (Figure 9a). In HeLa cells,
the uptake was more efficient than MCF-7: the effect was more evident for AgNPs from Carolea at pH
7: the intracellular Ag measured was (7.4 ± 0.67) μg for cells exposed to 50 ug/mL of NPs for 96 h.
The Ag amount observed in HeLa cells exposed to AgNPs obtained from Leccino was (4.94 ± 0.78) μg
(Figure 9c). The NPs derived from the three extracts at pH 8 shared similar trends of internalization,
which were overall lower with respect to the same NPs produced at pH 7 in the two cell lines [64]
(Figure 9b,d). The differences in uptake dynamics can be ascribed to the presence of differently
shaped NPs, as each shape follows peculiar ways to interact with the cell plasma membrane [47,48].
For example, the high local curvature and irregular shape of Carolea-derived AgNPs, having circularity
value of (0.55 ± 4), may explain their enhanced cellular internalization rate, compared to spherical NPs
having a circularity value near 1. These results could support the idea that AgNPs from Carolea cultivar
could be a preferable nano-tool for anticancer activity purpose respect to the AgNPs from Leccino.

Once observed that the stronger effect was induced by NPs obtained at pH 7 on HeLa cells,
we investigated the effect on DNA using the Comet Assay. As showed in Figure 10a–c the AgNPs
from Leccino and Carolea induced different genotoxicity on HeLa cells using the higher concentration
(50 μg/mL) at 96 h. Figure 10b,c clearly showed the differences respect to control (Figure 10a): high
level of DNA damage was found after AgNP achieved from Leccino and Carolea exposure, both in terms
of tail length and DNA percentage in the head (Figure 10d,e), showing the typical comet morphology.
AgNPs derived from Carolea induced a substantial DNA breaks that was evident in the tail length:
(59 ± 5) μm after AgNPs-Carolea exposure and (35 ± 2) μm for NPs obtained from Leccino compared to
control (15 ± 3) μm. The greater tail length corresponded to several DNA damage. Contrary, HeLa cells
incubated with AgNPs from Leccino showed a more evident head percentage (50 ± 2 %) intensity
respect to Carolea (25 ± 5%) because the DNA was mainly confined in the cellular nuclei. The chromatin
remodelling induced an alteration of nuclear morphology that could be quantified in terms of nuclei
circularity: in our case, the exposure to AgNPs provoked a circularity value reduction, indicating a
pre-apoptotic condition [65]. Confocal acquisitions on Hela cells after the addition of AgNPs (50 μg/mL)
up to 96 h showed an alteration of morphology: nuclei become less round and irregular (Figure 10g,h)
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in comparison with control cells (Figure 10f). Control HeLa cells presented nuclei circularity value of
(0.83 ± 0.03). After green AgNPs treatment, a loss of circularity value was observed: the value changed
from (0.69 ± 0.06) (AgNPs from Leccino) to 0.58 ± 0.05 (AgNPs from Carolea).

Figure 8. LDH assays on MCF-7 and HeLa cells after 48 h and 96 h exposure to two doses (20 μg/mL
and 50 μg/mL) of AgNPs derived from Oleaea Europeae (Leccino and Carolea) at pH 7 (a and c) and from
Oleaea Europeae (Leccino and Carolea) and Laurus Nobilis at pH 8 (b and d). Percent of LDH leakage of
NP-treated cells are expressed relative to non-treated control cells. Positive controls (P) consisted in
the treatment of cells with 0.9% Triton X-100 showing ca. 500 % LDH increase (data not shown). Data
reported as mean ± SD from three independent experiments are considered statistically significant
compared with control (n = 8) for p value < 0.05 (< 0.05 *).

We finally tested the antibacterial activities of these NPs. We thus incubated 50 μg/mL of AgNPs in
water extracted from a well, containing typical bacteria of well water, e.g., coliforms and faecal coliforms
(see the experimental section for details). We tested the total bacterial charge at 22 ◦C and 37 ◦C, to assess
if the same trend obtained on human cells was maintained. In addition, the anti-coliforms activity was
tested. The flora developed at 22 ◦C is autochthonous in water, while the one that developed at 37 ◦C
can be considered an expression of the presence of bacteria hosted by warm-blooded animals [66].
As reported in EU directives [67], the water designated for human consumption requires absence of
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microorganisms and the quantitative determination of total colonies and coliforms to exclude the
contamination, according to specific guidelines. The total bacteria growth at 37 ◦C was shown in
Figure 11. The count of total bacteria charge at 22 ◦C and 37 ◦C, together with total coliforms and faecal
coliforms quantification, was reported in Table 3. We observed a pronounced antibacterial activity,
which was particularly remarked upon use of the spherical AgNPs, produced at pH 8. The incubation
of AgNPs from Carolea and Leccino, obtained at pH 8, indeed inhibited the growth of bacteria present
in the contaminated well water, having high bacterial titer (especially coliforms). These results were in
line with those reported in literature [68–70], suggesting how the small spherical AgNPs (10–20 nm)
showed enhanced antibacterial activity against several bacterial species, compared to the bigger and
differently shaped AgNPs. The non-spherical AgNPs produced at pH 7 had lower antibacterial
activity with respect to smaller spherical particles. This difference can be explained by the molecular
mechanisms guiding the antibacterial effects of AgNPs. This was in fact ascribed to the ability of NPs
to release Ag+ ions from their surface, a process inducing damages at different level. In particular,
they can induce membrane damage and cellular content leakage; in addition, AgNPs or Ag+ can
bind to the constitutive proteins of cell membrane, involved in transmembrane ATP generation [68].
Hence, the different antibacterial characteristics can be due to potential different rate of Ag+ ions
release from the particles surface.

Figure 9. Green AgNPs accumulation in MCF-7 (a,b) and HeLa (c,d) cell lines exposed to 20 μg/mL
and 50 μg/mL of AgNPs derived from Leccino and Carolea at pH 7 (a,c) and AgNPs from Leccino, Carolea,
Laurus Nobilis at pH 8 (b,d) for 48 h and 96 h. Cells were then harvested, live cells were counted, and Ag
content was measured in 360.000 cells (μg Ag). Data reported as mean ± SD from three independent
experiments; statistical significance of exposed cells vs. control cells for p value < 0.05 (< 0.05 *).
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Figure 10. (a–c). Representative images acquired by Nikon Eclipse Ti fluorescence microscope of
AgNPs (derived from Leccino and Carolea) effect on DNA damage in HeLa cells line. HeLa were treated
with NPs (50 μg/mL) for 96 h. DNA damage was evaluated by (d) tail length (μm) and (e) head
intensity (%). Values shown are means from 100 randomly selected comet images of each sample.
As a positive control (P) cells were incubated with 500 μM H2O2 (data not shown). Data are reported
as mean ±SD from three independent experiments; *p < 0.05 compared with control (n = 3). (f–h).
Representative confocal images of HeLa nuclei: control (f) and after the exposure to 50 μg/mL of AgNPs
from Leccino (g) and Carolea (h) after 96 h. (i) Histogram reported the mean values and their respective
standard deviation of nuclear circularity. The statistical significance of results respect to control cells
was evaluated by t test, and reported in histograms (*** p < 0.005.).
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Figure 11. Total bacteria detection by plate count techniques to test colonies at 37 ◦C. 50 μg/mL of green
AgNPs derived from Leccino, Carolea at pH 7 (b,c) and from Leccino, Carolea and Laurus Nobilis and pH 8
(d,e,f) were added in water before inoculation to test the antibacterial activity.

In order to understand if the toxicological profile of the green synthetized NPs were associated
with their degradation, we have analysed the release of Ag+ from AgNPs (50 μg/mL) in water and
in acidic buffer that mimic the acidic lysosome environment (pH 4.5). Our results clearly showed a
great ions release from Carolea obtained at pH 7 in acidic buffer (12.5 ± 1.9) μM after 96 h, whereas
in water the release was few both from Leccino and Carolea AgNPs (Figure 12a): (1 ± 0.3) μM and
(1.3± 0.4) μM respectively. The AgNPs obtained at pH 8 showed lower ionization trend even in acidic
environment (Figure 12b) with similar results in the three AgNPs species. These results could explain
the higher toxicity in cancer cells of AgNPs from Carolea obtained at pH 7 after cell internalization,
whereas in well water the toxicity against bacteria could be verify due to the interaction of small
amount of Ag+ released in water. However, this kind of NPs obtained from plants extracts were
more resistant to degradation with respect to the NPs obtained with standard chemical route as
previously reported [12,39]. Probably the biomolecules adsorbed on NPs surface acted as protection
and stabilization agents.
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Figure 12. Effects of time and pH on silver ions release from AgNPs (50 μg/mL) derived from Leccino
and Carolea obtained at pH 7 (a) and AgNPs from Leccino, Carolea and Laurus Nobilis at pH 8 (b). NPs
degradation was evaluated both in buffer (pH 4.5) and in water (pH 7) up to 96 h. NPs degradation in
neutral conditions was analysed also in culture medium, finding the same behaviour observed in water
(data not shown).

4. Conclusions

In this work, a fully green method was reported for the production of AgNPs, completely free from
both solvents and hazardous reagents. To do this, leaves extracts from two cultivars of Olea Europaea
(Leccino and Carolea) were used, in order to produce AgNPs with a full control of physico-chemical
characteristics. In particular, we demonstrated, for the first time, that using either Leccino or Carolea
induces a clear difference in size and shape of AgNPs, in neutral environment; whereas at pH
8, using the same cultivar extracts, the NPs resulted smaller, with more regular morphology and
monodispersed. Furthermore, the uptake dynamics and cytotoxicity of these AgNPs were studied in
breast cancer cell lines, allowing to prove them as good antibacterial agents, with a further evidence of
AgNPs’ different behaviour to induce toxicity in cells and bacteria when obtained at pH 7 or pH 8.
Moreover, another strength of this method consists in the theoretically unlimited source of reducing
agent (i.e., the leaves extract obtained from agricultural processing waste), as well as its negligible
environmental impact.
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Abstract: Polydopamine (PDA)—a known adhesive coating material—was used herein to strongly
immobilize a Pt-particle catalyst on an acrylonitrile–butadiene–styrene copolymer (ABS) substrate.
Previous studies have shown that the poor adhesion between Pt particles and ABS surfaces is a
considerable problem, leading to low catalytic durability for H2O2 decomposition during contact-lens
cleaning. First, the ABS substrate was coated with PDA, and the PDA film was evaluated by X-ray
photoelectron spectroscopy. Second, Pt particles were immobilized on the PDA-coated ABS substrate
(ABS-PDA) using the electron-beam irradiation reduction method. The Pt particles immobilized on
ABS-PDA (Pt/ABS-PDA) were observed using a scanning electron microscope. The Pt-loading weight
was measured by inductively coupled plasma atomic emission spectroscopy. Third, the catalytic
activity of the Pt/ABS-PDA was evaluated as the residual H2O2 concentration after immersing it
in a 35,000-ppm H2O2 solution (the target value was less than 100 ppm). The catalytic durability
was evaluated as the residual H2O2 concentration after repeated use. The PDA coating drastically
improved both the catalytic activity and durability because of the high Pt-loading weight and strong
adhesion among Pt particles, PDA, and the ABS substrate. Plasma treatment prior to PDA coating
further improved the catalytic durability.

Keywords: catalytic durability; polydopamine (PDA); strong adhesion; supported catalyst; H2O2

decomposition

1. Introduction

Mussels can strongly adhere to several surfaces using their body fluid, regardless of whether the
surfaces are dry or wet [1–3]. This phenomenon of adhesion to wet surfaces is unusual in the adhesives
industry. The body fluid of mussels was examined, and it was found that 3,4-dihydroxy-L-phenylalanine
(DOPA) and lysine-enriched proteins contributed to its strong adhesion [4–6]. As a result, polydopamine
(PDA) has attracted the attention of many scientists because its structure is similar to that of DOPA.
Surface chemical composition affects adhesion properties. Both DOPA and PDA have hydroxyl and
amino groups and a benzene ring, so they can interact with various materials such as metal oxides, metals,
and polymers, not only through van der Waals forces, but also via hydrogen or coordinate bonding or
π–π stack interaction. Since PDA has been reported as a novel adhesive coating for several materials
such as Pt, Cu, TiO2, SiO2, and Al2O3 [7], it has received even more attention. For example, there are
reports of PDA being utilized at sites for growing hydroxyapatite (HAp) [8]; PDA-coated polystyrene (PS)
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particles have been used to prepare a structural-color-controlled ink [9]; a PDA-grafted hydrogel has been
demonstrated to adhere to a wet mucous membrane [10]; and a PDA coating has been used as a seed
layer for a TiO2–polytetrafluorethylene (PTFE) nanocomposite coating [11]. Recently, PDA was utilized
to improve the adhesion between a polydimethylsiloxane (PDMS) nanosheet and a living body [12]. This
research demonstrated that a PDA coating combines both high adhesion and biocompatibility.

The number of contact-lens wearers has increased in recent years and is currently estimated to
be approximately 140 million [13]. There are two types of contact-lens wearers, namely, those who
use one-day disposable lenses and those who prefer repeatable-use (e.g., monthly) contact lenses.
Although one-day disposable contact lenses do not need cleaning and disinfecting, their high cost
is a serious disadvantage. In contrast, repeatable-use contact lenses are less expensive in the long
term, but it is essential to clean and disinfect them properly once per day to prevent eye infections.
There are three types of methods for cleaning and disinfecting contact lenses: the first method is boil
cleaning, the second is H2O2 cleaning, and the third is cleaning with a multipurpose solution (MPS).
MPS cleaning has the advantage of being simple because only one solution is required for cleaning,
disinfection, and storage. However, contact-lens wearers applying the MPS cleaning method are likely
to have eye problems if they do not clean their contact lenses carefully enough. Thus, the number
of contact-lens wearers using MPS cleaning has gradually decreased since 2009, while that of users
applying the H2O2 cleaning method has increased [14]. The reason for this is that eye problems are
unlikely to occur in the case of H2O2 cleaning because a 35,000-ppm H2O2 solution exhibits a high
disinfecting performance. However, when H2O2 cleaning is applied, there is a risk of the eyes becoming
bloodshot or painful—even of blindness—if the 35,000-ppm H2O2 solution enters the eyes without
being decomposed to a concentration of 100 ppm [15]. Electroless platinum (Pt) plating has been
performed to give an acrylonitrile–butadiene–styrene copolymer (ABS) substrate catalytic performance
for accelerating the H2O2 decomposition process (Figure 1a). Pt is very expensive, so there is a strong
need to decrease the amount of Pt used in contact-lens cleaners. We have suggested replacing the Pt
film with Pt particles, which results in a drastic decrease in the amount of Pt required (Figure 1b) [16].
However, some problems remain regarding the catalytic durability, although we pretreated the surface
by etching, electric charge control, or both [17]. As mentioned above, PDA has the potential to adhere
metal particles to resin substrates. In this study, we used a PDA coating as a pre-treatment to strongly
and safely immobilize Pt particles on an ABS substrate to improve the catalytic durability of the
material (Figure 1c). The effects of the PDA coating on the properties of the ABS surface and the
catalytic activity, Pt-loading weight, and catalytic durability of the system were investigated.

 

Figure 1. Schematic of the processes for preparing (a) a Pt-film/ABS sample by the electroless plating
method, (b) a Pt-particle/ABS sample by EBIRM without pre-treatment, and (c) a Pt-particle/ABS-PDA
sample by EBIRM adding a PDA coating as a pre-treatment.
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2. Results and Discussion

2.1. External Appearance

The changes in the external appearances of the ABS samples were monitored to confirm that PDA
coating had occurred. Figure 2 presents photographs of ABS samples with a masking using polyimide
(PI) tape before and after PDA coating. The color of the PDA-coated area changed from cream to gray,
and this gray color remained after ultrasonic cleaning, which confirmed that the PDA film was strongly
attached to the ABS surface.

  
(a) (b) 

Figure 2. Photographs of ABS samples with a masking using polyimide (PI) tape (a) before PDA
coating and (b) after PDA coating for 24 h.

2.2. Confirmation of the Formation of a PDA Film by X-Ray Photoelectron Spectroscopy (XPS)

To examine the effects of the PDA coating on the chemical composition of ABS substrates, we
analyzed pretreated ABS surfaces that did not contain Pt particles by XPS. Figure 3 presents the XPS
spectra of the surface of an ABS substrate before and after PDA coating at different immersion times in
a dopamine (DA) solution. When the ABS substrates were immersed in a DA solution, the intensities
of the peaks assigned to C–H and C–C (285 eV) decreased, whereas those of the peaks assigned to C–N
and C–O (286.5 eV) increased, as illustrated in Figure 3a. The intensities of the signals in the N1s-XPS
spectra did not increase because the ABS substrate originally contained a C≡N bond, as illustrated in
Figure 3b. In addition, when the ABS substrates were immersed in a DA solution, the intensities of the
signals in the O1s-XPS spectra also increased, as illustrated in Figure 3c. The calculated N/C atomic
ratio is presented in Figure 3d, where it can be seen that it increased with increasing immersion time in
the DA solution. When the ABS substrates were immersed in a DA solution for 3 and 24 h, the N/C
ratios were 0.129 and 0.120, respectively. These ratios were roughly consistent with the theoretical
value of N/C = 0.125. These results indicate that the ABS surfaces were coated with a PDA film.

 
(a) (b) 

Figure 3. Cont.
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(c) (d) 

Figure 3. X-ray photoelectron spectroscopy (XPS) spectra of an ABS surface before and after PDA coating
at different immersion times in a DA solution: (a) C1s-XPS, (b) N1s-XPS, (c) O1s-XPS, and (d) the N/C ratio.

2.3. Observation of Pt Particles by SEM

The Pt particles immobilized on the ABS surfaces were analyzed by SEM to confirm the deposition
of Pt particles. Figure 4 presents SEM micrographs of the surfaces of Pt/ABS samples with or without
PDA coating at a low magnification. The small white spots in the images are Pt particles. The high
dispersibility of Pt particles was confirmed for all samples. The number of Pt particles clearly increased
upon PDA coating. Moreover, the number of Pt particles increased with increasing DA immersion time.
Some holes (with diameters of 50–200 nm) were observed in the Pt/ABS-untreated sample (Figure 4a),
but they were absent in the Pt/ABS-PDA samples (Figure 4b–d). This indicates that the holes originally
present on the ABS surface were successfully coated with the PDA film.

  
(a) (b) 

  
(c) (d) 

Figure 4. Scanning electron microscope (SEM) images of the surface of an ABS substrate before and after
PDA coating and Pt immobilization: (a) Pt/ABS-untreated, (b) Pt/ABS-PDA(1h), (c) Pt/ABS-PDA(3h),
and (d) Pt/ABS-PDA(24h).
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2.4. Pt-Loading Weight Determined by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES)

The effects of the PDA coating on the Pt-loading weights of the Pt/ABS samples were also examined.
Figure 5 illustrates the Pt-loading weights of substrates with or without PDA coating. It can be seen
that the values were higher for the Pt/ABS-PDA samples than for the Pt/ABS-untreated ones, thus
indicating that PDA coating increased the Pt-loading weight. In addition, the Pt-loading weights for the
Pt/ABS-PDA samples increased with increasing DA immersion time. These results of Pt-loading weight
are consistent with the SEM images illustrated in Figure 4. When an ABS substrate is coated with a
PDA film, the number of sites for immobilizing Pt particles also increases, resulting in an increased
Pt-loading weight. The Pt-loading weight of the Pt/ABS-PDA(24h) material (11.2 μg/substrate) was
approximately twice that of the Pt/ABS-untreated sample, but at least 130 times lower than that of an
ABS substrate coated with an electroless-plated Pt film (Pt-film/ABS) (1500 μg/substrate), which had
been studied earlier [16].

Figure 5. Pt-loading weights of Pt/ABS samples with or without the PDA coating.

2.5. Catalytic Activity for H2O2 Decomposition

To evaluate the catalytic activity of the materials for H2O2 decomposition, the residual H2O2

concentration was measured in the system after immersing Pt/ABS samples with or without the PDA
coating in a 35,000-ppm H2O2 solution for 360 min. Briefly, the lower the residual H2O2 concentration,
the higher the catalytic activity. Figure 6 illustrates the catalytic activity of Pt/ABS samples with
or without the PDA coating. The untreated ABS sample without Pt particles did not decompose
H2O2 within 360 min, whereas all the samples with Pt immobilized on the ABS substrate significantly
decreased the residual H2O2 concentration from 35,000 to less than 400 ppm. Moreover, the residual
H2O2 concentrations for the Pt/ABS-PDA samples became lower than that for the Pt/ABS-untreated
sample. It is clear that the PDA coating improved the catalytic activity for H2O2 decomposition, as
well as that the residual H2O2 concentration decreased with increasing DA immersion time. This result
is consistent with those obtained in the SEM (Figure 4) and ICP-AES (Figure 5) studies. In summary, an
increase in the Pt-loading weight contributed to the improvement of the catalytic activity of the resulting
material. The target value for the residual H2O2 concentration (i.e., <100 ppm) was successfully
reached after 3 h of immersion in DA.
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Figure 6. Catalytic activity of Pt/ABS samples with or without PDA coating: residual H2O2 concentration
after immersion for 360 min. * The data for the Pt/ABS-untreated are the same as in our previous
report [17].

2.6. Catalytic Durability during H2O2 Decomposition

To examine the effect of the PDA coating on the catalytic durability of the system, the relation
between the number of repeated uses and the residual H2O2 concentration was examined. Figure 7
illustrates the catalytic durability of Pt/ABS samples with or without the PDA coating. The residual
H2O2 concentration for the Pt/ABS-untreated sample increased significantly with increasing usage,
thus resulting in low catalytic durability. In the case of the Pt/ABS-PDA material, the residual
H2O2 concentrations measured after using the samples 10 times were 935, 194, and 54 ppm for
Pt/ABS-PDA(1h), Pt/ABS-PDA(3h), and Pt/ABS-PDA(24h), respectively; this indicates that the residual
H2O2 concentrations decreased with increasing DA immersion time. This result demonstrates that
the PDA coating effectively improved the catalytic durability of the material for H2O2 decomposition.
Moreover, the residual H2O2 concentration for Pt/ABS-PDA(24h) was still below 100 ppm after the
catalyst had been used 10 times.

Figure 7. Catalytic durability of Pt/ABS samples with or without PDA coating: the relationship between
the number of usage cycles and the residual H2O2 concentration. * The data for the Pt/ABS-untreated
are the same as in our previous report [17].

2.7. Effect of Plasma Treatment on Catalytic Durability

Although Pt/ABS-PDA(24h) exhibited high catalytic durability, the residual H2O2 concentration
mildly increased from 38 to 51 ppm with the number of usage cycles. Thus, to further improve
the catalytic durability, plasma treatment was applied before the PDA coating. Figure 8 illustrates
the catalytic durability of Pt/ABS-PDA(24h) samples with or without plasma treatment. Please note
that the range of the vertical axis is from 0 to 100 ppm. The residual H2O2 concentration of the
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Pt/ABS-plasma-PDA(24h) sample after it had been used 10 times was 35 ppm, which indicates that
the residual H2O2 concentration barely changed and that the plasma treatment before the PDA
coating further improved the catalytic durability of the material. The catalytic durability of the
Pt/ABS-plasma-PDA(24h) sample was sufficient for use in practical applications.

 
Figure 8. Catalytic durability of Pt/ABS-PDA(24h) samples with or without plasma treatment before
PDA coating: the relationship between the number of usage cycles and the residual H2O2 concentration.

To investigate the effect of the plasma treatment on the morphology of the PDA coating, the surfaces
of the ABS-PDA(24h) and ABS-plasma-PDA(24h) samples were observed and compared by SEM.
Figure 9 presents SEM images of the surface of an ABS substrate before and after PDA coating, with or
without plasma treatment. Although many cracks were observed on the as-received ABS surface, no
cracks were observed on the PDA-coated one, regardless of the plasma treatment. This result indicates
that the ABS surfaces were coated with a PDA film. A comparison between the ABS-plasma-PDA(24h)
and ABS-PDA(24h) samples indicates that the surface roughness of the plasma-treated material
was larger than that of the untreated one. The Pt-loading weights of Pt/ABS-plasma-PDA(24h) and
Pt/ABS-PDA(24h) were 24.0 and 11.2 μg, respectively. As can be seen, the plasma treatment induced
an increase in the Pt-loading weight, which is one of the reasons for the improved catalytic activity
and durability. In addition, XPS measurements were also carried out for the ABS samples after Pt
immobilization to investigate the effect of plasma treatment on the Pt state, such as Pt(0), Pt(II), and
Pt(IV). Figure 10 presents the Pt4f-XPS spectra of the Pt/ABS samples with or without plasma treatment
and with or without PDA coating. Two broad peaks indexed to Pt4f7/2 and Pt4f5/2 were observed for all
the Pt4f-XPS spectra. The Pt4f7/2 peak was resolved into three peaks indexed to Pt(0), Pt(II), and Pt(IV)
at ca. 71.6, ca. 72.6, and 74.4 eV, respectively [18,19]. The ratios of Pt(0), Pt(II), and Pt(IV) are listed in
Table 1 according to the references. Although the main state was Pt(0), minor states of Pt(II) and Pt(IV)
also were detected. These results indicate two likelihoods: the first is a coordinate bond of Pt ions, and
the second is an oxidation of Pt. In summary, it is possible that, firstly, Pt in an ionic state interacted
with C–O groups on the electron-beam-irradiated ABS substrate in water or NH2 and N–H groups in
the PDA film; secondly, a coordinate bond was formed; thirdly, Pt clusters grew to form Pt particles;
and finally, the surface of the Pt particles were oxidized to change the surface to Pt oxide (PtO or PtO2).
The PDA coating increased the ratio of the Pt metallic state to >80%, while plasma treatment mostly
did not affect the ratio of the Pt metallic state.

137



Nanomaterials 2020, 10, 114

 
(a) (b) 

 

 

(c)  

Figure 9. Scanning electron microscope (SEM) images of the surface of an ABS substrate before and
after PDA coating with or without plasma treatment: (a) ABS-untreated, (b) ABS-PDA(24h), and (c)
Pt/ABS-plasma-PDA(24h).

 
Figure 10. Pt4f-XPS spectra of the Pt/ABS samples with or without plasma treatment and with or
without PDA coating.

Table 1. Ratios of Pt(0), Pt(II), and Pt(IV) calculated from peak resolution of the Pt4f7/2 in Figure 10.

Sample ID Pt(0) Pt(II) Pt(IV)

Pt/ABS-untreated 69.1 16.4 14.5
Pt/ABS-PDA(24h) 81.1 11.0 7.9
Pt/ABS-plasma-PDA(24h) 86.7 7.1 6.2
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3. Materials and Methods

3.1. PDA Coating and Immobilization of Pt Particles on ABS

Pt particles were immobilized on an ABS substrate by the electron-beam-irradiation reduction
method (EBIRM) because of the advantages of this procedure, which include a low processing
temperature, highly uniform deposition, and a high throughput [20]. Although there are many
methods for preparing and immobilizing particles (e.g., sonolytic [21–24], polyol [25–27], and
impregnation [28–30] methods), they all have disadvantages such as high processing temperatures,
nonuniform deposition of the metal particles, and low throughput. Therefore, EBIRM was selected in
this study. The mechanism of metal ion reduction by a radiochemical approach has been described in
previous reports [31,32], and the methods applied for washing the ABS substrate and depositing the
Pt particles on its surface were the same here as those reported previously [16,17]. The differences
between this report and previous ones are the plasma pre-treatment and the use of a PDA coating to
improve the catalytic durability during H2O2 decomposition.

A commercially available ABS sheet (thickness t = 1 mm, 2-9229-01, AS-ONE, Nishi-ku, Osaka,
Japan) was cut into substrates with a size of 20 × 15 mm2. The ABS substrates were first washed
with ethanol (99.5%, Kishida Chemical, Chuo-ku, Osaka, Japan) and pure water for 10 min each in an
ultrasonic cleaner (USK-1R, AS-ONE) and then dried through blowing N2 gas (99.99%, Iwatani Fine
Gas, Amagasaki, Hyogo, Japan). Prior to immobilizing the Pt particles, the washed substrates were
pretreated either by only PDA coating or both plasma treatment and PDA coating. Table 2 presents the
sample conditions and IDs.

Low-pressure plasma treatment was applied at 100 Pa using a plasma chamber (PR-501A, Yamato
Scientific, Chuo-ku, Tokyo, Japan) with a radio frequency power source of 13.56 MHz. Before the
plasma treatment, the washed ABS substrates were placed in the plasma chamber; subsequently, the
pressure in the chamber was decreased to 5 Pa using a rotary vacuum pump (2012AC, Alcatel Vacuum
Technology, Annecy, France). Then, helium gas (99.99%, Iwatani Fine Gas) flowed into the chamber
until its pressure reached 100 Pa. The applied power for plasma generation was 100 W, and the standing
wave ratio was controlled at less than 1.1 through impedance matching. The plasma treatment time
was 60 s. XPS measurements were performed to confirm that the surface of the ABS substrate was
modified by the plasma treatment. The results confirmed that oxygen-containing functional groups
(–O–C=O and –C–O) were generated by the plasma treatment, as illustrated in Figure S1.

Aqueous solutions (20 mL) containing 2 mg/mL of DA were prepared using 2-(3,4-
dihydroxyphenyl) ethylamine hydrochloride (C8H12NO2·HCl; 98%, Fujifilm Wako Pure Chemical,
Chuo-ku, Osaka, Japan) as the dopamine precursor and Tris hydrochloride acid buffer, controlled at
pH = 8.5 (1 mol/L, Fujifilm Wako Pure Chemical), as the solvent. The ABS substrates were immersed in
the DA solution for different times (i.e., 1, 3, or 24 h), and the DA solutions were neither stirred nor
bubbled with oxygen gas during the immersion. After PDA coating, the substrates were removed
from the DA solution and washed with pure water for 10 min using an ultrasonic cleaner to remove
the unreacted DA and PDA. Finally, they were dried with N2 gas. Precleaned slide glasses (S7213,
Matsunami Glass, Kishiwada, Osaka, Japan) were also used and coated with a PDA film to confirm
that the PDA coating was completed because ABS substrates originally contain carbon and nitrogen
atoms. The results demonstrated that the intensity of the peaks in the Si2p-XPS spectra decreased
with increasing DA immersion time and eventually disappeared when the glass slide was immersed
for 24 h, as illustrated in Figure S2. This result indicates that immersion in a DA solution for 24 h is
enough to uniformly cover the substrate’s surface.

Aqueous solutions (5 mL) containing 4 mM of Pt ions were prepared using hexachloroplatinic
acid hexahydrate (H2PtCl6·6H2O; 98.5%, Fujifilm Wako Pure Chemical) in cylindrical PS containers
(diameter ø = 33 mm and height h = 16 mm). Then, 2-propanol (IPA; 99.7%, Kishida Chemical) was
added to the Pt ion solution (to be controlled at 1 vol %), and the pretreated ABS substrate was
immersed in the Pt precursor solutions. A high-energy electron beam (of 4.8 MeV) was irradiated
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on these Pt precursor solutions containing the pretreated ABS substrate for 7 s using a Dynamitron®

accelerator from SHI-ATEX Co. Ltd. (Izumiotsu, Osaka, Japan). During electron-beam irradiation,
H radicals and hydrated electrons were generated by the radiolysis of water. The reductive species
reduced Pt4+ ions to Pt3+, Pt2+, Pt1+, and Pt0, as described in a previous report [31]. Subsequently,
clusters of Pt atoms were formed, which grew to produce Pt particles. The Pt particles were formed
not only on the substrate, but also in the solution. When the Pt particles grew from Pt clusters on the
substrate, they were immobilized on it. When the Pt particles grew from Pt clusters in the solution,
they fell down and were deposited on the substrate, but were not immobilized on it. To remove the
unimmobilized Pt particles, the ABS substrates were taken out of the solution, washed with pure water
for 10 min using an ultrasonic cleaner, and finally dried with N2 gas. In a previous report [16], XPS and
water contact angle (WCA) measurements were performed for untreated ABS substrates before and
after electron beam irradiation to investigate the immobilization mechanism; however, this mechanism
is not yet clear. Those XPS and WCA results suggest two models: the first model assumes the chemical
adhesion of Pt nanoparticles through a chemical reaction of functional groups (C–O) and/or carbon
radicals with Pt ions and/or Pt0, and the second model assumes the unreactive immobilization of Pt
nanoparticles through a C–C crosslinking network under EB irradiation. To comprehensively clarify
the immobilization mechanism, further experiments using a simplex polymer such as polyethylene
should be conducted.

Table 2. Sample conditions and IDs.

Sample ID Plasma pre-treatment PDA coating Pt-particle deposition

Glass-untreated — — —
Glass-PDA(1h) — � —
Glass-PDA(3h) — � —
Glass-PDA(24h) — � —
ABS-untreated — — —
ABS-PDA(1h) — � —
ABS-PDA(3h) — � —
ABS-PDA(24h) — � —
ABS-plasma � — —
ABS-plasma-PDA(24h) � � —
Pt/ABS-untreated — — �
Pt/ABS-PDA(1h) — � �
Pt/ABS-PDA(3h) — � �
Pt/ABS-PDA(24h) — � �
Pt/ABS-plasma-PDA(24h) � � �

“—” indicates no operation and “�” indicates operation.

3.2. Characterization

To confirm that the ABS surface was coated with a PDA film, its chemical composition was
determined by XPS using Quantum 2000 equipment (Ulvac-Phi, Chigasaki, Kanagawa, Japan) attached
to an Al-Kα source at 15 kV. The diameter of X-ray irradiation was ø = 100 μm; the pass energy and
step size were 23.50 and 0.05 eV, respectively; and the take-off angle was 45◦. To neutralize the electric
charges on the surfaces, the measured samples were irradiated with a low-speed electron beam and an
Ar ion beam during the XPS measurements.

Secondary electron images using a field-emission scanning electron microscope (FE-SEM; S-4800,
Hitachi High-Technologies Corporation, Minato-ku, Tokyo, Japan) at 5 kV of accelerated voltage were
obtained to monitor the deposition behavior of the Pt particles on the ABS and/or ABS-PDA surfaces.
Prior to the observations, osmium (Os) was coated on the Pt/ABS surfaces by plasma chemical vapor
deposition using an osmium plasma coater (OPC60AL, Filgen, Nagoya, Aichi, Japan) to prevent the
generation of electrostatic charges during the measurements. The same FE-SEM instrument was also
used to investigate the effect of the plasma treatment on the film-forming state of PDA.

140



Nanomaterials 2020, 10, 114

To measure the Pt-loading weight, the Pt particles on the ABS and/or PDA surfaces were dissolved
in aqua regia, which was prepared by mixing hydrochloric acid (HCl; 35%, Sigma-Aldrich Japan,
Meguro-ku, Tokyo, Japan) and nitric acid (HNO3; 69%, Sigma-Aldrich Japan) at a ratio of 3:1. Then,
the Pt concentrations were measured by ICP-AES (ICPE-9000, Shimadzu, Chukyo-ku, Kyoto, Japan)
using the diluted aqua regia solutions containing Pt ions. A calibration curve prepared with a standard
Pt solution (1000 ppm, Fujifilm Wako Pure Chemical) was used to calculate the amount of Pt in the
Pt/ABS samples, as illustrated in Figure S3.

Figure 11 is a schematic of the process for evaluating the catalytic activity and durability of the
system using representative H2O2 decomposition curves. First, the Pt/ABS samples were immersed in
5 mL of a 35,000-ppm solution of H2O2 (30 wt%, Kishida Chemical) at 25 ◦C for 360 min in an incubator
(i-CUBE FCI-280, AS-ONE, Nishi-ku, Osaka, Japan). H2O2 decomposition occurred with increasing
immersion time. The residual H2O2 concentrations were measured after immersion times of 1, 2, 5,
10, 30, 60, 120, 240, and 360 min to obtain the decomposition curves. The method for measuring the
H2O2 concentration was the same as that reported in a previous article [16]. The optical absorbance
of a H2O2 solution, colored using diluted (5 wt%) titanium sulfate (Ti(SO4)2; 30 wt%, Fujifilm Wako
Pure Chemical), was measured using a deuterium–halogen and tungsten lamp (DH-2000, Ocean
Optics, Largo, FL, USA), a fiber multichannel spectrometer (HR-4000, Ocean Optics), and optical fiber
(P600-1-UV/VIS, Ocean Optics). The absorbance at 407 nm was used to calculate the residual H2O2

concentration from the calibration curve, as presented in Figure S4. The catalytic activity for H2O2

decomposition was evaluated from the value of the residual H2O2 concentration after immersing the
Pt/ABS samples in the H2O2 solution for 360 min. This process of immersing the catalyst in the H2O2

solution for 360 min and drying it was repeated 10 times. The residual H2O2 concentrations were
measured after one, three, five, and 10 immersions. The catalytic durability for H2O2 decomposition
was evaluated from the value of the residual H2O2 concentration after immersing the Pt/ABS samples
in the H2O2 solution 10 times (for 360 min each). The target value was less than 100 ppm, which means
that if the residual H2O2 concentration was below 100 ppm after repeated use (i.e., after 10 uses), the
Pt/ABS sample had long catalytic durability.

 
Figure 11. Schematic of the process for evaluating the catalytic activity and durability of the system
using typical H2O2 decomposition curves. *1 Value of the residual H2O2 concentration for evaluating
the catalytic activity. *2 Value of the residual H2O2 concentration for evaluating the catalytic durability.
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4. Conclusions

We introduced PDA coating as a pre-treatment for the strong immobilization of Pt-particle catalysts
on ABS substrates and investigated the effect of the PDA coating on the deposition behavior of the Pt
particles, the Pt-loading weight, and the catalytic activity and durability of the material. We found
that the PDA coating improved both the catalytic activity and durability of the Pt-based material.
Moreover, introducing a plasma treatment before the PDA coating was effective for further improving
the catalytic durability. Finally, in the case of the Pt/ABS-plasma-PDA(24h) catalyst, the residual H2O2

concentrations were 30, 33, 33, and 35 ppm after using the material 1, 3, 5, and 10 times, respectively.
Although the PDA coating also increased the Pt-loading weight (from 5.9 to 24.0 μg/substrate), the value
measured for the Pt-particle/ABS-plasma-PDA(24h) catalyst (i.e., 24.0 μg/substrate) was significantly
below that determined for a Pt-film/ABS catalyst (1500 μg/substrate) prepared by electroless plating.
In summary, we successfully achieved a decrease in Pt usage while maintaining the high catalytic
activity and durability. In addition, the developed process, which includes a combination of plasma
treatment, PDA coating, and EBIRM, does not require etching of the ABS surface using dangerous
chemical solutions, as is the case for electroless plating, where previous etching is necessary to obtain
high adhesion between the ABS substrate and the Pt film. Therefore, the developed process is more
ecofriendly. Although the PDA coating was used to improve the catalytic durability of a Pt-based
catalyst in this study, this type of coating is useful as a pre-treatment for the strong immobilization of
metal particles on several substrates or microparticles.
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Abstract: Luminescent europium-doped hydroxylapatite (EuXHAp) nanomaterials were successfully
obtained by co-precipitation method at low temperature. The morphological, structural and optical
properties were investigated by scanning electron microscopy (SEM), transmission electron microscopy
(TEM), X-ray diffraction (XRD), Fourier Transform Infrared (FT-IR), UV-Vis and photoluminescence
(PL) spectroscopy. The cytotoxicity and biocompatibility of EuXHAp were also evaluated using MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)) assay, oxidative stress assessment
and fluorescent microscopy. The results reveal that the Eu3+ has successfully doped the hexagonal
lattice of hydroxylapatite. By enhancing the optical features, these EuXHAp materials demonstrated
superior efficiency to become fluorescent labelling materials for bioimaging applications.

Keywords: europium doped hydroxylapatite; photoluminescence; MTT assay; oxidative stress
assessment; fluorescent microscopy

1. Introduction

Bioceramics can be defined as the category of ceramics used in repairing and replacing processes
of damaged and diseased parts of skeletal system [1,2]. Their biocompatibility varies from inert
ceramic oxides to bioresorbable materials. One of the most used bioresorbable ceramics for biomedical
applications are calcium orthophosphates (CaP’s) [3,4]. The CaP’s give hardness and stability to the
tissues and can be found in teeth, bones, and tendons. Starting with Ca/P molar ratio equal to 0.5 and
finishing with 2.0, there are 11 known non-ion substituted calcium orthophosphates, among which the
most used one is hydroxylapatite (HAp) [5,6].

HAp synthesis, with its diverse morphologies, structures and textures, has attracted much interest
in academic and industrial research for many heterogeneous catalysis applications [7–9]. Numerous
synthetic routes for obtaining hydroxylapatite were developed over time, and can be divided in four
main categories: (1) wet methods [10–12], (2) dry methods [13], (3) microwave-assisted methods [14–16],
ball-milling [17–19] or ultrasound methods [20,21], and (4) miscellaneous methods [22]. Depending on
the reagents and conditions, each category offers several variations [23,24].

Nanomaterials 2019, 9, 1187; doi:10.3390/nano9091187 www.mdpi.com/journal/nanomaterials145
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Stoichiometric hydroxylapatite (Ca10(PO4)6(OH)2) is the most similar material to the mineral
component of human hard tissues and therefore it is considered the ideal substance for bone defects
restorations [25–27]. Keeping the same geometry while accepting a big variety of anions and cations is
one of the most important structural characteristics of hydroxylapatite [28,29]. Synthetic HAp can also
be doped with several metal ions in order to improve its properties, like bioactivity, degradation rate,
antibacterial characteristics, luminescence and magnetic properties [30–34].

A photoluminescent material is the most promising candidate for clinical applications and
implantation. The biocompatibility is not the only important feature, a longer lifetime of luminescence
being also an significant benefit in practical applications [35,36].

Photoluminescence is a very important and useful mechanism in in situ investigations for tissue
engineering, surgery, tissue restoration, etc. Using of organic fluorescent molecules for labelling it was
a popular practice in clinical trials for many years. Recent studies use inorganic components, even in
form of nanoparticles, to replace photoluminescent organic compounds. Because of the toxicity and
the nano-size of this particles, the usage of these materials represents a challenge yet [37,38].

Due to high values of the Stokes shift and long lifetime of the excited state, lanthanide coordination
compounds are the perfect materials for bioimaging. Europium complexes possess this unique
luminescent properties and beside this Europium combine high photoluminescence quantum yields
(PLQYs) with the emission in the long wavelength range, which can easily penetrate through the
tissues [39–41].

The luminescence of the europium (III) and terbium (III) complexes is especially sensitive to
changes in the structure and coordination environment of ions and depends substantially on the
interaction with the analyte. The intensive luminescence and characteristic Stark structure of Eu3+

luminescence spectra allow registering fine changes in the structure of the coordination sphere of
a rare-earth ion upon surrounding impact. Luminescent lanthanide-containing complex compounds
can be applied as optical chemosensors in detection of anions, cations, gases, etc. [42].

The new generation of biomaterials with multifunctional europium (III)-doped HAp scaffolds has
shown remarkable development. The luminescent multifunctional biomaterials show potential for use
in various biomedical applications such as smart drug delivery, bioimaging, and photothermal therapy.
In this generation, the Eu3+ ion has been widely used as traceable fluorescence probe due to well-known
dopant narrow emission spectral lines by visible-light excitation caused by shielding by the 5 s and 5 p
orbitals. The spectral shapes depend on the local ion symmetry and forbidden f–f transitions. Thus, Eu3+

is a sensitive optical probe for the dopant site environment because of its characteristic luminescence
properties [43].

2. Experimental

2.1. Materials

All the reagents for synthesis, including calcium nitrate tetrahydrate (Ca(NO3)2·4H2O, 99.0%,
Sigma-Aldrich, St. Louis, MI, USA), europium-(III) nitrate hexahydrate (Eu(NO3)3·6H2O, 99.9%,
Alfa Aesar, Haverhill, MA, USA), ammonium phosphate dibasic (NH4)2HPO4, 99.0%, Alfa Aesar,
Haverhill, MA, USA), sodium hydroxide (NaOH, 25% solution, Alfa Aesar, Haverhill, MA, USA) were
used as received, without further purification. Deionised water was used for the experiment.

2.2. Synthesis

The biocompatible photoluminescent europium-doped hydroxylapatite (EuXHAp) nanomaterials
have been synthesized by co-precipitation method. In order to obtain EuXHAp powders, appropriate
amounts of calcium nitrate tetrahydrate and europium-(III) nitrate hexahydrate were dissolved in
deionized water, under vigorous stirring at room temperature, thus obtaining solution A. Meanwhile,
a solution B was prepared by dissolving an appropriate amount of ammonium phosphate dibasic in
deionized water, under vigorous stirring at room temperature. The atomic ratio Ca/P and [Ca+Eu]/P
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was 1.67, while the atomic ratio Eu/(Eu+Ca) was varied between 0 and 50%. Solution B was added
dropwise to solution A, at 80 ◦C, under vigorous stirring, while adjusting and maintaining the pH of
the resulting suspension at 10, by adding NH4OH (25%) solution, for 2 h. Pure HAp was synthesized
following the same methodology, except the Eu3+ precursor addition. The resulting suspensions were
matured for 24 h. The precipitate was then filtered and washed several times with deionized water,
until the pH values were close to 7. Finally, the resulting precipitates were dried at 80 ◦C for 50 h in
an air oven.

2.3. Samples Notation

EuXHAp represents Eu–doped hydroxylapatite, where X is equal to the used europium content
(XEu = 0.05, 0.1, 0.15, 0.2, 1.0, 5.0). The correspondent Eu-free hydroxylapatite is noted HAp (XEu = 0).

2.4. Morphological and Structural Characterization

X-ray diffraction (XRD) studies were carried out using a PANalytical Empyrean diffractometer at

room temperature, with a characteristic Cu X-ray tube (λ Cu Kα1 = 1.541874 Ǻ) with in-line focusing,
programmable divergent slit on the incident side and a programmable anti-scatter slit mounted on the
PIXcel3D detector on the diffracted side. The samples were scanned in a Bragg - Brentano geometry
with a scan step increment of 0.02◦ and a counting time of 255 s/step. The XRD patterns were recorded
in the 2θ angle range of 20◦–80◦. Lattice parameters were refined by the Rietveld method, using the
HighScore Plus 3.0 e software. The morphology of the samples was analyzed using a Quanta Inspect
F50 FEG (field emission gun) scanning electron microscope with 1.2 nm resolution, equipped with
an energy-dispersive X-ray (EDX) analyzer (resolution of 133 eV at MnKα, Thermo Fisher, Waltham,
MA, USA) on sample covered with a thin gold layer. The high-resolution TEM images of the samples
were obtained on finely powdered samples using a Tecnai G2 F30 S-Twin high-resolution transmission
electron microscope from Thermo Fisher (former FEI) (Waltham, MA, USA).The microscope operated
in transmission mode at 300 kV acceleration voltage with a TEM resolution of 1.0 Å. FTIR spectra
were recorded with a Nicolet iS50R spectrometer (Thermo Fisher Waltham, MA, USA), at room
temperature, in the measurement range 4000–400 cm−1. Spectral collection was carried out in ATR
mode at 4 cm−1 resolution. For each spectrum, 32 scans were co-added and converted to absorbance
using OmincPicta software (Thermo Scientific, Waltham, MA, USA). Raman spectra were recorded at
room temperature on a Horiba Jobin-Yvon LabRam HR spectrometer equipped with nitrogen cooled
detector. The near–infrared (NIR) line of a 785 nm laser was employed for excitation and the spectral
range went from 500 to 1200 cm−1. UV-Vis diffused reflectance spectra were obtained using an Able
Jasco V-560 spectrophotometer (PW de Meern, Netherlands,) with a scan speed of 200 nm/s, between
200 and 850 nm. The fluorescence spectra were measured by using a Perkin Elmer LS 55 fluorescence
spectrophotometer (Arkon, OH, USA). Spectra were recorded with a scan speed of 200 nm/s between
350 and 800 nm, and with excitation and emission slits widths of 7 and 5 nm, respectively. An excitation
wavelength of 320 nm was used.

2.5. Cellular Viability Assays

2.5.1. Quantitative In-Vitro Evaluation of Biocompatibility—MTT Assay

MTT assay is a quantitative colorimetric method, which allows evaluation of cell viability
and proliferation, and cytotoxicity of different compounds. The method is based on reduction
of MTT tetrazolium salt (3-(4,5-dimethylthiazolyl)-2,5-diphenyltetrazolium bromide) to dark blue
formazan. Reduction by mitochondrial enzymes (especially succinate dehydrogenase) is an indication
of cell/mitochondrial integrity. Formazan, insoluble in water, can be solubilized with isopropanol,
dimethylsulfoxide or other organic solvent. The optical density (DO) of solubilized formazan is
evaluated spectrophotometrically, resulting in a color-absorbent-color-counting function of the number
of metabolic active cells in the culture.
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The human mesenchymal amniotic fluid stem cells (AFSC) were used to evaluate the
biocompatibility of EuXHAp nanoparticles. The cells were cultured in DMEM medium (Sigma-Aldrich,
Saint Luis, MI, USA) supplemented with 10% fetal bovine serum, 1% penicillin and 1% streptomycin
antibiotics (Sigma-Aldrich, Saint Luis, MI, USA). To maintain optimal culture conditions, medium
was changed twice a week. The biocompatibility was assessed using MTT assay (Vybrant®MTT Cell
Proliferation Assay Kit, Thermo Fischer Scientific, Waltham, MA, USA). Briefly, the AFSC were grown
in 96-well plates, with a seeding density of 3000 cells/well in the presence of EuXHAp for 72 h. Then
15 mL Solution I (12 mM MTT) was added and incubated at 37 ◦C for 4 h. Solution II (1 mg Sodium
Dodecyl Sulphate + 10 ml HCl, 0,01M) was added and pipettes vigorously to solubilize formazan
crystals. After 1 h the absorbance was read using spectrophotometer at 570 nm (TECAN Infinite M200,
Männedorf, Switzerland).

2.5.2. Oxidative Stress Assessment—GSH-Glo Glutathione Assay

The GSH-Glo Assay is a luminescent-based assay for the detection and quantification of glutathione
(GSH) in cells or in various biological samples. A change in GSH levels is important in the assessment
of toxicological responses and is an indicator of oxidative stress, potentially leading to apoptosis or
cell death. The assay is based on the conversion of a luciferin derivative into luciferin in the presence
of GSH. The reaction is catalyzed by a glutathione S-transferase (GST) enzyme supplied in the kit.
The luciferin formed is detected in a coupled reaction using Ultra-Glo Recombinant Luciferase that
generates a glow type luminescence that is proportional to the amount of glutathione present in cells.
The assay provides a simple, fast and sensitive alternative to colorimetric and fluorescent methods and
can be adapted easily to high-throughput applications.

AFSC were seeded at a density of 3000 cells in 300μL of Dulbecco’s Modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum and 1% antibiotics (penicillin, streptomycin/neomycin) in
96-well plates. Twenty-four hours after seeding, cells are treated with EuXHAp and incubated for 72 h.

The working protocol consisted of adding 100 μL 1X GSH-Glo Reagent and incubating at 37 ◦C for
30 min. Then, 100 μL Luciferin DeectionReagent was added and incubated at 37 ◦C for an additional
15 min. At the end of the time, the wells were well homogenized and then the plate was read on the
luminometer (MicroplateLuminometerCentro LB 960, Berthold, Germany).

2.5.3. Qualitative In-Vitro Evaluation of Biocompatibility—Fluorescent Microscopy

The biocompatibility of the EuXHAp was also evaluated by fluorescent microscopy, using RED
CMTPX fluorophore (Thermo Fischer Scientific, Waltham, MA, USA), a cell tracker for long-term tracing
of living cells. The CMTPX tracker was added in cell culture treated with EuXHAp nanomaterials
and the viability and morphology of the AFSC was evaluated after 5 days. The CMTPX fluorophore
was added in the culture medium at a final concentration of 5 μM, incubated for 30 min in order to
allow the dye penetration into the cells. Next, the AFSC were washed with PBS and visualized by
fluorescent microscopy. The photomicrographs were taken with Olympus CKX 41 digital camera
driven by CellSense Entry software (Olympus, Tokyo, Japan).

3. Results and Discussions

3.1. X-ray Diffraction

The X-ray diffraction patterns of Eu-doped hydroxylapatite, with different concentration of
europium and with pure HAp are shown in Figure 1.
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Figure 1. X-ray diffraction patterns of hydroxylapatite (HAp) and EuXHAp.

Pristine HAp (Figure 1) is shown as a single phase calcium phosphate material (ICDD PDF4+
no.04-021-1904 [44]), with a crystallinity of 33.9% and an average crystallite size of 10.84 nm (Table 1).
The XRD patterns of all EuXHAp samples indicate only the pure crystalline hexagonal HAp phase
(according to ICDD PDF4+ no.04-021-1904 [44] of the space group P63/m, in consistence with
literature [45] up to a substitution degree of 10%. For 50% substitution, Eu(OH)3 secondary phase in
a mass ratio of 27.6% has occurred (according to ICDD PDF4+ no. 01-083-2305 [46]). This means that
for 50% substitution, the limit of solubility of Eu in HAp lattice was exceeded. The intensities of X-ray
peaks decrease when the Eu-doping level increases up to 2%, indicating an interference of Eu3+ with
HAp crystal structure. Also, the peak position is influenced by Eu for Ca substitution as they shift to
higher angle values which suggest decreasing of unit cell parameters. Table 2 and Figure 2 illustrate
the values of unit cell parameters a, c and V and the agreement indices of the Rietveld analysis (Rexp,
Rp, Rwp and χ2), which indicate the quality of the fit.

Table 1. Calculated crystallite size (D) values and degree of crystallinity (Xc) of pure HAp and europium
doped hydroxylapatite with various amount of Eu.

No. Samples D/nm S/% Xc/%

1 HAp 9.62 ± 1.46 0.95 ± 0.29 33.93
2 Eu0.5HAp 14.88 ± 2.96 0.74 ± 0.66 26.25
3 Eu1HAp 12.82 ± 2.72 0.84 ± 0.66 24.11
4 Eu1.5HAp 17.3 ± 4.92 0.65 ± 0.55 22.97
5 Eu2HAp 14.44 ± 3.56 0.77 ± 0.63 22.63
6 Eu10HAp 10.78 ± 3.04 1.04 ± 0.85 23.03
7 Eu50HAp 3.55 ± 0.34 2.66 ± 1.56 21.87
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Table 2. Unit cell parameters a, c, V and agreement indices for hydroxylapatite HAp and Eu-doped
HAp (with concentration of Eu3+ of 0.5, 1, 1.5, 2, 10 and 50%).

Sample a [Å] c [Å] V [Å3] Rexp Rp Rwp χ2

HAp 9.434979 ± 0.001401 6.8803397 ± 0.001042 530.6588 3.4323 3.99694 5.19277 2.28891
Eu0.5HAp 9.440372 ± 0.002067 6.878142 ± 0.001529 530.8601 3.96601 4.82349 6.554 2.7309
Eu1HAp 9.445147 ± 0.002444 6.879144 ± 0.001839 531.4745 3.92894 4.95602 6.61378 2.83367

Eu1.5HAp 9.439496 ± 0.001874 6.879717 ± 0.001413 530.883 3.7995 4.38638 5.76083 2.29889
Eu2HAp 9.440372 ± 0.002067 6.878142 ± 0.001529 530.8601 3.96601 4.82349 6.554 2.7309
Eu10HAp 9.443276 ± 0.002227 6.879882 ± 0.001665 531.321 3.88457 4.43662 5.82612 2.24943
Eu50HAp 9.544463 ± 0.021918 6.315845 ± 0.023992 498.2704 3.02385 3.11688 4.08783 1.82753

Figure 2. Unit cell parameters versus substitution degree for HAp and EuXHAp.

Hydroxylapatite crystallizes in a hexagonal symmetry with lattice parameters a = b � c and space
group P63/m. In this structure, PO4 tetrahedral form basic structural units, while the coordination
around the distinct Ca sites defines the Ca1O13O23 metaprism and the distorted Ca2O1O2O34(OH)
polyhedron. Thus, the formula per unit cell may be expressed as Ca14Ca26(PO1O2O32)6(OHH)2 [47].
Taking into consideration that the ionic radius of Eu3+ (0.947 Å) is smaller than that of Ca2+ (1 Å) and
that small ions are preferentially substituted at Ca1, in this case Eu3+ most probably substitutes Ca2+

from site 2 [48,49]. While a low concentration does not induce significant changes (Figure 2), when
looking at higher substitution degree (10% and 50%) it may be concluded that there is an increase
of a-axis and a decrease of c-axis parameters which is consistent with the results obtained for Al3+

substitution by Fahami et al. [49]. Moreover, the decrease of unit cell volume proves the incorporation
of Eu3+ in hydroxylapatite lattice.

The estimation of crystallite size, lattice microstrain and degree of crystallinity are shown in
Table 2 and Figure 3.

Up to 1.5%, the introduction of Eu3+ in HAp lattice induces an increase of crystallite size from
9.62 nm to 17.3 nm and a decrease of lattice microstrain from 0.95% to 0.65%. For a substitution degree
of more than 1.5%, there may be observed a decrease of the crystallite size to 3.55 nm and an increase
of lattice microstrain to 2.66% in the case of maximum substitution degree. In what concerns the
crystallinity degree (Table 2), as it may be appreciated qualitatively from the profile of the peaks,
the crystallinity decreases when the substitution degree increases.
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Figure 3. The estimated crystallite size, lattice microstrain and degree of crystallinity.

3.2. SEM Analysis

Figure 4 shows the SEM images (column A) and EDX spectra (column B) of pure HAp (Figure 4a)
and EuXHAp samples (Figure 4b).

It can be seen that the doping with Eu3+ has little influence on the morphology of substituted
HAp compared to the pure HAp. SEM images (Figure 4, column A) reveal quasi-spherical (at low
dopant concentration) and acicular (mostly after 10% Eu) particles with width in the range of 6–16 nm.
Due to high surface area, agglomerates are present in all samples. The EDX spectra of studied samples
(Figure 4, column B) confirm the presence of all elements specific to Eu-doped HAp powders: calcium
(Ca), phosphor (P), oxygen (O) and europium (Eu).
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Figure 4. The SEM images (column A) and EDX spectra (column B) of pure HAp and EuXHAp samples
(a) HAp, (b) Eu0.5HAp, (c) Eu1HAp, (d) Eu1.5HAp, (e) Eu2HAp, (f) Eu10HAp, (g) Eu50HAp.

3.3. TEM Analysis

Figure 5 shows the bright field TEM, HRTEM images, SAED patterns and particle size distribution
of pure HAp and EuXHAp at different Eu3+ concentrations.
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Figure 5. The TEM and HRTEM images, SAED patterns and particle size distribution of pure HAp and
EuXHAp samples (a–c) HAp, (d–f) Eu0.5HAp, (g–i) Eu1HAp, (j–l) Eu1.5HAp, (m–o) Eu2HAp, (p–r)
Eu10HAp, (s–u) Eu50HAp.

From the bright field TEM images presented in Figure 5a,d,g,j,m,p,s it can be observed that the
doping level does not affect the the sample morphologies from 0 to 10% Eu3+ doping, the only visible
modification if for the 50% Eu3+ doping and it is related to the width (smaller) and length (longer)
of the acicular particles. The SEM micrographs together with TEM images confirmed the tendency
to form agglomerate due to probably the nanometric dimensions of particles. The size distribution
presented in Figure 5c,f,i,l,o,r,u is depended on the dopant concentration. The HRTEM images of the
Eu-doped HAp powders are also presented in Figure 5 which allows us to see that the particles are well
crystalize and the measured distance of the Miller indices correspond to the hexagonal hydroxylapatite.

3.4. FTIR Spectra

The FTIR spectra of EuXHAp samples with various europium concentrations are shown in Figure 6.
The broad band in the region 3200–3400 cm−1 corresponds to [OH]- bands of adsorbed water.

The strong band at 632 cm-1 (presented in all FTIR spectra) corresponds to [OH]- arising from stretching
vibrational mode [50,51]. The typical bands attributed to [PO4]3− can be also found. The bands at around
1090 cm−1 and about 1040 cm−1 may be assigned to the antisymetric stretching ν3[PO4]3− of P-O bond,
while the band at 962 can be due to the symmetric stretching ν1[PO4]3−. The 602 cm−1 and 564 cm−1

bands appear from ν4[PO4]3− of P-O bond. The band at 475 cm−1 can be attributed to the ν2[PO4]3− [52].
In all spectra of EuXHAp a band at 875 cm−1 was detected, and is due to [HPO4]2− ions [53]. The
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intensity of the phosphate bands decreases with increase of europium concentration. The bands at
475 and 962 cm−1 progressively reduced their intensities with the increase of europium concentration,
and disappear in Eu50HAp sample, as already suggested also by XRD results. The different possible
mechanisms of Ca substitution with Eu are not fully comprehended and need further studies

Figure 6. FTIR spectra of EuXHAp samples.

3.5. Raman Spectroscopy

The Raman spectra of EuXHAp samples are shown in Figure 7.

 
Figure 7. Raman spectra of EuXHAp samples.
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As it can be seen from Figure 7 all analyzed powders present bands attributed to PO4
3− group [54].

Raman spectrum of pure HAp shows a very intense band at 959 cm−1 attributed to symmetric stretching
mode of PO4

3−, which is the characteristic peak of HAp. The asymmetric stretching and symmetric
bending modes of PO4

3− are also observed at 580 cm−1 and 1044 cm−1 [53]. Raman spectra of EuXHAp
powders show the internal modes of the frequency ν1 PO4

3− tetrahedral, which appears at 962 cm−1

and it corresponds to the symmetric stretching of P–O bonds [55]. There are observed several other
bands at 580 cm−1 and 610 cm−1 attributed to ν4 PO4

3−, and 1048 cm−1 and 1080 cm−1, respectively,
attributed to ν3 PO4

3−. The intensity of the characteristic peak of HAp, compared to the other secondary
peaks, decreases with increasing of the europium content.

3.6. UV-Vis and PL Spectra

The electronic spectra of EuXHAp samples (Figure 8) contain several bands, which increase in
their intensity with increasing of europium content.

 

(A) (B) 

Figure 8. (A) UV-Vis absorption spectra of EuXHAp at different Eu-concentrations (B) Room-temperature
photoluminescence spectra of EuXHAp at different Eu-concentrations.

The pure HAp has an absorption peak in UV at 218 nm. The 242 nm (41322 cm−1) absorption
peak is absent in HAp, but is increasing in intensity from a weak shoulder in Eu0.5HAp to a strong,
broad peak in Eu50HAp. This is a charge-transfer band characteristic to Eu3+ in oxides [56]. The band
which appears at 395 nm, close to the visible light domain, corresponds to the 7F0 → 5L6 transition,
and is the most intense transition of europium (III) in UV-Vis absorption spectra [57]. Another three
bands appear at 465, 526 and 535 nm, assignable to 7F0 → 5D2; 7F0 → 5D1; and 7F1 → 5D1, transitions
respectively [56]. The last peak, at 535 nm, is belonging to a group called “hot” bands because it can be
observed only at room temperatures or higher since it requires the thermal population of 7F1 level
(at room temperature ~35% of ions are populating this level, rest being on 7F0 ground state) [56].

Figure 8B presents the photoluminescence emission spectra of EuXHAp samples excited with
320 nm wavelength. Usually, HAp sample shows three strong emission peaks at 458 nm with two
shoulders (433 nm and 446 nm), 403 nm and 482 nm, respectively, associated with various oxygen
defects. The intensity of luminescence for HAp is enhanced by the presence of small quantities of Eu3+

ions. The effect is stronger for small numbers of dopant ions and is decreasing as the quantity of Eu3+

ions is increasing.
Over the fluorescence maxima of HAp, the emission spectra of europium are superposed.

The peak at 389 nm is due to the 7F0 → 5L6 electronic transition, the peak at 512 nm is due to the
7F0 → 5D1 electronic transition and the peak at 526 nm is due to the 7F1 → 5D1 electronic transition.
The characteristic emission peaks at 589 nm and 613 nm are due to the 5D0 → 7F1 and 5D0 → 7F2
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electronic transition, indicating a red fluorescence [58]. For higher Eu3+ concentration even the 648 nm
emission peak of 5D0→ 7F3 becomes visible. As expected, when the europium doping concentration
increased, the characteristic emission intensity at 589 and 613 nm are also increased.

Beside the two dominant peaks, the weak 5D0→ 7F0 transition from 579 nm (which can be observed in
emission spectra of Eu50HAp) is related with Eu3+ ions distributed on Ca2+ sites of the apatitic structure [59].
The dominant emission peaks present no shift due to modification of Eu3+ concentration, the most intense
being the hypersensitive 5D0→ 7F2 transition from 613 nm. This feature shows the potential application of
the EuXHAp compounds to be tracked or monitored by the characteristic luminescence.

4. Biocompatibility and Cytotoxicity of EuXHAp Photoluminescent Ceramic Materials

Cytotoxic effect of EuXHAp was evaluated by measuring the metabolic activity of AFSC using MTT
assay. EuXHAp biomaterials did not have cytotoxic effect, the absorption values being near or higher
compared to the control sample. Furthermore, the EuXHAp increases cellular metabolism, suggesting
that it stimulates cell proliferation. The proliferation increases between 12%–58%, depending on the
sample, highest increase being observed for Eu2HAp (58%) (Figure 9). The results are similar to other
research groups that showed the viability of HGF-1 fibroblast was decreased in the Eu10Hap after 48 h.
Naderi et al. 2012 [60] tested different concentrations of nanohydroxyapatite from 2 to 0.002 mg/mL
on gingiva-derived fibroblast cell line (HGF-2) at 24, 48, and 72 h, and concluded that after 24 h high
doses of nanohydroxyapatite have cytotoxic effect on gingival-derived fibroblasts suggesting that
cytotoxicity is dependent on the cell line [60,61].

 

Figure 9. MTT assay showing the viability of AFSC in the presence of the EuXHAp ceramic materials:
HAp, Eu05HAp, Eu1HAp, Eu1.5HAp, Eu2HAp, Eu10HAp, Eu50HAp, and control (cell only).

Glutathione, an oxidative stress marker, is capable of preventing cellular damage caused by
reactive oxygen species, such as free radicals, peroxides, lipid peroxides and heavy metals. In the
presence of EuXHAp biomaterials, AFSC responded similarly to control cells, indicating that the
analysed materials did not induce cellular stress (Figure 10). Furthermore, the morphology of AFSC
was investigated by fluorescence microscopy using CMTPX cell tracker for long-term tracing of
living cells. Cellular metabolism is active, as shown in microscopy images, cells absorbing CMTPX
fluorophore in the cytoplasm, suggesting that they are viable.
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Figure 10. GSH assay showing the oxidative stress of AFSC in the presence of the EuXHAp ceramic
materials: HAp, Eu05HAp, Eu1HAp, Eu1.5HAp, Eu2HAp, Eu10HAp, Eu50HAp and control (cell only).

After 5 days in the presence of EuXHAp, AFSCs presents a normal morphology with fibroblastic-like
characteristic appearance (Figure 11). Fluorescent images show that AFSC cells are viable, no dead
cells or cell fragments are observed, more the cells spread filopodia to move and establish contacts
with neighboring cells, suggesting that AFSC have an active phenotype.

(a) 

(b) (c) 

Figure 11. Cont.
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(f) (g) 

Figure 11. Fluorescence images of EuXHAp samples coloured with CMTPX fluorophore (a) Control
sample, (b) Eu0.5HAp, (c) Eu1HAp, (d) Eu1.5HAp, (e) Eu2HAp, (f) Eu10HAp, (g) Eu50HAp.

5. Conclusions

In recent years, a special attention has been created regarding to multimodal imaging. This technique
represents various imaging modalities in the manner of photoluminescence and magnetic resonance
imaging that are generally connected in an individual diagnostic step. If we talk about multimodal
contrast agents that can be used or marker for biomedical imaging with luminescence, literature data
provides information on the use of doped hydroxyapatite with rare earth elements like europium of
nanometric dimensions.

The aim of the present study was to obtain europium-doped nano hydroxylapatite by using
a simple method of synthesis (co-precipitation method) and, thereafter characterize by physico-chemical
techniques and also by biological point of view because of the fact that the obtained material has
medical application.

The results after the XRD analysis shows that the obtained material is represented by pure
hexagonal phase of hydroxylapatite, when using up to 10% dopant Eu3+ ions concentration, but there
is a correlation between HAp and Eu3+ by the interference of Eu3+ ions with HAp crystal structure.
About the morphology of HAp doped with Eu3+ it can be concluded that there is a limited modification
after the addition of Eu3+ and also by the EDS spectra is confirmed the presence of Eu3+ in all obtained
materials. Typically, the HAp sample shows three strong emission peaks, but the photoluminescence
intensities is enhanced by the characteristic Eu3+ peaks with the presence of Eu3+ ions. This feature is
required and necessary to have a good action in medical imaging.
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From the biological point of view, it can be seen by the MTT assay results that the obtained material
supports the proliferation process of the amniotic fluid stem cells. Also, the best results about the
viability characteristic is offered by the Eu2HAp material which can be a standard for the doped HAp,
because after the addition of more Eu3+ ions there is a small evidence about the cellular viability that
can decrease. As a complete evaluation, the qualitative information by the fluorescence microscopy
gives characteristic about the biocompatibility of the material in light of the fact that after 5 days of
incubation with amniotic fluid stem cells, no dead cells are observed.

Therefore, there is a fine line about the using doped HAp with Eu3+ as fluorescent or multimodal
contrast agent, but the results can be a promising start due to its characteristics but there is a need for
the further investigation.
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Abstract: This paper reports the synthesis and complex characterization of nanocomposite hydrogels
based on polyacrylamide and functionalized magnetite nanoparticles. Magnetic nanoparticles
were functionalized with double bonds by 3-trimethoxysilyl propyl methacrylate. Nanocomposite
hydrogels were prepared by radical polymerization of acrylamide monomer and double bond
modified magnetite nanoparticles. XPS spectra for magnetite and modified magnetite were recorded
to evaluate the covalent bonding of silane modifying agent. Swelling measurements in saline solution
were performed to evaluate the behavior of these hydrogels having various compositions. Mechanical
properties were evaluated by dynamic rheological analysis for elastic modulus and vibrating sample
magnetometry was used to investigate the magnetic properties. Morphology, geometrical evaluation
(size and shape) of nanostructural characteristics and the crystalline structure of the samples were
investigated by SEM, HR-TEM and selected area electron diffraction (SAED). The nanocomposite
hydrogels will be further tested for the soft tissue engineering field as repairing scaffolds, due to their
mechanical and magnetization behavior that can stimulate tissue regeneration.

Keywords: magnetic nanoparticles; polyacrylamide; functionalization; nanocomposite; hydrogel

1. Introduction

Polymeric hydrogel-like materials are a category of soft materials containing crosslinked
hydrophilic networks with a high swelling ability. The hydrophilic nature of the macromolecular
chains is based, in general, on side hydrophilic active groups [1–4]. The cross-linking reaction of
hydrophilic chains is an absolute requirement for dissolution avoiding of polymeric material. The
generation of a cross-linked network assumes formation of inter and intramolecular bridges, which do
not allow the solvent molecules to solve and unfold the macromolecules. Thus, the solvent can only
penetrate among polymeric molecules and swell the material [5,6]. In the swollen state, the polymeric
hydrogel exhibits brittleness and obvious low mechanical properties. These disadvantages seriously
limit their usage in special biomedical applications. The use of polymeric hydrogels is directly related
to the intrinsic mechanical properties in the swollen state. A relatively new concept of polymeric
nanocomposite hydrogels has started to overcome these problems by combining the advantage
of polymeric hydrogels with the advantage of polymeric nanocomposites [7–15]. Nanocomposite
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hydrogels have been developed by various methods, such as in situ polymerization or pre-modified
inorganic nanoparticles [16–21]. Modified inorganic nanomaterials have gained special attention, as
they can be used as inorganic crosslinkers. These types of modified crosslinkers exhibit a unique
flexible intrinsic structure with a serious contribution to improving mechanical properties [22]. The
major limitation of the swollen hydrogels is related to the network generation process based on
traditionally low molecular weight organic crosslinkers. The limitation of classic organic crosslinkers,
due to their relative low number of available groups for reactions with polymeric chains, can be
overcome by inorganic nanoparticles modified with multiple groups. A suitable modification involves
designing molecular architectures with long and short intermolecular and intramolecular bridges at
the same time [7,23–27]. The mechanical stress generates the fracture first of short chains to partially
dissipate the elastic energy, while the long chains take the remaining loading. Meanwhile, the hydrogel
is still intact [4,28–31]. Inorganic nanoparticles as crosslinkers possess high stretchability, elasticity
and superior toughness for polymeric nanocomposite hydrogels, with potential use in soft tissue
applications. Inorganic nanoparticles such as magnetite exhibit a high potential for modification with
functional groups, due to the presence of hydroxyl groups. They show outstanding physico-chemical
properties due to the presence of both species of iron [32–34]. Furthermore, magnetite has been used
with great success for various biomedical applications [34–37], including cellular imaging [38] or cancer
diagnosis, monitoring and treatment [39].

This research study is focused on the development of nanocomposite networks crosslinked by
highly-functionality modified magnetite with enhanced stretchability and elasticity for biological
tissue applications.

2. Materials and Methods

2.1. Materials

The reagents used for the synthesis of the magnetic iron oxide nanoparticles were iron chloride
iron (III) chloride (FeCl3, 97%), ferrous sulfate heptahydrate (FeSO4·7H2O) and ammonium hydroxide
solution (NH4OH). The acrylamide monomer, 3-trimethoxysilyl propyl methacrylate modifier agent
and potassium persulfate initiator were used for the preparation of hydrogels. All the reagents were
supplied by Sigma-Aldrich, 3050 Spruce Street, St. Louis, MO, United States.

2.2. Synthesis of Magnetite (Fe3O4) Nanoparticles

The synthesis of the Fe3O4 nanoparticles (MNPs) was carried out at room temperature, by
co-precipitation method, starting from iron (III) chloride, ferrous sulfate heptahydrate and ammonium
hydroxide solution [40,41]. The iron chloride was dissolved in deionized water to give a clear solution.
Under vigorous magnetic stirring, the FeSO4·7H2O was added to the solution (Fe2+/Fe3+ = 1:2 molar
ratio). Independently, an aqueous solution of ammonium hydroxide is prepared, and the mixture
solution resulting from the iron chloride and ferrous sulfate heptahydrate was added to it. Magnetite
nanoparticles formed and precipitated. The MNPs were separated from the reaction medium using a
strong magnet. The powder was rinsed several times with distilled water until reaching a neutral pH
(pH = 7) in the washing solution. After washing, the precipitate was dried for 12h in air oven, at 60 ◦C.

2.3. Synthesis of Double Bond Modified Magnetite Nanoparticles

The surface modification of the magnetic nanoparticles with double bonds was carried out in
several steps, as follows (Figure 1). Briefly, 2 g of MNPs were reacted with 4 mL of 3-trimethoxysilyl
propyl methacrylate (3-TPM) by dispersion in 40 mL of toluene for 24 hours at room temperature under
magnetic stirring. The modified magnetic nanoparticles (denoted by MMNPs) were then washed
several times with toluene to remove the unmodified MNPs and unreacted 3-TPM by centrifugation
and then dried.
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Figure 1. Modification of magnetite nanoparticles with double bonds.

2.4. Preparation of Polyacrylamide/MMNPs Nanocomposite Hydrogels (PAA/MMNPs)

Hydrogels were obtained by free-radical polymerization of acrylamide and MMNPs in aqueous
solution (Figure 2). Briefly, various ratios between acrylamide monomer and MMNPs (90/10; 80/20;
70/30; 60/40 and 50/50 w/w) were prepared. The MMNPs were dispersed in water by sonication and
added in a mixture of 15 wt. % aqueous acrylamide solution and initiator (potassium persulfate). The
ratio between organic phase (acrylamide) and MMNPs was varied in order to enhance the mechanical
properties of the hydrogels. The nanocomposite hydrogel samples were added in circular glass matrix
and put at 60 ◦C for 24 h. Finally, the nanocomposite hydrogel samples were removed from the glass
matrix and immersed in distilled water for 5 days to remove residual monomer and final purification.
Hydrogels were cut as disks for further mechanical investigations (rheological measurements).

 

Figure 2. Preparation of polyacrylamide (PAA)/modified magnetic nanoparticles (MMNPs) nanocomposites.
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2.5. Swelling Measurements

Swelling behavior of the hydrogels was performed in saline solution at 37 ◦C. The weight changes
of the hydrogels were recorded at regular time intervals during swelling. The swelling degree of the
hydrogels was determined according to the following equation [42,43]:

SD =
Wt −Wo

W0
·100, (1)

where W and W0 denote the weight of the wet hydrogel at a predetermined time and the weight of the
dry sample, respectively. The equilibrium swelling degrees (ESD) were measured until the weight of
the swollen hydrogels was constant. At least three swelling measurements were performed for each
hydrogel sample and the mean values were reported.

Swelling kinetics. The dynamics of the water sorption process was studied by monitoring the
saline solution absorption by the hydrogels at different time intervals. For diffusion kinetic analysis,
the swelling results were used only up to 60% of the swelling curves. Fick’s equation was used [42–49]:

f = k·tn, (2)

where f is the fractional water uptake, k is a constant, t is swelling time and n is the swelling coefficient
that indicates whether diffusion or relaxation controls the swelling process. The fractional water
content f is Mt/Mn where Mt is the mass of water in the hydrogel at time t, and Mn is the mass of the
water at equilibrium.

2.6. Characterization Methods

FTIR analysis. FTIR spectra of native magnetite and 3-TPM modified magnetite were recorded on
a Bruker Vertex 70 FT-IR spectrophotometer with attenuated total reflectance (ATR) accessory with 32
scans and 4 cm−1 resolution in mid-IR region.

XPS analysis. The X-ray photoelectron spectroscopy spectra for magnetite and modified magnetite
were recorded to evaluate the covalent bonding of silane modifying agent. The spectra were recorded
on a K-Alpha instrument from Thermo Scientific, using a monochromated Al Kα source (1486.6 eV), at
a pressure of 2 × 10−9 mbar.

2.6.1. Evaluation of the Rheological Properties for the Nanocomposite Hydrogels

Rheological tests were performed with a rotational rheometer Kinexus Pro, Malvern Instruments,
and a temperature control unit. In oscillating mode, a parallel plate and a geometric measuring system
were used, and the gap was set according to the force value. The tests were performed on samples of
20 mm diameter with parallel plate geometry in a frequency range 1 to 30 Hz.

2.6.2. Magnetic Properties by Vibrating Sample Magnetometry (VSM)

Vibrating sample magnetometry (LakeShore 7404-s VSM) was used in order to investigate the
magnetic behavior of the hydrogels. Hysteresis loops were recorded at room temperature with an
applied field up to 15 kOe, increments of 200 Oe and ramp rate of 20 Oe/s.

2.6.3. Morphological Characterization by Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM)

The microstructure of the samples was analyzed by Scanning Electron Microscopy (SEM) using a
Quanta Inspect F50, with a field emission gun (FEG) having 1.2 nm resolution and an energy dispersive
X-ray spectrometer (EDXS) having 133 eV resolution at MnKα. Morphology, geometrical evaluation
(size and shape) of nanostructural characteristics and the crystalline structure of the samples were
investigated by high-resolution transmission electron microscopy (HR-TEM) and selected area electron
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diffraction (SAED) using a TECNAI F30 G2 S-TWIN microscope operated at 300 kV with energy
dispersive X-ray analysis (EDAX) facility.

3. Results and Discussion

3.1. Swelling Measurements

The most important property of a hydrogel is its ability to absorb and hold an amount of solvent
in its network structure. The equilibrium swelling of a hydrogel is a result of the balance of osmotic
forces determined by the affinity to the solvent and network elasticity. Hydrogel properties depend
strongly on the degree of cross-linking, the chemical composition of the polymer chains, and the
interactions of the network and surrounding liquid. Figure 3 shows the water swelling behavior of the
PAA/MMNPs hydrogels. The swelling curves show a decreasing trend of swelling degree with the
increase of the modified magnetite nanoparticles content (Figure 3). These results are sustained by the
fact that a higher amount of MMNPs lead to a higher crosslinking density. The crosslinking of the
hydrogel comes from the reaction between the double bonds from NPs surface and the double bonds
of the acrylamide monomer without the adding of any other crosslinker.

Figure 3. Swelling degree versus time in saline solution at 37 ◦C for PAA/MMNPs hydrogels.

Next, the swelling mechanism is evaluated by Equation (2). Here, by plotting ln f versus ln
t, we may calculate the swelling coefficient n as the slope of the linear graph. It is known that the
swelling process could be controlled by a Fickian-type mechanism, by relaxation of the chain or by
both mechanisms depending on the composition. The values of n were below 0.5 for 2 samples
(PAA/MMNPs 70/30, 60/40 ratio), which means a diffusion-controlled process (Fickian mechanism).
The other three nanocomposite samples (PAA/MMNPs, 90/10, 80/20 and 50/50 ratio) are governed by a
diffusion swelling coefficient with values above 0.5 and a water molecules transport model, done by
chain relaxation [50,51]. These data are shown in Table 1.

Table 1. The swelling diffusion coefficient and the regression model-R2.

Parameters/
Composition

PAA/MMNPs
90:10

PAA/MMNPs
80:20

PAA/MMNPs
70:30

PAA/MMNPs
60:40

PAA/MMNPs
50:50

n 0.6044 0.5816 0.4400 0.4818 0.5465
R2 0.9980 0.9979 0.9985 0.9981 0.9939
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3.2. FTIR Analysis

The modification of magnetite nanoparticles with 3-TPM was proved by FTIR investigation
(Figure 4). FTIR spectrum of modified magnetite shows several new peaks specific to organic modifier
3-TPM. Therefore, the peak at 1170 cm−1 can be assigned to stretching vibration of ester bonds; peaks
at 1299 cm−1 and 1325 cm−1 can be assigned to the stretching vibration of -Si-methylene- from the
internal structure of modifier agent; peaks at 1454 cm−1 and 1412 cm−1 can be assigned to the bending
vibration of methyl and methylene groups from the internal structure of the modifier agent; the peak
at 1638 cm−1 is specific to the stretching vibration of –C=C– from the internal structure of the modifier
agent; the peak at 1719 cm−1 is specific to the stretching vibration of carbonyl –C=O from the internal
structure of the modifier agent [52]. Considering all of the attributed peaks, FTIR analysis was a very
useful tool to evidence the modification of the magnetite nanoparticles with double bonds.

Figure 4. FTIR spectra for magnetite and double bond functionalized magnetite nanoparticles.

3.3. XPS Analysis

XPS analysis for both magnetite and double bond modified magnetite was carried out in order
to reveal the interstitial organic/inorganic character of new generated magnetite lattice. The results
for surface modification are well correlated with the reaction mechanism and morphological results.
There is an increasing of C1s in the elemental composition up to the main elemental percent, due to
the modification on the surface of magnetite nanoparticles. Figure 5 highlights the high resolution
spectra of the O1s species from crude magnetite with two deconvoluted peaks, the first centered at
530.35 eV, which can be attributed to O-Fe in magnetite phase [53], and the second centered at 531.01 eV,
probably corresponding to the hydroxyl bonding within magnetite lattice. Furthermore, Figure 5
reveals the high magnification spectra of O1s species for functionalized magnetite nanoparticles with
three secondary deconvoluted peaks. The two O1s peaks at 529.67 eV and 531.13 eV can be attributed
to the crude magnetite structure and the new peak centered at 533.01 eV can be attributed to a Si-O
new formed species by covalent bonding of silane with magnetite hydroxyl groups [22].
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Figure 5. XPS spectra of magnetite and double bond modified magnetite.

3.4. Evaluation of the Rheological Properties for the Nanocomposite Hydrogels

Rheological behavior of novel nanocomposites was performed on swollen samples in aqueous
NaCl 0.9 wt% solution at swelling equilibrium. The investigation involves the stress optimization
in order to maintain a linear viscoelastic domain and samples to be dependent only on frequency
and not on the applied stress. The elastic modulus for nanocomposite with 10% modified magnetite
nanoparticles showed a unique behavior with significant differences, as compared to other samples.
Figure 6 reveals a slow decreasing elastic of the modulus G’ up to 20 Hz, followed by a fast increasing
until 30 Hz for the sample with 90% PAA and 10% modified magnetite nanoparticles. This behavior
can be explained by a low amount of modified magnetite nanoparticles, which act as a crosslinking
agent. The low amount of inorganic modified agent does not allow the specific elastic network to
adapt to environmental mechanical changes [22]. The nanocomposite samples with a higher amount
of modified magnetite nanoparticles (30%, 50%) showed a different specific elastic behavior with
frequency variation, presenting a constant elastic modulus increasing from 1Hz up to 30 Hz. The
specific elastic behavior allows for the environmental changes, due to the formation of elastically active
chains by bridging multiple surrounding chains with various lengths. In the case of 30% modified
magnetite nanoparticles, the elastic modulus exhibited higher values over the frequency range. This is
probably due to the nanoparticles concentration that is optimal for a good dispersion into polymer
matrix. In the case of the 50% modified magnetite nanoparticles, the elastic modulus showed lower
values, probably due to a lower dispersion in the matrix, with significant influences on the segmental
mobility of the 3D network.

Figure 6. Elastic modulus G’ versus frequency.
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3.5. Magnetic Properties by Vibrating Sample Magnetometry (VSM)

The magnetic properties of the magnetic iron oxide nanoparticles (Fe3O4 NPs) and of the hydrogels
were investigated by vibrating sample magnetometry (VSM) at room temperature. In Figure 7, the
magnetic hysteresis loops that are characteristic of superparamagnetic behavior can be observed for
all of the samples, due to the presence of the magnetite nanoparticles. Superparamagnetism is the
responsiveness to an applied magnetic field without retaining any magnetism after removal of the
applied magnetic field. The measured saturation magnetization (Ms) of the Fe3O4 NPs is 63.128 emu/g.
For PAA-MMNPs 90:10, the saturation magnetization was found at 9.74 emu/g, the lowest measured
saturation of the hydrogels. The saturation magnetization for the PAA-MMNPs 70:30 was found
at 26.73 emu/g and the highest saturation magnetization was at 31.88 emu/g, corresponding to the
PAA-MMNPs 50:50, the hydrogel with the highest concentration (50%) of MMNPs. These results show
that the magnetization of the hydrogels increases with the increase of the concentration of MMNPs
present in the hydrogels.

Figure 7. Vibrating sample magnetometry (VSM) magnetization curves of the Fe3O4 nanoparticles and
the nanocomposites hydrogels.

3.6. Morphological Characterization by SEM and TEM

3.6.1. SEM Analysis

The microstructure of the PAA-MMNPs hydrogels was studied by SEM in cross-section and the
results are shown in Figure 8 (PAA-MMNPs 90:10) and Figure 9 (PAA-MMNPs 50:50). The image in
Figure 8A, (magnification ×2.000) shows submicronic areas of bright contrast (functionalized magnetite
aggregates) evenly distributed in a dark contrast PAA matrix. At higher magnifications (×200.000,
Figure 8B) it can be observed that the areas of bright contrast are aggregates of MMNPs. Also, the
image shows that the modified Fe3O4 nanoparticles showed a good distribution in the polymer matrix
by the presence of areas with high dispersed MMNPs and areas with local agglomeration of MMNPs.
However, even the local agglomerations revealed that the modified magnetite nanoparticles (MMNPs)
seem to be addressed by the polymer polyacrylamide matrix due to the effect of the crosslinking agent
of the MMNPs (Figure 8A,B). Thus, the polymer matrix covering the MMNPs is chemically linked by
the MMNPs and the whole ensemble displays a crosslinked network-like architecture.
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Figure 8. SEM micrographs of PAA-MMNPs 90:10 block hydrogel (A,B) and lyophilized PAA-MMNPs
90:10 hydrogel (C,D).

Figure 8C is a SEM backscattered electron image at a smaller magnification (×500), showing small
MMNPs agglomerates (white spots) uniformly dispersed on a mesh of micro-pores. Figure 8D is a detail
(×100.000 magnification) of a nano-size area from the central zone in Figure 8C, showing a nanostructure
of the lyophilized hydrogel as fibrils having evenly incorporated MMNPs. The crosslinked network-like
ensemble generated by the MMNPs is better highlighted by the lyophilized samples (Figure 8C,D).
The fibrils revealed branches-like structures which are extending on the sample surface and evenly
through the sample internal structure. The branched-like structures exhibited MMNPs linked to each
other by the polymer matrix and serve as the basis of the crosslinked network-like ensemble.

The SEM image in Figure 9A (magnification ×2.000) shows a higher density in MMNPs clusters
for the PAA-MMNPs 50:50 hydrogel due to the higher amount of modified magnetite, in comparison
to the PAA-MMNPs 90:10 hydrogel from Figure 8A. Detail from Figure 9A is shown in Figure 9B
(magnification ×200.000), proving that the clusters are made of nanoparticles. The polymeric matrix
is not homogenous, due to the fact that it has smaller nanoparticle aggregates embedded. The
cross-section of the lyophilized hydrogel shows microsize pores, with chains of MMNPs clusters,
which seem to be located especially on the pore walls. At higher magnifications (Figure 8D), it can be
observed that there are also nano-size areas having the same fibrils with branches-like structures with
incorporated MMNPs. A very interesting result of the lyophilized sample of both PAA-MMNPs 50:50
and PAA-MMNPs 90:10 (Figure 8C,D and Figure 9C,D) showed less local MMNPs agglomeration with
respect to un-lyophilized samples. This behavior can be explained by the lyophilization procedure.
During the process, the polymer matrix between MMNPs swells and the space grows between them.
Furthermore, the sublimation phenomenon leads to a rearrangement of the structure with the display
of the MMNPs in the pore walls and fragmentation of the local agglomerates.

177



Nanomaterials 2019, 9, 1384

Figure 9. SEM micrographs of PAA-MMNPs 50:50 hydrogel (A,B).and lyophilized PAA-MMNPs 50:50
hydrogel (C,D); Energy dispersive X-ray (EDX) spectrum (E).

The EDXS spectrum (Figure 9E), acquired on a large area of the PAA-MMNPs 50:50 hydrogel
surface and shows the presence in the sample of the elements Fe and O (from Fe3O4 NPs), C, N and Si
(from 3-TPM and PAA).

3.6.2. TEM Analysis

The morphology and nanostructural characteristics of magnetic nanoparticles (MNPs),
modified magnetic nanoparticles (MMNPs) and of polyacrylamide modified magnetic nanoparticles
(PAA-MMNPs) hydrogels were analyzed by TEM, selected area electron diffraction (SAED) and high
resolution electron microscopy (HR-TEM).
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3.6.3. TEM Analysis for Magnetite Nanoparticles (MNPS) and Modified Magnetite
Nanoparticles (MMNPs)

Figure 10A–C are TEM micrographs of the MNPs. The bright field TEM image (Figure 10A)
shows that the magnetic Fe3O4 nanoparticles are nearly spherical with diameters between 5 and
12 nm. The SAED pattern (inset of Figure 10A) of MNPs exhibits a typical face centered cubic (fcc)
crystalline structure. The lattice spacing measured based on the diffractions rings is in accordance
with the standard lattice spacing of Fe3O4 from the Powder Diffraction File (PDF) database (ICCD file
no. 04-002-5683). The HRTEM images of MNPs (Figure 10B,C) clearly show the single crystallinity
of Fe3O4 nanoparticles. The interplanar distances measured from the adjacent lattice fringes with
Fast Fourier Transform (FFT) (inset of Figure 10B) are 2.53 Å, 2.10 Å and 1.62 Å, corresponding to
(311), (400) and (511) crystalline family planes of Fe3O4 with crystalline structure, according to the
PDF database. Nanocrystalline particles with diameter size between 5.7 and 8.6 nm are highlighted in
Figure 10B. In the HRTEM image from Figure 10C it clearly shows the crystalline planes with 2.97 Å
and 2.53 Å measured interplanar distances corresponding to crystalline family planes with (220) and
(311) Miller indices.

 

Figure 10. TEM images on Fe3O4 nanoparticles (A–C) and modified F3O4 nanoparticles (D–F).

The TEM results of MMNPs are presented in Figure 10D,E,F. According to Figure 10D, modified
Fe3O4 nanoparticles still keep the morphological properties of Fe3O4 nanoparticles. According to
HRTEM images (Figure 10E,F), morphological and nanocrystalline properties of Fe3O4 nanoparticles
are maintained, but it is clearly shown that the nanoscale Fe3O4 nanoparticles are modified in the
MMNPs sample, because of the organic layer surrounding the Fe3O4 nanoparticles (highlighted in
Figure 10F). The tailoring of magnetite nanoparticles by chemically functionalization with silane 3-TPM
revealed by physico-chemical X-photoelectron spectroscopy is also sustained by the morphological
characterization by TEM. The high magnification Figure 10E,F exhibits a less ordered organic layer
consisted by silane 3-TPM, which addresses the magnetite nanoparticles. However, the surrounding
organic layer displayed a specific order and arrangement structure, which will be further discussed. The
Figure 10D revealed an overview result with a considering functionalization of the whole nanoparticles
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and not as an isolated modification. Thus, the magnetic nanoparticles were tailored with double bonds
by the presence of the silane structure (Figure 1).

3.6.4. TEM Analysis of Polyacrylamide-MMNPs Nanocomposite Hydrogels

The bright field TEM (BF-TEM) images from Figure 11A, 10D and 10G are results from
PAA-MMNPs 90:10, PAA-MMNPs 70:30 and PAA-MMNPs 50:50 samples. These images show that all
of the hydrogels have a similar morphology and nanostructure. The overview images (Figure 11A,D,G)
revealed an expected decreasing of polymer matrix area with the increasing of MMNPs amount. All of
the samples have isolated and local agglomerated magnetic Fe3O4 nanoparticles embedded within a
polymer matrix. By comparing the BF-TEM images from PAA-MMNPs (Figure 11A,D,G) with the
BF-TEM images from MNPs (Figure 10A) and MMNPs (Figure 10D), it can be concluded that the shape
and the dimensions of the embedded nanoparticles are kept in the same range. The SAED image
(inset of Figure 11G) shows that the PAA-MMNPs hydrogels contain similar Fe3O4 nanoparticles,
well crystallized, with the same lattice spacing measured on the SAED image from MNPs (inset of
Figure 10A). The diffraction of the matrix was not observed in the SAED image (inset of Figure 11G),
which is probably because the organic layer and the PAA matrix are not highly ordered and are
displaying short ordering range. In order to observe the detailed structure of PAA-MMNPs hydrogels,
HRTEM was employed. Figure 11B,C (from PAA-MMNPs: 90-10), Figure 11E,F (From PAA-MMNPs:
70-30) and Figure 11H,I (from PAA-MMNPs: 50-50) show that the nanoparticles are embedded within
a polymer matrix with amorphous structure. The nanoparticles have a round shape with diameters
between 5 and 14 nm. The MMNPs are well integrated into polymer matrix revealing a clear interaction
between the two phases. The nature of the interaction was revealed by the HR-TEM images, which
rarely highlighted the specific order and arrangement structure of the organic layer from MMNPs.
This result can be explained by the surrounding organic layer being in a chemical reaction with the
acrylamide monomer by the consumption of the silane double bonds. Thus, the MMNPs act as an
inorganic cross-linker by becoming generators of bridges between polymeric chains and development
of a hybrid network (Figure 2). Also, the HRTEM results show that the nanoparticles are nanocrystals,
disclosing the crystalline planes (220) and (311) of magnetite with 2.97 Å and 2.53 Å, respectively,
which are characteristic interplanar distances. Furthermore, the HRTEM images also reveal a short
ordering range in the matrix besides the amorphous phase, highlighted by squares (Figure 11F for
PAA-MMNPs: 70-30 and Figure 11I for PAA-MMNPs: 50-50), which shows the structural arrangement
of the polymer macromolecular chains compared with inorganic ordered magnetite nanoparticles.
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Figure 11. Bright field (BF)-TEM and HR-TEM images on PAA-MMNPs 90:10 (A–C); PAA-MMNPs
70:30 (D–F) and on PAA-MMNPs 50:50 (G–I).

4. Conclusions

This study provides a comprehensive approach in the wide field of polymer nanocomposite
materials. A new hybrid polymer network was successfully developed by double bond modified
magnetic nanoparticles, using polyacrylamide as the crosslinked network structure, thereby overcoming
the limitation of traditional organically crosslinkers. Functionalization of magnetic nanoparticles with
the double bond was monitored by physico-chemical investigations. The details of the microarchitecture
were shown by modern morphological characterization techniques, highlighting the nature of the
interaction between the organic and inorganic phases. Furthermore, the obtained nanocomposite
hydrogels may have an efficient applicability in the soft tissue engineering field, in the form of repairing
scaffolds, due to their mechanical and magnetization behavior that can stimulate tissue regeneration.

Author Contributions: Formal analysis, E.T., V.-A.S., B.S.V. and C.-M.D.; Investigation, E.T. and I.-C.R.;
Methodology, C.Z.; Project administration, C.Z.; Validation, C.Z.; Writing—original draft, E.T. and I.-C.R.;
Writing—review and editing, C.Z. and E.A.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

181



Nanomaterials 2019, 9, 1384

References

1. Itagaki, H.; Kurokawa, T.; Furukawa, H.; Nakajima, T.; Katsumoto, Y.; Gong, J.P. Water-Induced Brittle-Ductile
Transition of Double Network Hydrogels. Macromolecules 2010, 43, 9495–9500. [CrossRef]

2. Nakajima, T.; Furukawa, H.; Tanaka, Y.; Kurokawa, T.; Osada, Y.; Gong, J.P. True Chemical Structure of
Double Network Hydrogels. Macromolecules 2009, 42, 2184–2189. [CrossRef]

3. Okumura, Y.; Ito, K. The Polyrotaxane Gel: A Topological Gel by Figure-of-Eight Cross-links. Adv. Mater.
2001, 13, 485–487. [CrossRef]

4. Gong, J.P.; Katsuyama, Y.; Kurokawa, T.; Osada, Y. Double-Network Hydrogels with Extremely High
Mechanical Strength. Adv. Mater. 2003, 15, 1155–1158. [CrossRef]

5. Hoare, T.R.; Kohane, D.S. Hydrogels in drug delivery: Progress and challenges. Polymer 2008, 49, 1993–2007.
[CrossRef]

6. Lee, K.Y.; Mooney, D.J. Hydrogels for Tissue Engineering. Chem. Rev. 2001, 101, 1869–1880. [CrossRef]
7. Haraguchi, K.; Takehisa, T. Nanocomposite Hydrogels: A Unique Organic–Inorganic Network Structure with

Extraordinary Mechanical, Optical, and Swelling/De-swelling Properties. Adv. Mater. 2002, 14, 1120–1124.
[CrossRef]

8. Haraguchi, K.; Takehisa, T.; Fan, S. Effects of Clay Content on the Properties of Nanocomposite Hydrogels
Composed of Poly(N-isopropylacrylamide) and Clay. Macromolecules 2002, 35, 10162–10171. [CrossRef]

9. Haraguchi, K.; Farnworth, R.; Ohbayashi, A.; Takehisa, T. Compositional Effects on Mechanical Properties of
Nanocomposite Hydrogels Composed of Poly(N,N-dimethylacrylamide) and Clay. Macromolecules 2003, 36,
5732–5741. [CrossRef]

10. Shibayama, M.; Suda, J.; Karino, T.; Okabe, S.; Takehisa, T.; Haraguchi, K. Structure and Dynamics of
Poly(N-isopropylacrylamide)−Clay Nanocomposite Gels. Macromolecules 2004, 37, 9606–9612. [CrossRef]

11. Haraguchi, K.; Li, H.-J. Mechanical Properties and Structure of Polymer−Clay Nanocomposite Gels with
High Clay Content. Macromolecules 2006, 39, 1898–1905. [CrossRef]

12. Haraguchi, K.; Li, H.-J.; Matsuda, K.; Takehisa, T.; Elliott, E. Mechanism of Forming Organic/Inorganic
Network Structures during In-situ Free-Radical Polymerization in PNIPA−Clay Nanocomposite Hydrogels.
Macromolecules 2005, 38, 3482–3490. [CrossRef]

13. Haraguchi, K.; Li, H.-J. Control of the Coil-to-Globule Transition and Ultrahigh Mechanical Properties of
PNIPA in Nanocomposite Hydrogels. Angew. Chem. Int. Ed. 2005, 44, 6500–6504. [CrossRef] [PubMed]

14. Haraguchi, K.; Matsuda, K. Spontaneous Formation of Characteristic Layered Morphologies in Porous
Nanocomposites Prepared from Nanocomposite Hydrogels. Chem. Mater. 2005, 17, 931–934. [CrossRef]

15. Haraguchi, K.; Ebato, M.; Takehisa, T. Polymer–Clay Nanocomposites Exhibiting Abnormal Necking
Phenomena Accompanied by Extremely Large Reversible Elongations and Excellent Transparency. Adv.
Mater. 2006, 18, 2250–2254. [CrossRef]

16. Saegusa, T.; Chujo, Y. Organic-inorganic polymer hybrids. Makromol. Chemie. Macromol. Symp. 1992, 64, 1–9.
[CrossRef]

17. Giannelis, E.P. Polymer Layered Silicate Nanocomposites. Adv. Mater. 1996, 8, 29–35. [CrossRef]
18. Mark, J.E. New developments and directions in the area of elastomers and rubberlike elasticity. Macromol.

Symp. 2003, 201, 77–84. [CrossRef]
19. Okada, A.; Usuki, A. Twenty Years of Polymer-Clay Nanocomposites. Macromol. Mater. Eng. 2006, 291,

1449–1476. [CrossRef]
20. Usuki, A.; Kojima, Y.; Kawasumi, M.; Okada, A.; Fukushima, Y.; Kurauchi, T.; Kamigaito, O. Synthesis of

nylon 6-clay hybrid. J. Mater. Res. 1993, 8, 1179–1184. [CrossRef]
21. Galateanu, B.R.; Radu, I.C.; Vasile, E.; Hudita, A.; Serban, M.V.; Costache, M.; Iovu, H.; Zaharia, C. Fabrication

of novel silk fibroin-ldhs composite architectures for potential bone tissue engineering. Mater. Plast. 2017, 54,
659–665.

22. Cristianradu, I.; Vasile, E.; Damian, C.M.; Iovu, H.; Stanescu, P.O.; Zaharia, C. Influence of the double bond
LDH clay on the exfoliation intercalation mechanism of polyacrylamide nanocomposite hydrogels. Mater.
Plast. 2018, 55, 263–268.

23. Haraguchi, K. Synthesis and properties of soft nanocomposite materials with novel organic/inorganic
network structures. Polym. J. 2011, 43, 223. [CrossRef]

182



Nanomaterials 2019, 9, 1384

24. Wang, Q.; Gao, Z. A constitutive model of nanocomposite hydrogels with nanoparticle crosslinkers. J. Mech.
Phys. Solids 2016, 94, 127–147. [CrossRef]

25. Hu, Z.; Chen, G. Novel Nanocomposite Hydrogels Consisting of Layered Double Hydroxide with Ultrahigh
Tensibility and Hierarchical Porous Structure at Low Inorganic Content. Adv. Mater. 2014, 26, 5950–5956.
[CrossRef] [PubMed]

26. Huang, T.; Xu, H.G.; Jiao, K.X.; Zhu, L.P.; Brown, H.R.; Wang, H.L. A Novel Hydrogel with High Mechanical
Strength: A Macromolecular Microsphere Composite Hydrogel. Adv. Mater. 2007, 19, 1622–1626. [CrossRef]

27. Wang, Q.; Mynar, J.L.; Yoshida, M.; Lee, E.; Lee, M.; Okuro, K.; Kinbara, K.; Aida, T. High-water-content
mouldable hydrogels by mixing clay and a dendritic molecular binder. Nature 2010, 463, 339. [CrossRef]
[PubMed]

28. Zhao, X. Multi-scale multi-mechanism design of tough hydrogels: Building dissipation into stretchy networks.
Soft Matter 2014, 10, 672–687. [CrossRef] [PubMed]

29. Long, R.; Mayumi, K.; Creton, C.; Narita, T.; Hui, C.-Y. Time Dependent Behavior of a Dual Cross-Link
Self-Healing Gel: Theory and Experiments. Macromolecules 2014, 47, 7243–7250. [CrossRef]

30. Na, Y.-H.; Kurokawa, T.; Katsuyama, Y.; Tsukeshiba, H.; Gong, J.P.; Osada, Y.; Okabe, S.; Karino, T.;
Shibayama, M. Structural Characteristics of Double Network Gels with Extremely High Mechanical Strength.
Macromolecules 2004, 37, 5370–5374. [CrossRef]

31. Na, Y.-H.; Tanaka, Y.; Kawauchi, Y.; Furukawa, H.; Sumiyoshi, T.; Gong, J.P.; Osada, Y. Necking Phenomenon
of Double-Network Gels. Macromolecules 2006, 39, 4641–4645. [CrossRef]

32. Sharma, V.K.; McDonald, T.J.; Kim, H.; Garg, V.K. Magnetic graphene–carbon nanotube iron nanocomposites
as adsorbents and antibacterial agents for water purification. Adv. Colloid Interface Sci. 2015, 225, 229–240.
[CrossRef] [PubMed]

33. Lu, A.-H.; Salabas, E.L.; Schüth, F. Magnetic Nanoparticles: Synthesis, Protection, Functionalization, and
Application. Angew. Chemie Int. Ed. 2007, 46, 1222–1244. [CrossRef] [PubMed]

34. Wu, W.; He, Q.; Jiang, C. Magnetic iron oxide nanoparticles: Synthesis and surface functionalization strategies.
Nanoscale Res. Lett. 2008, 3, 397–415. [CrossRef]

35. Wu, W.; Wu, Z.; Yu, T.; Jiang, C.; Kim, W.-S. Recent progress on magnetic iron oxide nanoparticles: Synthesis,
surface functional strategies and biomedical applications. Sci. Technol. Adv. Mater. 2015, 16, 023501.
[CrossRef] [PubMed]

36. Sun, S.-N.; Wei, C.; Zhu, Z.-Z.; Hou, Y.-L.; Venkatraman, S.S.; Xu, Z.-C. Magnetic iron oxide nanoparticles:
Synthesis and surface coating techniques for biomedical applications. Chin. Phys. B 2014, 23, 037503.
[CrossRef]

37. Shi, D.; Sadat, M.E.; Dunn, A.W.; Mast, D.B. Photo-fluorescent and magnetic properties of iron oxide
nanoparticles for biomedical applications. Nanoscale 2015, 7, 8209–8232. [CrossRef] [PubMed]

38. Sharifi, S.; Seyednejad, H.; Laurent, S.; Atyabi, F.; Saei, A.A.; Mahmoudi, M. Superparamagnetic iron oxide
nanoparticles for in vivo molecular and cellular imaging. Contrast Media Mol. Imaging 2015, 10, 329–355.
[CrossRef] [PubMed]

39. Revia, R.A.; Zhang, M. Magnetite nanoparticles for cancer diagnosis, treatment, and treatment monitoring:
Recent advances. Mater. Today 2016, 19, 157–168. [CrossRef] [PubMed]

40. Tanasa, E.A.E.; Cernea, M.; Oprea, O.C. Fe3O4/BaTiO3 composites with core-shell structures. U.P.B. Sci. Bull.
Ser. B 2019, 81, 171–180.

41. Ahn, T.; Kim, J.H.; Yang, H.-M.; Lee, J.W.; Kim, J.-D. Formation Pathways of Magnetite Nanoparticles by
Coprecipitation Method. J. Phys. Chem. C 2012, 116, 6069–6076. [CrossRef]

42. Zaharia, C.; Tudora, M.-R.; Stancu, I.-C.; Galateanu, B.; Lungu, A.; Cincu, C. Characterization and deposition
behavior of silk hydrogels soaked in simulated body fluid. Mater. Sci. Eng. C 2012, 32, 945–952. [CrossRef]

43. Ganji, F.V.-F.E. Hydrogels in controlled drug delivery systems. Iran. Polym. J. 2009, 18, 63–88.
44. Afif, A.E.; Grmela, M. Non-Fickian mass transport in polymers. J. Rheol. 2002, 46, 591–628. [CrossRef]
45. Bajpai, A.K.; Shukla, S.K.; Bhanu, S.; Kankane, S. Responsive polymers in controlled drug delivery. Prog.

Polym. Sci. 2008, 33, 1088–1118. [CrossRef]
46. Lee, H.; Zhang, J.; Lu, J.; Georgiadis, J.; Jiang, H.; Fang, N. Coupled Non-Fickian Diffusion and Large Deformation

of Hydrogels; Springer: New York, NY, USA, 2011; pp. 25–28.
47. Liu, Q.; Wang, X.; De Kee, D. Mass transport through swelling membranes. Int. J. Eng. Sci. 2005, 43,

1464–1470. [CrossRef]

183



Nanomaterials 2019, 9, 1384

48. Rajagopal, K.R. Diffusion through polymeric solids undergoing large deformations. Mater. Sci. Technol. 2003,
19, 1175–1180. [CrossRef]

49. Vrentas, J.S.; Vrentas, C.M. Steady viscoelastic diffusion. J. Appl. Polym. Sci. 2003, 88, 3256–3263. [CrossRef]
50. Kim, S.J.; Lee, K.J.; Kim, I.Y.; Lee, Y.M.; Kim, S.I. Swelling kinetics of modified poly(vinyl alcohol) hydrogels.

J. Appl. Polym. Sci. 2003, 90, 3310–3313. [CrossRef]
51. Zhao, Z.X.; Li, Z.; Xia, Q.B.; Bajalis, E.; Xi, H.X.; Lin, Y.S. Swelling/deswelling kinetics of PNIPAAm hydrogels

synthesized by microwave irradiation. Chem. Eng. J. 2008, 142, 263–270. [CrossRef]
52. Zakirov, A.S.; Navamathavan, R.; Jang, Y.J.; Jung, A.S.; Lee, K.; Choi, C.K. Comparative study on the

structural and electrical properties of low-bftextitk SiOC(-H) films deposited by using plasma enhanced
chemical vapor deposition. J. Korean Phys. Soc. 2007, 50, 1809–1813. [CrossRef]

53. Márquez, F.; Herrera, G.M.; Campo, T.; Cotto, M.; Ducongé, J.; Sanz, J.M.; Elizalde, E.; Perales, Ó.; Morant, C.
Preparation of hollow magnetite microspheres and their applications as drugs carriers. Nanoscale Res. Lett.
2012, 7, 210. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

184



nanomaterials

Communication

Formation of Nanospikes on AISI 420 Martensitic
Stainless Steel under Gallium Ion Bombardment

Zoran Cenev 1, Malte Bartenwerfer 2,*, Waldemar Klauser 2, Ville Jokinen 3, Sergej Fatikow 2 and

Quan Zhou 1,*

1 Department of Electrical Engineering and Automation, School of Electrical Engineering, Aalto University,
Maarantie 8, 02150 Espoo, Finland; zoran.cenev@aalto.fi

2 Department of Computing Science, University of Oldenburg, Ammerländer Heerstraße 114-118, 26129 Oldenburg,
Germany; waldemar.klauser@uni-oldenburg.de (W.K.); sergej.fatikow@uni-oldenburg.de (S.F.)

3 Department of Chemistry and Materials Science, Aalto University, School of Chemical Engineering, Tietotie 3,
02150 Espoo, Finland; ville.p.jokinen@aalto.fi

* Correspondence: m.bartenwerfer@uni-oldenburg.de (M.B.); quan.zhou@aalto.fi (Q.Z.);
Tel.: +49-179-682-1971 (M.B.); +358-40-855-0311 (Q.Z.)

Received: 11 September 2019; Accepted: 15 October 2019; Published: 19 October 2019

Abstract: The focused ion beam (FIB) has proven to be an extremely powerful tool for the nanometer-scale
machining and patterning of nanostructures. In this work, we experimentally study the behavior of
AISI 420 martensitic stainless steel when bombarded by Ga+ ions in a FIB system. The results show
the formation of nanometer sized spiky structures. Utilizing the nanospiking effect, we fabricated
a single-tip needle with a measured 15.15 nanometer curvature radius and a microneedle with a
nanometer sized spiky surface. The nanospikes can be made straight or angled, depending on the
incident angle between the sample and the beam. We also show that the nanospiking effect is present in
ferritic AISI 430 stainless steel. The weak occurrence of the nanospiking effect in between nano-rough
regions (nano-cliffs) was also witnessed for austenitic AISI 316 and martensitic AISI 431 stainless
steel samples.

Keywords: focused ion beam; nanospikes; martensite; stainless steel; gallium; bombardment;
irradiation effects; sharp needle; incident angle

1. Introduction

The focused ion beam (FIB) technique has been established as a powerful tool for micro and
nanoscale imaging [1], sputtering, deposition [2], 3D machining [3], and surface modifications [4].
When an incident ion comes into contact with a targeted material, the ion enters into a set of collisions
(higher than normal thermal energies) with the target atoms, a process known as a collision cascade.
Sputtering occurs when an incident ion comes into contact with a targeted surface and transfers its
momentum to the host atoms. A host atom on the surface will absorb a part of the ion’s kinetic energy.
If the new energy state of the host surface atom is higher than the surface binding energy (SBE) of
the targeted material, then the surface atom will be ejected as a sputtered particle [5]. A quantitative
measure of sputtering is defined through sputtering yield, i.e., the number of atoms removed by
an incident ion. The sputtering yield is affected by the material composition, angle of incidence,
the crystal structure of the substrate, redeposition, scanning speed, temperature of the target, and
surface contaminations [6].

The process which constrains the path of the ion in a crystalline solid is known as ion channeling [7].
Along low index directions in crystalline materials, ions may penetrate greater distances as compared
to cascade collisions in amorphous materials. Since ion channeling has a direct impact on the ion
penetration range, meaning the trajectory within the collision cascade, it also impacts the sputtering
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yield. Variations on sputtering yield within a sample target cause roughening of the surface, which has
been observed for aluminum [8], tungsten [9], and polycrystalline gold [10]. A nanometer sized spiky
structure, an extreme form of nano-roughening, with distinct and visibly pronounced spikes, occurs
during the anisotropic etching of single crystal (100) copper [8], tungsten [11], and 18 Cr-ODS (Oxide
Dispersive Strengthened) steel [12]. Pyramidal and conical (faceted pyramid) micro/nanometer-sized
structures have been observed much earlier on tin crystals [13], and monocrystalline [14] and
polycrystalline copper [15] when irradiated by argon, as well as krypton ions [16]. The origins and
stability of ion-bombarded copper surfaces have been heavily analyzed and discussed by Auciello and
Kelly [17,18].

Here, we experimentally demonstrate the formation of nanospikes occurring on a martensitic
AISI 420 stainless steel surface when bombarded with gallium ions. We also show that nanospikes
can be made straight or angled depending on the incident angle of the FIB. To demonstrate potential
applications, we FIB-treated an electrochemically etched stainless steel (AISI 420) tip to induce
nanospiking and thus obtain a single tip nano-needle with a measured diameter of 15.15 nanometers.
Additionally, we FIB-treated an electrochemically etched stainless steel (AISI 420) tip with micrometer
sharpness to induce nanospikes. Finally, we also show that the nanospiking effect is present in ferritic
AISI 430 stainless steel. The weak occurrence of the nanospiking effect in between nano-rough regions
(nano-cliffs) was also witnessed for austenitic AISI 316 and martensitic AISI 431 stainless steel samples.

Future research should focus on using the single sharp nano-needle for creating localized magnetic
fields, as in [19], or laser-induced electron emission, as in [20,21]. Due to the soft magnetic properties
of the martensitic ASI 420 stainless steel, nanometer sized spiky magnetic tips could be applied in
producing magnetic nano-devices, for example, magneto-gravitational traps [22,23]. Another line
of research can focus on producing superhydrophobic/hydrophobic microneedles by subsequent
fluoropolymer deposition (low adhesive polymer) to the surface of the microneedle with the nanometer
sized spiky surface.

2. Materials and Methods

2.1. Procedure of FIB Treatment of Martensitic, Austenitic and Ferritic Stainless Steel Plates

The treatment of the martensitic AISI 420 (Fe-86,7/Cr13,0/C0,3) stainless steel sample (Goodfellow,
Cambridge, UK) was carried out with a dual-beam high-resolution scanning electron/focused ion beam
microscope, namely, the Lyra FEG (TESCAN, Brno, Czech Republic). A 0.5 cm2 piece was cut from the
foil sheets. The piece was cleaned in an ultrasonic isopropanol bath, with a 10 min O2 plasma treatment
under 40 kHz at 100 W in the plasma system, using the Femto instrument (Diener electronic GmbH
and Co KG, Ebhausen, Germany). An area of 10 μm2 was exposed to an ion dose of 19.4 nC/μm2 at
a 30 keV beam energy and emission current of 2 μA. The same treatment was applied for the other
stainless steel samples, i.e., AISI316 (Fe/Cr18/Ni10/Mo3), AISI430 (Fe81/Cr17/Mn/Si/C/S/P) and AISI431
(Fe82/Cr16/Ni2), as were received from the supplier (Goodfellow, UK).

2.2. Procedure of Fabrication of Martensitic Stainless Steel Needle with Nanometer Sharpness

A one millimeter thick stainless steel AISI 420 wire (Goodfellow, Cambridge, UK) was thinned
with up to micrometer sharpness, as previously reported in [19]. The etched needle was installed
into the FIB-SEM dual beam system (Lyra FEG) and is shown in Figure S1a–c. Prior to FIB exposure,
the needle was cleaned in an ultrasonic acetone bath and rinsed with isopropanol. A series of FIB
exposures with a total ion dose of roughly equal to 2000 nC/μm2 at a 30 keV beam energy and emission
current of 2 μA was applied in order to induce more spikes (Figure S1d). Once a prominent spike was
obtained, it was isolated from further exposure, but the exposure was targeted towards removing the
surrounding spikes and eventually providing the final result (Figure S1f).

186



Nanomaterials 2019, 9, 1492

2.3. Procedure of Fabrication of Stainless Steel Microneedle with Nanospikes

A one millimeter thick stainless steel AISI 420 wire (Goodfellow, USA) was installed into the collet
of a milling 3-axis bridge router, as illustrated in Figure S2a. A face mill insert with four cutting edges
was used for machining, where the wire would be thinned within a range of 0.4 and 0.7 mm thickness,
with a length of about 3 mm. A thinned wire as such was mounted onto a holder of an in-house built
electrochemical etching station, containing a 10% HCl bath, a computer-controlled voltage supply, and
a motorized stage (further details can be found in [19]). The first step was electrochemical thinning,
consisting of dipping the wire 3 mm into the HCl bath. The etching started when a voltage of 1V was
supplied. Immediately after voltage application, the wire was pulled with a constant speed of 10 μm/s.
The second etching step consisted of re-dipping the wire by 1 mm, with supply voltage of 1V and
pulling the wire with a constant speed of 10 μm/s until the needle was completely out of the bath,
as illustrated in Figure S2b. A sample micrograph of an etched needle can be seen in Figure S3a–c.

The electrochemically etched needle was installed into the FIB-SEM dual beam system, as
illustrated in Figure S2c. Prior to FIB treatment, the machined/etched needles were cleaned in an
ultrasonic acetone bath and rinsed with isopropanol. The needles were exposed to an ion dose of
10.6 nC/μm2 at a 30 keV beam energy and emission current of 2 μA (Figure S3d,e).

3. Results

3.1. Nanospikes Formation on AISI 420 Martensitic Stainless Steels by FIB Treatment

Figure 1a shows the surface morphology of an FIB-irradiated AISI 420 sample with gallium ions.
Details of the sample preparation and FIB treatment settings are provided in Section 2.1. From the
figure, it can be seen that the sharpness of the nanospikes is in the sub-micron range. One can also
see that the nanospikes on the edge feature higher aspect ratios than the nanospikes in the middle of
the trench.

To demonstrate the potential usability of the nanospiking effect, we have fabricated two different
types of needles, i.e., an extremely sharp needle with radius of 15.15 nanometers (Figure 1b) and a
micrometer-sized needle, featuring a nanometer sized spiky topology (Figure 1c). The fabrication
procedure of both needles is similar, and they are explained in detail in Sections 2.2 and 2.3, respectively.
One should note that the fabrication procedure for both needles includes a certain level of randomness,
however, the sharpness of the nanospikes is very often in the low nanometer range (from several up to
tens of nanometers).

Figure 1. Nanospiking effects on martensitic AISI 420 stainless steel. (a) Nanometer sized spiky surface
of the martensitic AISI 420 stainless steel sample plate after FIB treatment with gallium ions with a
dose of 19.4 nC/μm2. Fabrication results of a (b) sharp needle with nanometer resolution, the circle
denotes fitting to the curvature of the tip. The original raw image without fitting is given in Figure S1f.
(c) A micrometer-scale needle with nanospikes.
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3.2. Morphological Evolution of AISI 420 during FIB Treatment

We also examined the morphological evolution of the martensitic AISI 420 in a step-by-step
manner. Figure 2 shows the surface morphology evolution, and finally, the formation of the nanospikes.
The samples were exposed to 30,000 scans overall (1000 scans correspond to an ion dose of 1435 nC/μm2).
The trench dimension was 10 × 10 μm2. The AISI 420 surface was untreated at the beginning (0 scans),
and after the first 500 scans, the appearance of a few pits on the surface was noted.

Figure 2. Evolution of nanospikes at normal incidence as a function of FIB dose from 0 to 30,000 scans
(1000 scans correspond to a gallium ion dose of 1435 nC/μm2). The spiky structure shift downwards
along with increase of the FIB exposure. Scale bar in each image is 5 μm. Orange arrows denote the
formation and size variation of the firstly formed nanospike.

The indentation of the initial pits increased with the increase of the number of scans (1000 to
5000 scans). At 7500 scans, the formation of the first nanospike (denoted with an orange arrow) was
noticed. Further exposure of the earlier formed nanospikes causes their increase in sharpness, but also
causes a decrease in height, as indicated by the orange arrows (10,000 to 30,000 scans). With further

188



Nanomaterials 2019, 9, 1492

increase of the irradiation, new spikes started to form, and they could be found more within the central
region of the trench, rather than on the edges. The nanospikes on the edges feature much higher aspect
ratios than the ones in the central region. This difference in aspect ratios can be observed from scans
15,000 to 30,000.

3.3. Energy-Dispersive X-ray Spectroscopy (EDX) and X-ray Photoelectron Spectroscopy (XPS) Analysis of
FIB Irradiated AISI 420 Stainless Steel Alloy with Gallium Ions

We have performed energy-dispersive X-ray spectroscopy (EDX) analysis on the whole gallium
irradiated trench, a spot on a single nanospike, and a non-irradiated area (Figure S4). The only
difference that the EDX results show is the presence of gallium in irradiated regions in comparison to
non-irradiated regions. No significant change in the presence of the iron or chromium content within
the AISI 420 sample before and after gallium irradiation was determined.

We also have performed X-ray photoelectron spectroscopy (XPS) measurements with the Kratos
Axis Ultra ESCA system (Kratos Analytical Ltd., Manchester, UK), analyzing the gallium irradiated
circular trench (diameter of ~35 μm) and the non-irradiated area (Figure S5). The XPS results show
a reduction of iron (9.42% to 2.2% for XPS aperture of 27 μm) and chromium (0.97% to 0.44% for
XPS aperture of 27 μm) between the non-irradiated and irradiated regions. Here, it could be that the
gallium in the non-irradiated region was deposited during the gallium irradiation of the sample in the
FIB system. The existence of high oxygen and carbon concentrations is due to exposure of the sample
to ambient conditions.

3.4. Effect from Variation of Incident Angle

The effect from the variation of the incident angle has been studied by the different orientation of
an AISI 420 stainless steel probes during gallium irradiation (Figure 3). At first, a probe was installed
in a vertical position (Figure 3a) and it was subjected to gallium irradiation in FIB system. After a
pre-defined FIB dose was delivered to the probe, the nanospikes formed in the direction of the beam.
The same nanospikes formation occurred for a horizontally positioned probe (Figure 3b) and 40◦
inclined probe (Figure 3c). From these results, one can infer that nanospikes form regardless of the
incident angle in this specific martensitic steel alloy.

 

Figure 3. Spiking phenomena of AISI 420 stainless steel sample probes during gallium irradiation with
different incident angles: (a) Vertical position of the probe; (b) Horizontal position of the probe; and (c)
at an incident angle of 40◦ to the probe. Here, (i) and (ii) illustratively depict the orientation of the
sample, the gallium irradiated regions and the spiking result, respectively. Here, (iii) and (iv) show the
results obtained before and after the FIB irradiation. Here, (v) are close-ins of (iv).
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3.5. Nanospiking Effect on Austenitic AISI 316, Ferritic AISI 430 and Martensitic AISI 431 during FIB Treatment

Figure S6 shows a comparison of FIB irradiated stainless steel plates with gallium ions of other
three different stainless steel types, i.e., austenitic (AISI 316), ferritic (AISI 430) and martensitic (AISI 431)
stainless steel plates. Details of the sample preparation and FIB treatment are provided in Section 2.1.
All samples have an anisotropic etching behavior. The austenitic AISI 316 stainless steel sample
(a and d) shows a mix of inhomogeneous nano-rough regions and regions with nanospikes (Figure S6d).
Nano-rough regions look like mountain range or cliffs, therefore the notation “nano-cliffs”, for instance,
see the orange arrows in Figure S6. The ferritic AISI 431 (c and e) features only a region with nanospikes
(Figure S6e). The AISI 431 displays a presence of nanospikes, however, these are seldom scattered in
between the nano-roughed bottom (Figure S6f).

4. Discussion

As can be seen from Figures 2 and 3, the nanospikes on the edges have much higher aspect ratios
than the ones in the central region of the trench. When sputtering occurs at the edges, it nucleates
the edges (formation of nanospikes), due to the presence of the gallium ions outside of the beam
spot (the beam power features Gauss distribution). The inner part of the trench continues to be
sputtered, but the part outside of the trench is slightly affected by the satellite gallium ions. The satellite
gallium ions also cause sputtering, but at significantly reduced rates than the inner part of the trench.
The sputtering continuity of the inner part shifts the nano-spiky structure downwards into the bulk,
but this shift barely occurs at the edges. This discrepancy in the structural shift can explain why
the nanospikes in the edges feature higher aspect ratios than the nanospikes in the central region of
the trench.

Polycrystalline alloys such as the martensitic AISI 420 stainless steel (and the other FIB treated
stainless steels) investigated in this work, besides the difference in material content, feature domains
with different crystallographic orientations. The sputtering rates of neighboring domains may vary
greatly, depending on the structural configuration of the grains and the orientation of the lattices in the
particular domain with respect to the incident ion beam. However, we have shown that nanospikes
occurred in the gallium bombarded AISI 420 sample, but not as much in the AISI 431 sample, where
nano-cliffs were more dominant, although both samples are martensitic stainless steels with very
similar crystalline structure [24,25].

We have performed EDX and XPS analysis to investigate the material content within the
non-irradiated and the irradiated regions of the martensitic AISI 420 stainless steel alloy. The EDX
results (penetration depth up to 10 μm) show the presence of iron, chromium, and gallium in the
gallium-irradiated regions. The XPS results show a decrease of the iron and the chromium in the
irradiated trench with respect to non-irradiated surface. The XPS results do not indicate any saturation
of a single element on the very surface in the irradiated regions.

Other studies have demonstrated that ion channeling affects the sputtering yield in polycrystalline
materials such as [4,8,9], therefore inducing nano-roughening on the treated surface. However, we are not
sure whether the same explanation can be attributed to the formation of the nanospikes. The nanometer
sized spiky formations are special forms of the nano-roughed surface, and the exact mechanism has
been recently discussed by Prenitzer et al. [8] and Ran et al. [12], but also heavily researched much
earlier [13–18]. Auciello [18] claims that the micro/nanometer scaled pyramidal structures form due to
sputtering differences in (1) the presence of intrinsic and/or bombardment-induced sub-surface defects,
(2) the evolution of pre-existing and/or bombardment-induced asperities of convex-up curvatures, and
(3) the erosion of nuclei formed by migration of sputter-deposited foreign atoms on the substrate
of the surface. The observed nanospike formations by Prenitzer et al. [8] were attributed to a wide
range of sputtering conditions, whereas the most likely one may be the quality of initial target surface.
Ran et al. [12] imaged 18 Cr-ODS steel nanospikes with transmission electron microscopy (TEM), showing
that two different crystal orientations do exist in one nanospike with distinct two grains and a clear grain
boundary. The report claims that nanospike formation is not induced by grain recrystallization and
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regrowth during Ga+ ion bombardment, but rather due to an interplay between a curvature-dependent
sputtering and defect accumulation near the surface. Both reports address the importance of the initial
surface topology. This interplay between a curvature-dependent sputtering and defect accumulation near
the surface seems to be a valid argument and might be used to interpret our experimental observations,
since the morphological variation of the targeted surfaces greatly impacts the dynamic competition of
available atoms on the substrate, the atom evacuation due to sputtering, and the gathering of vacancies.

5. Summary and Conclusions

The nanospiking phenomenon has been previously reported for copper [8], tungsten [11], and
18Cr-ODS steel [12]. In this communication, we have shown that nanospikes are formed on martensitic
AISI 420 stainless steel when treated with FIB. The nanospikes can be made straight or angled
depending on the incident angle between the sample and the beam. We also showed fabrication
of a <16 nanometer sharp single tip needle and a micrometer-sized sharp needle with nanospikes.
The nanospiking effect occurs in ferritic AISI 430 stainless steel sample too. A weak occurrence of the
nanospiking effect in between nano-rough regions (nano-cliffs) was also witnessed for the austenitic
AISI 316 and martensitic AISI 431 stainless steel samples. Unlike the intermediate existence of the
nano-pyramidal structures reported in [16], the nano-spiky structures reported here are stable and
occur at different irradiation doses.

The nanospiking phenomenon in martensitic AISI 420 stainless steels has promising capacity
for future research. The single sharp nano-needle has potential of being used for creating localizing
magnetic fields, as in [19], or laser-induced electron emission as in [20,21]. A micrometer-scaled
needle with nano-spiky topology could be utilized for making superhydrophobic needles, performing
droplet manipulation on open hydrophobic and superhydrophobic surfaces, where needle-droplet
adhesion is less than droplet-substrate adhesion, similar to as in [26,27]. Since the martensitic stainless
steel has soft ferromagnetic properties, the Ga+ ion bombardment process can be used for fabricating
magnetic nanospikes, which might find application in the development of novel quantum devices, e.g.,
magneto-gravitational traps [22,23].

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/10/1492/s1,
Figure S1: Intermediate steps of the fabrication process of martensitic stainless steel AISI420 needle with
nanometer sharpness. Figure S2: Illustration of the fabrication procedure of microneedle with nanospikes.
Figure S3: Intermediate steps of the fabrication process of martensitic stainless steel AISI420 microneedle with
nanospikes. Figure S4: Energy-dispersive X-ray spectroscopy (EDX) results of (a) the completely irradiated trench;
(b) a spot on a single nanospike; (c) non-irradiated area. Figure S5: X-ray Photoelectron Spectroscopy (XPS) results
of (a) a ~35 μm in diameter gallium irradiated trench; (b) non-irradiated area. i and ii denote measurement with
XPS aperture of 27 and 55 μm, respectively. Figure S6: Gallium irradiation of austenitic AISI 316 (a,d), ferritic AISI
430 (b,e), and martensitic AISI 431 (c,f) stainless steel plates with a dose of 19.4 C/μm2. (a–c) Before and (d–f) after
gallium irradiation.
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Abstract: Corrosion accounts for huge maintenance cost in the pipeline community. Promotion of
protective coatings used for oil/gas pipeline corrosion control, in terms of high corrosion resistance as
well as high damage tolerance, are still in high demand. This study was to explore the inclusion of
nanoparticle fullerene-C60 in protective coatings for oil/gas pipeline corrosion control and mitigation.
Fullerene-C60/epoxy nanocomposite coatings were fabricated using a solvent-free dispersion method
through high-speed disk (HSD) and ultrasonication. The morphology of fullerene-C60 particles was
characterized by transmission electron microscopy (TEM), and dynamic light scattering (DLS). The data
analysis indicated that the nanoparticles were effectively dispersed in the matrix. The performance
of the nanocomposites was investigated through their mechanical and electrochemical properties,
including corrosion potential, tensile strength, strain at failure, adhesion to substrate, and durability
performance. Dogbone shaped samples were fabricated to study the tensile properties of the
nanocomposites, and improvement of strength, ultimate strain, and Young’s modulus were observed
in the C60/epoxy specimens. The results demonstrated that the C60/epoxy composite coatings also
had improvements in adhesion strength, suggesting that they could provide high damage tolerance
of coatings for engineering applications. Moreover, the electrochemical impedance spectroscopy
(EIS) results generated from the accelerated durability test revealed that the developed fullerene-C60
loaded composite coatings exhibited significantly improved corrosion resistance. The nanocomposite
with 0.5 and 1.0 wt.% of C60 particles behaved as an intact layer for corrosion protection, even after
200-h salt spray exposure, as compared to the control coating without nanofiller in which severe
damage by over 50% reduction was observed.

Keywords: nano-modified high-performance coating; dispersion methods; fullerene-C60; corrosion
mitigation; nanocomposite; gas and oil pipelines

1. Introduction

Corrosion has been a leading cause of metallic oil/gas pipeline failures in the United States and
worldwide [1–4]. A report revealed that there are over 2.6 million miles of gas and oil pipeline in
United States. Most of the pipelines are fabricated by low-carbon steel, and severe corrosion failures
can be developed when they are exposed to corrosive media during transporting oil and gas [5]. As of
2014, the reported cost of corrosion in the oil and gas industry was more than $17 billion for the United
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States [6]. Despite the fact that significant efforts have been targeted in corrosion control and mitigation,
there are still challenges to develop effective corrosion prevention techniques [7–11].

In the last two decades, carbon-based nanoparticles have attracted great attention due to their ability
to provide outstanding mechanical, tribological, and electrical properties with the various dimensions
and geometrical shapes [12–19]. One particularly promising application of carbon-based nanoparticles
is to assemble high-performance nanocomposites by incorporating nanofiller reinforcement into
polymers [13] and coatings [18–20]. The enhancements of carbon-based nanocomposites are often
considered to be associated with the shape and size of the nanofillers [14,15]. Nanofillers can be defined
as zero, one, or two-dimensional materials [16]. Fullerene-C60 is a typical 0-dimensional spherical
nanofiller that contains only carbon atoms, consisting of 12 pentagons and 20 hexagons arranged in a
cage-like structure [17]. Their unique shapes provide a different combination of properties and assist
the polymetric coating in overcoming their limitations [19,21–27]. In particular, fullerene-C60/polymer
nanocomposites demonstrate enhanced mechanical and anti-corrosion properties, as compared to neat
polymer materials [28,29].

Fullerene-C60 particles have been investigated as a nanofiller in polymer reinforcement due
to their unique aromatic character and nanosized diameter [30]. Zuev et al. [29] suggested strong
reinforcement could be obtained with a small amount of fullerene nanofillers in epoxy matrix, which
should be less than 0.5 wt.%. Otherwise, agglomerates will be created with the excess amount of
C60 nanoparticles, which leads to degradation on coating performance. Pikhurow et al. [28] reported
that the addition of fullerene-C60 particles improved the Young’s modulus and tensile strength of
epoxy resin. The maximum reinforcement was observed in the sample containing 0.08 wt.% of
fullerene-C60 particles. Differently, other authors [30] mentioned that the maximum reinforcement
on mechanical properties and elastic resilience was observed with the addition of 2 wt.% of C60
in poly(styrene-b-butadiene-b-styrene (SBS)), and the tensile strength increased almost 13 times
compared with base polymer. Meanwhile, Ogasawara et al. [31] also pointed out that the greatest
improvement was obtained with 1.0 wt.% of fullerene-C60 nanoparticles in the epoxy, with both
increased tensile strength and strain. In addition, compared with neat epoxy, researchers [17] suggested
both enhanced anti-corrosion and tribological properties were observed after the incorporation of C60
particles. C60/epoxy nanocomposites containing C60 particles from 0.25 to 1.0 wt.% were fabricated.
However, the performance of the coatings was weakened when the content of C60 was higher
than 0.5 wt.%; hence, this observation may result from large number of aggregated nanoparticles.
Clearly, fullerene-C60 nanoparticle showed its potential to the development of high-performance
coatings, but the current findings as observed in the literature is still unclear, as there were still in high
variances in many academic studies. Specifically, one may concern appropriate content of nanoparticles
as demanded for a coating system; however, the suggestions of fullerene-C60 content in coating
system were sources of conflict among different researchers. Moreover, most of existing studies on
fullerene-C60 particles as nanofillers in polymer system have been directed to mechanical properties of
the nanocomposites [28,29,31]. As compared, few studies [17] discussed corrosion protection behaviors
of fullerene-C60 particle reinforced coatings, which are critical properties as required for metallic
pipelines. Furthermore, to the best of authors’ knowledge, evaluation on the long-term performance of
C60/epoxy coatings with varied contents of C60 nanofillers has not been reported.

Until recently, some research efforts have been made on corrosion protection enhancement
of modified epoxy [32–35]. Li et al. [32] developed an anti-corrosion epoxy with the addition of
a-zirconium phosphate nanoplatelets (ZrP). The ZrP nanoplatelets were prepared with a refluxing
method. The Zirconyl chloride was refluxed in H3PO4 solution for 24 h, and the solution was then
dried for another 24 h. The obtained product was grounded into fine powders. The ZrP powders were
dispersed in acetone before mixing with epoxy resin. Improved corrosion resistance was confirmed by
the potentiodynamic polarization and EIS measurements. Zhang et al. [33] successfully used modified
silicon nitride powders to enhance the corrosion performance of epoxy coatings. The silicon nitride
powders were kept in a vacuum chamber at 80 ◦C for 24 h before the fabrication procedure. Then
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the powders were dispersed into methacryloxy propyl trimethoxyl silane with ultrasonication, and
deionized water, ethyl alcohol, and acetic acid were added into the solution, while the PH value was
adjusted between 3.5 to 5.0. The solution was mechanically stirred for 3 h in a water bath, and the
modified silicon nitride powders were obtained after the solution was dried in an oven. Stronger
barrier performance was observed in the epoxy coating with the addition of silane functionalized
silicon nitride. Chhetri et al. [34] developed functionalized APTES–Mo–LDH reinforced epoxy for
corrosion protection application. The Mg(NO3)2·6H2O and Al(NO3)3·9H2O salt were dissolved in
distilled water, and the solution were stirred with NaNO3 and NaOH solutions, while the PH value
was maintained around 10 by adding NaOH solution. Then the obtained solution was dried inside a
vacuum oven to obtained MgAl–NO3–LDH powder; the powder was mixed with Na2MoO4·2H2O with
mechanical stirring for 12 h, followed by a 6 h reflux. At this stage, modified Mo–LDH was obtained,
then APTES, acetic acid, and anhydrous ethanol were used to functionalize modified Mo–LDH powder
into APTES-modified Mo–LDH, as named as APTES–Mo–LDH. Improved corrosion resistance and
adhesion were observed in the developed APTES–Mo–LDH/Epoxy coatings. The above studies have
successfully increased the corrosion protection performance of epoxy coating with their developed
modification techniques; however, the applied techniques were either time-consuming or required
extensive chemical solvents in the fabrication process, which showed their limitations toward large
scale commercial applications.

As such, this study aimed to investigate the inclusion of fullerene-C60 in epoxy for the development
of nanocomposites for oil and gas pipeline corrosion mitigation, and the nanocomposite coatings were
prepared by a solvent-free facile approach. The nanoparticle size distribution was investigated using
dynamic light scattering (DLS), and the dispersion was inspected by scanning electron microscopy
(SEM). The mechanical and electrochemical behavior of the developed nanocomposite coatings was
systemically evaluated by electrochemical impedance spectroscopy (EIS), pull-off strength test, and
tensile test. In addition, the salt fog test was employed to examine the durability of the nanofiller
reinforced coatings.

2. Experiment

This section describes the detailed experimental methods for synthesizing and characterizing
fullerene-C60/epoxy coatings, including material preparation and synthesis, the dispersion method,
and characterization as shown below.

2.1. Material

Fullerene-C60 (Sigma-Aldrich Corp., St. Louis, MO, USA) nanoparticles were purchased and used
without any modification. As shown in Figure 1, the size and shape of C60 nanoparticle were examined
by transmission electron microscopy (TEM), and it was clear that the as-received C60 particles were
initially in agglomerates with an average diameter of 20 nm. A two-component epoxy adhesive coating
was used to mix with nanofillers in this study, and the coating was based on EPON™ Resin 828 resin
and Epikure 3175 (Hexion Inc., Columbus, OH, USA). The EPON™ Resin 828 resin is a pure bisphenol
A/epichlorohydrin derived liquid epoxy resin and able to provide good mechanical, adhesive, dielectric
and chemical resistance properties when crosslinked with EPIIKURE™ Curing Agent 3175.
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Figure 1. Transmission electron microscopy of a fullerene-C60 particle.

2.2. Fabrication of Nanofiller-Reinforced Epoxy Composites and Test Sample Preparation

The dispersion of the fullerene-C60 was carried out by integration of high-speed disk (HSD) and
ultrasonication, as this method can effectively disperse nanoparticles into polymer matrix. The epoxy
resin was first mixed with C60 particles by using HSD dispersers (high-speed impellers) at a speed of
4000 rpm for 30 min, and the shear stress during the high-speed rotation was able to break down large
aggregated particles. After the first step, the solution was subjected to ultrasonication (Misonix S1805
sonicator) with a 19-mm probe at 100% amplitude, and the process used a 30 s on/off cycle for a total
duration of 60 min. After this step, a proper dispersion of C60 nanoparticles was obtained in the epoxy
resin. The solution was cooled to room temperature and was then mixed with EPIIKURE™ Curing
Agent 3175 with a 1:1 mole ratio at 600 rpm for another 10 min.

Nanocomposites with varied C60 weight concentration were fabricated in this study, which
included 0.1, 0.5, 1.0, 1.5 and 3.0 wt.%. The developed coatings were applied on standard Q-panel
steel substrates, and the commercial panels were purchased from Q-lab. Inc, with a dimension of
76 × 152 mm and a thickness of 0.8 mm. The panels were cleaned with acetone before applying the
developed coatings. The coatings were then allowed to completely dry for a few days. After that, the
thickness of dried films was measured, and the average thickness of 110 ± 5 μm was obtained for
all the tested specimens. For simplicity, the specimens were labeled based on the weight content of
nanofillers, while 0.1% F-Epoxy denotes the coating mixed with 0.1 wt.% of fullerene-C60.

2.3. Characterization Method

2.3.1. Characterization

The characterization of nanoparticle and nanocomposite coatings was performed by several
techniques, including dynamic light scattering (DLS), scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). A JEOL JEM-2100 (JEOL USA, Inc., Peabody, MA, USA)
high-resolution analytical transmission electron microscopy (TEM) was employed to examine the
shape and average size of fullerene-C60 nanoparticles (as typically shown in Figure 1). Moreover,
the dispersion and stability of nanoparticles were characterized by dynamic light scattering, with a
Particle Sizing Systems Nicomp 380 (PSS Nicomp, Santa Barbara, CA, USA). The average particle
size distribution of fullerene-C60 was obtained for the specimens with varied weight content of
nanoparticles, and the information was used to investigate the extent of agglomeration. In order to
visually examine the effectiveness of employed dispersion method, scanning electron microscopy
(SEM) technique was carried out to observe the distribution of nanoparticles in the epoxy matrix, with
a JEOL JSM-7600F field-emission SEM (JEOL USA, Inc., Peabody, MA, USA). Meanwhile, after tension
test, SEM images of fracture surface were used to analyze the impact resistance and fracture toughness
for the dogbone shaped specimens.
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2.3.2. Corrosion Resistance of the Composite Coating Using EIS

The corrosion protection performance of the developed coatings can be effectively evaluated by
the electrochemical behavior obtained from electrochemical impedance spectroscopy (EIS) test [36].
The EIS test was employed by using Gamry equipment (Reference 600 potentio/Galvanostat/ZRA); a
saturated calomel electrode reference electrode was used as the reference electrode, while a platinum
mesh and the test panel were worked as the counter electrode and working electrode, respectively. A
glass tube with a diameter of 30-mm was clamped on the panel and filled with 1.0% of NaCl solution
during the test. The measurements were collected in the frequency range of 105 to 10−2 Hz, and the
obtained data was described as impedance spectra. The impedance-frequency plot analysis was used
to provide detailed information about the corrosion potential of coatings.

Salt spray test (ASTM B117) was applied as an accelerated durability test for the prepared coatings
to examine their long-term performance. The specimens were exposed to salt fog spray with evaluated
temperature in a Q-Fog CCT chamber (Q-Lab Corporation, Cleveland, OH, USA) for 200 h, and EIS
measurements were conducted before, 100 h, and 200 h after the exposure.

For further investigation, the obtained data from EIS measurement were fitted into equivalent
electrical circuit models (EEC). As described in Figure 2, the coating degradation process was
characterized into four stages, and each stage could be represented by one EEC model. The EEC
model consists of Rsol (solution resistance), Rc (coating resistance) and Cpo (constant-phase element of
the coating) is labeled as model A, indicates that coating behaves an intact layer to protect substrate.
After that, once the coating was damaged and could not prevent electrodes from penetrating the
coating layer to contact with substrate, that is, the corrosion reaction was initiated, then the coating
reached the second stage. In this case, Rct, charge transfer resistance, and Cdl, constant phase element
of double-charge, were added into the EEC model, and the new model was named as model B. In the
third stage, the model was described as model B with W, the included Warburg impedance element
(W) indicating the diffusion effect dominated corrosion has occurred in the system. In the final stage,
the coating suffered severe corrosion damage, and a thin corrosion product layer was accumulated
by a large amount of corrosion products. The new parameters, including constant phase element
of diffusion capacitance (Cdiff) and diffusion resistance (Rdiff) were joined to represent the corrosion
product layer.

Figure 2. Equivalent electrical circuit models at four stages: (a–d). (a) Model A; (b) Model B; (c) Model
B with the Warburg impedance element (W); (d) Model C.

As mentioned above, the degree of coating damage over exposure time can be evaluated using
EIS data. In this study, a new corrosion protection index was introduced to effectively describe the
coating corrosion resistance, and the formulation was modified from previous researchers’ work [37,38].
Therefore, the coating corrosion protection index, CCPI, could be obtained through the EIS data at a
wide range of frequencies, as shown below:

CCPI(%) =

(
A1 + A2

A1 + A2 + A3

)
× 100 (1)

where (A1 + A2) is the area under the impedance curve in log-log axes for a damaged coating, and
(A1 + A2 + A3) represents the impedance plot for an ideally intact coating (see Figure 3). In this case,
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a larger value of CCPI indicated less coating damage, and when the value reached up to 100%, the
coating behaved as an intact layer for corrosion protection.

Figure 3. Corrosion protection index for the coating degradation assessment.

2.3.3. Adhesion of the Composite Coating Using Tensile Button Testing

The adhesive bonding strength between coating and substrate was evaluated by the pull-off
tensile test. Before the test, dollies were glued to the surface of specimen. Then the dollies were pulled
vertically away from substrate until completely detached, and the adhesion strength was measured.
The test area was abraded with a 100-grit sandpaper to enhance the bonding between dollies and
coating, and then the dollies were glued on the abraded surface. The samples were kept in room
temperature for 24 h, which allowed the glue to dry. Before the adhesion test applied, the test area was
isolated by using die cutting.

2.3.4. Tensile Strength, Ultimate Strain, and Young’s Modulus

The coupon tensile test was conducted to characterize the tensile properties of nanofiller reinforced
polymer composites. The test was carried out by following ASTM D638 standard with a Shimadzu’s
EZ-X tester (Shimadzu Scientific Instruments, Columbia, MD, USA). Tensile strength was applied
to elongate the sample with a testing speed of 1mm/min until the sample broke in the narrow test
section. In this test, maximum tensile strength, strain at failure, and Young’s modulus of each specimen
were calculated.

3. Results and Discussion

3.1. Particle Size Distribution and Dispersion

The DLS measurements confirmed that the developed dispersion method could effectively prevent
the C60 particles from forming large agglomerates. The obtained results revealed that the C60 samples
were dispersed into nano-sized particles with a diameter between 40 to 100 nm, and the average particle
size did not significantly increase with the increasing weight concentration of nanofillers (Figure 4).
A slight increase in particle size was observed, as the average particle diameter was around 65, 70, and
80 nm for the sample with 0.1, 1.0 and 3.0 wt.% C60, respectively.
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Figure 4. Particle size distribution of fullerene-C60 nanocomposites.

The cross-sectional SEM images of epoxy samples with varied content of C60 were presented
in Figure 5a through to Figure 5c. The observation showed a strong agreement with results from
the particle size distribution test, and the C60 particles behaved with good compatibility and a high
dispersion level in the epoxy matrix, in which no large agglomerate was observed in all the tested
samples. These results also indicated that fullerene particles exhibited a weak tendency to form
agglomerates due to their unique spherical shape [17].

Figure 5. Cross-sectional SEM image of (a) 0.1 wt.%, (b) 1.0 wt.%, and (c) 3.0 wt.% C60/epoxy.

3.2. Barrier Performance of the New Composite Coatings

The corrosion barrier performance of the samples loaded with fullerene-C60 particles was
evaluated by way of an electrochemical impedance spectroscopy (EIS) test. The EIS measurement
was utilized before, and 100 h, and 200 h after exposure and the results were presented in terms of
impedance and phase angle plots, as shown in Figure 6a–f. According to the collected data, the neat
epoxy coating behaved fair in terms of corrosion protection for the substrate. However, as a clear
bend was observed at the low-frequency region of impedance curve, it could be understood that the
neat epoxy coating could not act as a solid barrier layer against corrosive media [39]. Researchers
have suggested that micro-pores would be generated into a neat epoxy coating during the curing
process, and these voids allowed corrosive media to penetrate through the coating and initiate a
corrosion reaction at substrate, as confirmed elsewhere [40,41]. This was further confirmed by data in
Table 1, where the neat epoxy coating behaved at the third stage of corrosion process, and the Warburg
impedance element (W) indicates that the corrosion was diffusion dominant. As shown in Figure 6b,c,
a clear degradation was observed in the neat epoxy coating during the exposure, and the degradation
level was developed over time, suggesting that the coating failed to provide long-term corrosion
protection for metallic substrate.
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Figure 6. Impedance, phase angle and Nyquist plots of C60/epoxy coatings under (a,d,g) onset, (b,e,h)
100-h, and (c,f,i) 200-h exposure.

Obviously, higher content fullerene-C60 particles (from 0.5 to 3.0 wt.%) provided stronger corrosion
resistance than the neat epoxy. Overall, it turned out that model A was suitable for the groups with 0.5
to 3.0 wt.% fullerene-C6o particles, which meant that the coatings were providing perfect corrosion
resistance (Table 1). As shown in Figure 6a, similar to the neat epoxy, the group with 0.1 wt.% of
fullerene-C60 exhibited low corrosion resistance and a clear bend was observed in the phase angle
curve in the tested frequency region. The results suggested that there was no noticeable reinforcement
on corrosion resistance when low content (0.1 wt.%) of fullerene-C60 was incorporated into epoxy
resin. Differently, all the other fullerene-C60/epoxy groups exhibited higher impedance, suggesting
improved corrosion barrier performance was obtained by the addition of C60 nanofillers.
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After 200 h of exposure, similar to the fresh stage, the results from 0.5% and 1.0% F-Epoxy group
showed their extraordinary anti-corrosion performance, regardless of exposure time. High impedance
value was maintained during exposure, as the impedance value was over 1010 Ω/cm2 during the
exposure. Additionally, the 0.5% and 1.0% F-Epoxy groups remained in model A during the whole
exposure, which confirmed that 0.5 and 1.0 wt.% of fullerene-C60 could dramatically improve the
corrosion resistance of epoxy coatings. The 0.1%F-Epoxy exhibited the lowest corrosion resistance, and
this result confirmed the conclusion above which low content (0.1 wt.%) of fullerene-C60 would not
improve the corrosion resistance of epoxy. Additionally, it was clear to observe that the 3.0% F-Epoxy
coating started to delaminate and damage due to the salt spray. This phenomenon indicated that the
high content of fullerene-C60 particles (3.0 wt.%) provided a short-term reinforcement on corrosion
resistance, but it was weak in durability for a long-term test.

Figure 7 was plotted for the results of coating corrosion protection index. Clearly, the results were
in strong agreement with the previous observation from Bode plots. The neat epoxy demonstrated the
weakest anti-corrosion performance, with significant development of coating damages, as compared
to all the nanofiller/epoxy coatings during the exposure. The degree of coating damage at the initial
moment and after exposure was reduced by the addition of C60. The samples that were reinforced
by 0.5 and 1.0 wt.% C60 nanoparticles showed the highest corrosion protection and more stability
against the severe environment. During the exposure, 0.5 and 1.0 wt.% C60-Epoxy remained 100%
undamaged, indicating that the coating system was acting as an intact layer against the penetration of
corrosive media.

Figure 7. Coating corrosion protection index of C60/epoxy coatings.

3.3. Adhesive Bond Strength of Nano-Reinforced Composites to the Substrate

Understanding the bonding properties between the protective coating and the substrate could
assist to characterize corrosion protection properties. The pull-off strength (adhesion) was measured
by following ASTM D4541 to evaluate the tensile bond strength of nano-reinforced epoxy coatings
with varied C60 concentrations. The performance of the neat epoxy was employed as a reference, and
the adhesive strength was close to 3.05 MPa.

The pull-off bond strength over the nanofiller concentration is illustrated in Figure 8. Different
to the corrosion barrier performance, the adhesive strength increased in the coating with 0.1 wt.% of
fullerene-C60 and at maximum strength, reached 3.42 MPa. With 0.5 and 1.0 wt.% C60 particles, the
adhesion strength reduced to 2.84 MPa but remained close to neat epoxy. Adhesion decreased when
the coatings had a higher content of fullerene-C60 (1.5 to 3.0 wt.%). For instance, the adhesion dropped
to 2.14 MPa in the sample with 3.0 wt.% C60 particles.
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Figure 8. Pull-off strength of the nanocomposites with varied types of carbon nanofillers.

Different interfacial failure modes could reveal the level of bond strength between coating and
substrate [42]. The failure mode of the coatings with and without C60 particles after the pull-off
strength test as illustrated in Figure 9 demonstrated that the coatings were wholly detached from the
substrate for both neat epoxy and C60/epoxy groups, indicating that an adhesive failure mode was
obtained, as adhesive strength was less than their tensile strengths [43].

Figure 9. The adhesion failure mode of (a) neat epoxy and (b) epoxy with 1.0 wt.% C60 nanofillers.

3.4. Tensile Behavior of the Nanocomposite Coating

Tensile properties of the nanofiller reinforced epoxy account for whether the developed coating
could provide high damage tolerance for real-world applications. The analysis of tensile properties of
nanofiller reinforced epoxy was performed by a tensile test, following ASTM D638. The nanocomposites
were evaluated by measuring the maximum tensile stress, strain at failure, and the Young’s modulus
during the test.

Figure 10a shows the maximum tensile stress of the tested nanocomposites at varied concentrations.
The results indicated the C60 had a dramatic reinforcement in tensile strength; hence; the tensile
stress of all the tested fullerene-C60/epoxy groups were higher than 45 MPa while of neat epoxy it
was 24 MPa. Additionally, a gradual increase in the tensile stress was observed in 0.1 to 1.0 wt.%
fullerene-C60 groups. The maximum stress was 56 MPa and found in the 1.0%C60-Epoxy, increased
130% compared to that of the pure epoxy group. Material degradation was found in the group with
higher concentration (3.0 wt.%) of C60 nanofillers.
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Figure 10. (a) Tensile strength, (b) ultimate strain, and (c) Young’s modulus of nano
filler/epoxy composites.

Furthermore, a similar tendency was observed in ultimate strains presented in Figure 10b.
The ultimate strain of all the tested nanocomposites was increased by the addition of fullerene-C60
particles; thus, the ultimate strains of all F-Epoxy groups were larger than 4.0% while neat epoxy
was 2.4%. The greatest improvement of ultimate strain was obtained by the addition of 1.0 wt.% of
fullerene-C60, and the ultimate strain was 4.9%, which was as twice as neat epoxy samples.

The Young’s modulus of the nanocomposites exhibited an identical trend as observed in their
tensile strength and strain (Figure 10c). The value of Young’s modulus for the fullerene-C60/epoxy
groups was increased in all the tested nanocomposites. Similar to tensile strength and strain, the value
of Young’s modulus values was increased from 0.1 to 1.0 wt.% of fullerene-C60 groups. However,
unlike the other properties, no degradation was observed in the nanocomposites with a higher amount
of fullerene-C60 (1.0 to 3.0 wt.%).

The fracture surfaces for specimens fractured under tensile stress are shown in Figure 11.
The relatively smooth surface was observed in pure epoxy comparing with nano-reinforced composites.
This typical brittle fracture from pure epoxy represented the low impact resistance and fracture
toughness of the non-reinforced composite. In contrast, the fracture surface was significantly rougher
for the composite containing C60 than the pure epoxy (Figure 11b), where higher surface roughness
and more compacted cleavages were observed, indicating signs of higher energy absorption and better
fracture resistance. This observation is consistent with the experiment results that higher strain at
failure was obtained from C60 reinforced epoxy.

206



Nanomaterials 2019, 9, 1476

Figure 11. The fracture surface of (a) neat epoxy, (b) C60/epoxy with 1.0 wt.% of C60.

4. Conclusions

Nano reinforced composites were fabricated by incorporating fullerene-C60 into the epoxy
matrix, potentially for high-performance coatings in pipelines. Highly dispersed nanoparticles were
achieved using a solvent-free dispersion method through the integration of ultrasonication and
high-speed disperser. The level of particle dispersion was examined via DLS measurements and
cross-sectional SEM images. Major properties affecting the performance of corrosion protection
coatings, including corrosion barrier property, mechanical strength, and long-term durability, were
systemically characterized and the findings are summarized as follows:

(a) The fullerene-C60/epoxy coatings exhibited improved electrochemical, mechanical properties
with excellent durability, indicating the coatings enabled protection of the substrate against a
harsh environment with corrosive media that oil/gas pipelines often experience.

(b) Particle distribution results from DLS measurements revealed the developed dispersion method
effectively overcome agglomeration, and no large particles were observed in all the tested samples.

(c) The incorporation of fullerene-C60 as a coating additive led to dramatically improved corrosion
resistance, as suggested by EIS results. Excellent barrier performance was observed in the samples
with higher content fullerene-C60 particles (from 0.5 to 3.0 wt.%).

(d) EIS results after salt fog exposure confirmed that nanofiller coatings could provide a much longer
life as compared with the neat epoxy. Particularly, as compared to an over 50% reduction in the
control samples, the coatings with 0.5 and 1.0 wt.% of fullerene-C60 particles remained intact
even after 200-h exposure to salt spray, as identified on their impedance values in Bode plots.

(e) Enhancement in mechanical properties was observed in all the coatings with fullerene-C60
particles. The 1.0% F-Epoxy group exhibited the highest increase in tensile properties, including
increased strength, strain, and Young’s modulus. In addition, improvement on adhesion was
observed in the coating with low content of fullerene-C60 particles (0.1 wt.%).
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Abstract: In order to meet the increasing energy demand and to decrease the dependency on coal,
environmentally friendly methods for fly ash utilization are required. In this respect, the priority
is to identify the fly ash properties and to consider its potential as raw material in the obtaining
of high-value materials. The physico-chemical and structural characteristics of the fly ash coming
from various worldwide power plants are briefly presented. The fly ash was sampled from power
plants where the combustion of lignite and hard coal in pulverized-fuel boilers (PC) and circulating
fluidized bed (CFB) boilers was applied. The fly ash has high silica content. Due to this, the fly
ash can be considered a potential raw material for the synthesis of nanoporous materials, such as
zeolites or mesoporous silica. The samples with the highest content of SiO2 can be used to obtain
mesoporous silica materials, such as MCM-41 or SBA-15. The resulting mesoporous silica can be used
for removing/capture of CO2 from emissions or for wastewater treatment. The synthesis of various
porous materials using wastes would allow a high level of recycling for a sustainable society with
low environmental impact.

Keywords: coal combustion; fly ash; mesoporous silica; recycling

1. Introduction

Global coal consumption rose with 0.9% in 2018, the main contributors being India and China,
followed by Turkey and Russia [1] (Figure 1). Due to power plants and some industrial sectors (such as
steel, chemicals and cement) China is responsible for approximately half of global coal consumption [1],
this value reaching about 3770 Mt, which represented 55% of the worldwide consumption in 2018,
approximately four times higher than in 1990 [1].

By contrast, the United States reached the lowest level in the last 40 years, the coal consumption
decreasing 4% in 2018 due to the availability of natural gas at lower prices and to stronger emission
legislation (Figure 2).

CO2 emissions are strongly related to coal consumption, and consequently the United States was
expected to reduce CO2 emissions by 2.2% in 2019 by further reducing coal consumption, and by 3.6%
in 2020 [2].

Climate policies, renewable gas and CO2 emissions costs have been responsible for a decrease of
coal consumption in the last 6 years in Europe (Figure 3). Only Turkey was an exception, due to coal
consumption that increased by 11% in 2018 [1].

Regarding the statistics for the last 30 years (Figure 3), it can be observe that the coal consumption
in Asia slightly increased during 1990–1995, reaching approximately 2000 Mt/year, and became
constant until 1999, while in Europe consumption continuously and slightly decreased, reaching
approximately half of the consumption value recorded in Asia. From 2000 to 2013, coal consumption
has shown a significant increase in Asia, becoming constant until 2018 (more than 3 times higher than
in the 1990s), meanwhile, in Europe, it varied slightly.

Nanomaterials 2020, 10, 474; doi:10.3390/nano10030474 www.mdpi.com/journal/nanomaterials211
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Due to coal consumption decreasing, the capture and storage of CO2 from emissions released
into the atmosphere using new and cheap materials with high properties can be considered a reliable
solution for greenhouse gases reduction. The most efficient adsorbents for CO2 reported in literature
are zeolites, porous silica and active carbons [3].

Figure 1. Global coal consumption (Mt) in 2018.

Figure 2. Coal consumption trend (%) in 2017–2018.

Along with the increase of CO2 resulting from coal consumption, a considerable amount of fly
ash is obtained as by-product of coal combustion. The fly ash is widely used as raw material in
the cement industry. However, if the coal fly ash exceeds the worldwide demand it could be a problem
due to storage spaces. For example, in China the utilization rate increases directly with the increase
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of the amount of fly ash obtained, reaching 70% 2015 [4]. In India, the utilization rate registered
a significant increase in the period 2001–2011, reaching 62% [4].

Figure 3. Global coal consumption trend (Mt) in 1990–2018.

The same tendency was observed in the USA, where the utilization rate reached about 50%
in 2015 [4]. According to the American Coal Ash Association, the percent of used fly ash increased
from 40% in 2000 to 60% in 2018, this being normal due to the coal consumption decrease [5]. In Russia,
the utilization of fly ash in the period 1990–2005 was approximately 19%, the main application being
in the cement industry [6]. Also, the consumption trend could increase due to the attention given to
geo-polymer materials production [7]. Therefore, it is necessary to find some applications for coal fly
ash use.

In the last decade, fly ash was used as raw materials for obtaining zeolites X (FAU framework
type) [8,9], Y (FAU) [10], A (LTA) [8,9,11] or ZSM-5 (MFI) [12]. Furthermore, the synthesis of mesoporous
silica from fly ash has also attracted interest due to the resulting material characteristics [13–18].
Mesoporous silica materials obtained from fly ash are considered to surpass the limitations of
the microporous zeolites in the removal of macromolecule pollutants by adsorption [13].

The mesoporous silica materials, known since 1992 as M41S, present great potential in worldwide
applications, such as catalysis or wastewater treatment, due to their properties, namely, uniformity of
pore distribution (with size between 2 and 50 nm), high surface area, (around 1000 m2/g) and good
stability in thermal conditions [19,20].

A close survey of the data highlights the fact that the chemical composition of fly ash (mainly silica
and alumina compounds) is significantly different. Moreover, the synthesis conditions, including
the pre-treatment step, are often not completely described or some inconsistencies among the literature
sources were observed.

This overview systematically explores the synthesis of various mesoporous silica materials derived
from fly ash by taking into consideration the waste properties (fly ash), pre-treatment procedures or
the hydrothermal treatment parameters (temperature, time and substrate concentrations).

2. Fly Ash Properties

Fly ash is a complex material, being a by-product resulting from the combustion of various coals
with high contents of minerals [4,21–23]. Consequently, fly ash is rich in metallic oxides, in the order
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SiO2 > Al2O3 > Fe2O3 > CaO >MgO > K2O and large amount of unburned carbon. Furthermore, fly
ash contains trace elements that can have a negative impact on the environment [24–26]. These can
easily migrate from fly ash, through interaction with water, conducting to the soil and ground water
contamination with heavy metals such as Cr, V, Ni, Cd and Pb [27]. Also, wind action contributes to
the environmental pollution, by spreading the ash particles in the air.

As it is shown in Figure 4, the content of metallic oxides in fly ash is depended by the coal
type. Thus, the SiO2 contents were higher in the fly ash derived from sub-bituminous (40%–60%)
and bituminous (20%–60%) samples than in lignite samples (15%–45%). The same trend was seen for
Al2O3. In the case of CaO and MgO higher contents were observed in fly ash from lignite samples
(15%–40% and 3%–10%, respectively), followed by sub-bituminous samples.

Figure 4. Different coal fly ash composition.

Small contents of SO3, Na2O and K2O were observed in all the fly ash samples. The highest
percent value for unburned carbon, determined by its loss-on-ignition (LOI), was found in bituminous
fly ash (15%).

Comparing the sample contents, it can be highlighted that all types of fly ash are rich sources
of SiO2 and Al2O3, their recovery being an issue raised by the waste management. Also, the high
content of CaO can be used for CO2 capture and permanent sequestration, resulting in CaCO3 [27].
Bituminous fly ash could be a precursor for activated carbon sorbent.

The intensive investigations carried out for fly ash reuse have resulted in the development
of techniques for producing glass ceramics, ceramic wares, silicon carbide, silicon nitride,
hollow/masonry/concrete blocks, cordierite or mullite. Recently, fly ash was applied in the development
of mesoporous silica for CO2 capture [28].
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3. Environmental Risk Assessment

The reuse of fly ash must be encouraged for many reasons. For example, the disposal costs would
be minimized; also, less landscape would be reserved for its disposal; and the by-products may be
used as raw materials.

Fly ash may have metal concentrations up to 10 times higher than coal [4]. As it was already
mentioned, there are many natural factors (e.g., rain, wind) that contribute to interaction of the metals
with humans, reaching significant concentration in soil and water and finally in crops. This process is
directly dependent on several parameters, such as particle size, pH, interaction time, trace elements
concentration in fly ash [4].

A typical metallic composition in fly ash collected from different power plants in India is presented
in Table 1. Furthermore, the effect of fly ash on soil quality for maize and rice crops was investigated,
in two different cultivation areas from the eastern part of India and the results are presented in
Figures 5–7 [29,30]. The fly ash was dried and mixed with cellulose to obtain pellets and was applied
to the soil (about 200 t/ha).

Table 1. The elemental composition of the fly ash.

Element Fe Mn Cu Zn As Se Mo Pb

Unit % ppm ppm ppm ppm ppm ppm ppm
Concentration Range 2–3 148–261 64–83 103–150 3–6 2–3 3–4 15–40

Figure 5. Heavy metal contents in soil, rice and maize from two areas, treated and untreated with
fly ash.
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Figure 6. Toxic elements contents in soil, rice and maize from two areas, treated and untreated with
fly ash.

Figure 7. Fe content in soil, rice and maize from two areas, treated and untreated with fly ash.

As it can be seen from Figure 5, the soil enrichment with heavy metals in rice crops did not exceed
the upper control limits (in soil: 1500 ppm for Mn, 100 ppm for Cu and 300 ppm for Zn; in plant:
300 ppm for Mn, 50 ppm for Cu and 100 ppm for Zn) [31–33]. Thus, the soils treated with fly ash
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presented a slight enrichment with microelements, such as Zn, Mn and Cu, which are essential for plant
growth. Also, the enrichment of rice and maize crops with microelements was observed. In the case of
rice crops, the enrichment with Cu was lower than with Zn and Mn.

Regarding the concentration of toxic elements in soil and crops, Figure 6 shows that the Mo
concentration reached almost the critical level, being a concern for the environment. The differences
between the rest of the toxic element concentrations (Pb, Se, As) and their upper control limits are
higher (in soil: 200 ppm for As, 10 ppm for Se, 5 ppm for Mo and 100 ppm for Pb; in plant: 30 ppm for
As, 0.69 ppm for Se, 1.2 ppm for Mo and 0.87 ppm for Pb), without significant risk to the crops.

It was observed that Fe was the major element. As it can be seen in Figure 7, there are significant
differences between the enrichment of Fe in crops from untreated and treated soils (upper control limit
for Fe being 5.6% in soil and 0.2% in plant).

It was also demonstrated that the soil treated with fly ash contributed to the increase of crop
yields, by the action of essential plant nutrients, such as Mg, S, K, Ca, Mn, Fe and Zn [29]. The fly
ash can modify the physical properties of the soil, such as porosity and density, increasing the water
retaining capacity [29,34]. Due to low concentration of toxic elements in fly ash, the critical levels were
not reached and the grains were considered safe for consumers.

As it can be seen, the use of coal fly ash meets technical, economic and legal barriers.
The main technical milestones refer to coal fly ash production, specifications and standards, product
demonstration and commercialization.

For coal-using plants, the incomes from the sale of fly ash are often negligible, the most important
economic barriers coming from the increased cost of transportation of fly ash and competition from
locally available natural sources. Legal barriers resulting from the lack of knowledge regarding
the potential ash application, insufficient data on environmental and health risks, lack of regulations
and procurement guidelines.

Worried industry and government representatives, scientists, and engineers have created national
and international organizations to overcome the milestones of coal fly ash reuse. An integrated
approach must be designed in order to produce a superior quality of fly ash-based materials,
which can satisfy the consumer’s expectations. Furthermore, high quantities of fly ash are often
followed by emission of greenhouse gases, significantly intruding global warming. As a consequence,
to conform to the environmental requirements, major efforts must be achieved in fly ash management,
reducing the negative effect on the environment.

A deep analysis on the cost of fly ash use versus conventional building materials is required,
being necessary to apply the best engineering practices in order to minimize as much as possible
the environmental risk.

4. Fly Ash as Raw Material for Mesoporous Silica Synthesis

In order to increase the recycling of the coal fly ash and to reduce the environmental risk of
contamination with heavy metals, several applications for recovery of valuable components from fly
ash were developed.

Thus, among the fly ash used in conventional applications (cements obtaining), various mesoporous
silica materials with improved properties were obtained, able to be applied in environmental
depollution, namely CO2 reduction and wastewater treatment.

The methods for obtaining these materials from fly ash were basically similar, the differences
consisting in varying different parameters such as: pH, the temperature and the time of hydrothermal
or aging treatment and also the quantities of raw materials or reagents. These variations influenced
more or less the obtained material properties.

The used coal fly ash for the silica synthesis had various particle sizes (2.0–30 μm) and chemical
compositions (31.6–60.1 wt.% Si, 10.2–40.8 wt.% Al, 0.8–8.4 wt.% Fe, 0.4–24.8 wt.% Ca) [35–38].

Porous materials, such as Al-MCM-41 and SBA-15, were obtained from coal fly ash, and they were
used as catalysts in the cumene cracking reaction [35]. In this respect, the fly ash was treated with
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an aqueous solution of NaOH under thermal condition; the supernatant obtained after the resulting
suspension filtration was used as a silica source for MCM-41. Its composition, beside 11,000 ppm Si,
was rich in Na and Al, with 35,000 and 380 ppm, respectively. It was demonstrated that the pH
adjustment has directly influenced the Al-MCM-41 synthesis. The Al incorporation was poor in the case
of SBA-15, compared with the MCM-41, remaining in the dissolved state in the supernatant due to
the high acidic medium. Furthermore, the Al-MCM-41, derived from both fly ash and pure chemicals
(obtained by a conventional method), was tested for a cumene cracking reaction involving a high acid
medium [35]. Despite the small differences of physical properties of the two mesoporous materials
(surface area: 842 and 940 m2/g, pore volume: 0.75 and 0.85 cm3/g and pore diameter: 3.7 and 2.7 nm)
it was observed that the Al-MCM-41 from the conventional method was more efficient in the cumene
conversion because not all of the Al presented in the fly ash-derived porous material had catalytic
activity. Thus, the cumene conversion was threefold higher, ~22%, at the beginning of the reaction for
the Al-MCM-41 prepared from pure reagents and decreased drastically during the first hour, slowly
decreasing the next hour for the two materials, reaching 6%, two times higher than Al-MCM-41 derived
coal fly ash.

MCM-41 was also obtained by adapting the mesoporous synthesis from the previous study [35],
with moderate modification of the parameters, such as temperature and time [36]. Also, the catalytic
performance of the MCM-41 synthesized from fly ash and from conventional reagents for Mannich
reaction application were compared [36]. It was supposed from the beginning that there would be
superior catalytic activity of the obtained material, due to the lower particle size and higher surface
area of MCM-41 than the fly ash. The materials were tested as catalysts in the Mannich reaction
of acetophenone, benzaldehyde and aniline by varying the catalyst quantity (0.1 g, 0.2 g and 0.3 g)
and the solvent nature (EtOH, CH3CN, Toluene, Tetrahydrofuran (THF), CH2Cl2 and H2O). A 90%
yield was obtained in 4 h for 0.2 g MCM-41 in ethanol, providing a good catalytic active area for
the reaction. The yield remained constant with the increase of catalyst quantity at 0.3 g. Instead,
a lower efficiency, down to 50%, was observed with the decrease of catalyst quantity, to 0.1 g, even if
the reaction time has been extended to 8 h [36]. The MCM-41 can be an optimal replacement for
environment-unfriendly solvents used in catalysis.

A supernatant with higher contents of Si, Al and Na (15.37, 499.00 and 48.70 ppm, respectively)
was obtained starting also from the method previously described [35], the fly ash (raw material)
being rich in these elements [37]. The mesoporous Al-MCM-41 adsorbent obtained for the removal
of methylene blue (MB) was finally synthesized by varying the ethyl acetate amount [37]. This had
a direct influence on specific surface area and pore volume of the silica material, thus the Al-MCM-41
obtained by using 10 mL of ethyl acetate shown improved properties [37]. Thus, when 10 mL of
ethyl acetate was used, the surface area increased from 25 to 525 m2/g, the pore diameter decreased
from 7.54 to 5.13 nm and the pore volume increased from 0.13 to 0.71 cm3/g, although not reaching
the properties of the material obtained through conventional methods [38]. The Al-MCM-41 capacity
to adsorb the methylene blue was influenced by the pH, contact time, temperature and concentration.
Regarding the contact time parameter, a drastic increase of the MB adsorption was observed, followed
by a slower increase in intervals 0–10 min and 10–120 min, respectively. After 120 min, the MB
reached the equilibrium adsorption level. The MB adsorption had a continuous increasing trend with
the increase of pH from 3 to 10, with a higher increment in pH interval 3–7. The highest adsorption
capacity was up to 277.78 mg/g and it was reached at room temperature and pH 10.

MCM-41 was also synthesized from brown and hard coal fly ash (10 samples) using two procedures,
namely pulverized-fuel (PC) and fluidized-bed boilers (CFB) [39]. The X-ray fluorescence spectroscopy
(XRF) revealed different chemical composition of fly ashes, the SiO2 and Al2O3 ranging from 46.15 wt%
to 56.52 wt% and from 18.48 wt% to 31.06 wt%, respectively. The lowest and the highest value of SiO2

were obtained from PC combustion. Compared to other studies [35,37], where the silica content resulted
in the filtrate was directly proportional with the percentage in the coal fly ash, this research highlighted
a silica concentration significant lower compared to its content in the coal fly ash. In consequence,
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this sample could not be used for further MCM-41 synthesis because the properties of the resulting
material are strongly dependent of the Al/Si ratio in the filtrate.

It was observed that the impurities presented in the coal fly ash composition, such as Fe, Ca, K,
S and P, were also present in the channels of the obtained mesoporous material, conducting to poor
properties compared to the commercial material [39].

For comparison, the ash resulting from the rice husk combustion was tested, using similar
extraction steps as in the case of fly ash [40]. Even if the silica content was 33% higher in the rice husk
ash, the MCM-41 obtained from the two raw materials had the same silica content.

It was concluded that, despite the similar chemical composition, the textural properties of the rice
husk and fly ash-derived materials were superior to the commercial MCM-41, presenting higher pore
volume for all synthesized materials, higher specific surface area and similar morphologies.

Also, the reaction time influenced the obtained suspension containing the surfactant
(hexadecyltrimethylammonium bromide-CTAB) [40]. A longer time (96 h) was required to conduct
the decrease of the surface area and pore volume. After the polyethyleneimine (PEI) impregnation,
the obtained MCM-41 and a MCM-41 commercial sample were compared for CO2 capture. The results
shown higher CO2 uptakes (with 2 wt.%) for the synthesized materials containing 60 wt.% PEI,
the materials having faster kinetics due to larger pore volume comparing to the commercial materials.

It was established that the fly ash desilication rate can reach 46.3%, by using sodium hydroxide
at a mass ratio of 1:6.4, during 4 h under thermal condition (95 ◦C). This solution was used as silica
source to obtain SBA-15 mesoporous silica. The method involved further hydrothermal treatment
for two days at 110 ◦C and a triblock copolymer as template-poly(ethylene oxide)/poly(propylene
oxide)/poly(ethylene oxide) [41].

The functionalization of SBA-15 with amino groups involved, as in case of MCM-41,
aminopropyltriethoxysilane (APTES), as source of NH2- groups, and toluene as solvent [41–43].
An application of SBA-15 silica type derived from fly ash was Pb2+ adsorption [41] (see Table 2).

Thus, the effect of time, temperature and Pb2+ initial concentration on amino-SBA-15 adsorbent
was studied and it was remarked that the adsorption equilibrium time was achieved after 1 h, reaching
131 mg/g (Table 2). Also, the temperature influenced the adsorption rate, increasing drastically
between 20 and 30 ◦C (98.40% removal efficiency) becoming constant up to 40 ◦C. The increase of
the Pb2+ concentration led to a higher removal efficiency, up to 93% for a concentration of 100 mg/g.

It was demonstrated that the aluminosilicate with mesoporous structure has great potential
for the removal of organic dyes (such as methylene blue or crystal violet) from wastewater. In this
respect, mesoporous aluminosilicate was synthesized from fly ash by varying the Si/Al molar ratio [44].
X-ray diffraction analysis of the obtained materials revealed a well-ordered hexagonal structure, as in
the case of MCM-41, direct proportionally with the increase of Si/Al ratio. Thus, the surface area
(~1080 m2/g) and the pore volume (~0.96 cm3/g) increased with the increase of Si/Al molar ratio, up
to 25. The efficiency of the aluminosilicate on the methylene blue and crystal violet removal from
wastewater was evaluated, revealing its high adsorption capacity (Table 2). Higher adsorption capacity
was obtained for mesoporous materials with a Si/Al ratio equal to 10, due to the ordered mesoporous
structure and pore size distribution with narrow pores. Also, as it was already mentioned [37], the pH
has a direct influence on the adsorption capacity of the mesoporous materials, the highest value being
obtained for the material resulted from a solution with a pH value of 11 (1100 mg/g for methylene blue
and 1400 mg/g for crystal violet) [44].
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Table 2. Applications of the synthesized mesoporous silica.

No. Mesoporous Silica Application Reaction Conditions Efficiency/Yield Ref.

1 Al-MCM-41 Catalyst-cumene cracking
reaction

T = 623 K

~ 3%–6 % [35]W/F = 0.2 h (contact time)
carrier gas flow (N2) = 40 mL/min
cumene partial pressure = 7.9 kPa

2 MCM-41 Catalyst—Mannich reaction

acetophenone = 5 mmol

90 % [36]

benzaldehyde = 5 mmol
aniline = 5 mmol
MCM-41 = 0.2 g
ethanol = 20 mL

t = 4 h (reaction time)

3 Al-MCM-41-10 MB (methylene blue)
adsorbent

T = 298 K 278 mg/g

[37]

T = 308 K 276 mg/g
T = 318 K 272 mg/g

pH = 3 (at 293 K) ~137 mg/g
pH = 5 (at 293 K) ~156 mg/g
pH = 7 (at 293 K) ~175 mg/g

pH = 10 (at 293 K) ~181 mg/g
t = 2 min (adsorption time) ~223 mg/g
t = 10 min (adsorption time) ~255 mg/g
t = 120 min (adsorption time) ~266 mg/g
t = 480 min (adsorption time) ~267 mg/g

4

MCM-41 Commercial + 50% PEI

CO2 adsorption T = 348 Kgas concentration
= 15 % CO2

8.37 wt.% CO2 uptake

[40]

MCM-41 Commercial + 60% PEI 11.17 wt.% CO2 uptake

MCM-41 PFA-1 + 50 % PEI loading 10.64 wt.% CO2 uptake

MCM-41 PFA-1 + 60 % PEI loading 13.08 wt.% CO2 uptake

MCM-41 PFA-2 + 50 % PEI loading 8.79 wt.% CO2 uptake

MCM-41 PFA-2 + 60 % PEI loading 12.91 wt.% CO2 uptake

MCM-41 RHA + 50 % PEI loading 10.13 wt.% CO2 uptake

MCM-41 RHA + 60 % PEI loading 13.31 wt.% CO2 uptake

5 NH2-SBA-15

Pb2+ adsorption

30 min (adsorption time) ~100 mg/g (adsorption)

[41]

60 min (adsorption time) ~131.00 mg/g (adsorption)

90 min (adsorption time) ~130.00 mg/g (adsorption)

120 min (adsorption time) ~131.00 mg/g (adsorption)

180 min (adsorption time) ~131.00 mg/g (adsorption)

20 ◦C (adsorption time) ~96.51% (removal efficiency)

30 ◦C (adsorption time) ~98.40% (removal efficiency)

40 ◦C (adsorption time) ~98.50% (removal efficiency)

Pb2+ concentration = 20 mg/g ~87.5% (removal efficiency)

Pb2+ concentration = 60 mg/g ~91.5% (removal efficiency)

Pb2+ concentration = 100 mg/g ~93% (removal efficiency)

6 Aluminosilicate (SA)

Methylene blue (MB)
adsorption

475 mg/L (initial concentration) 2003 mg/g
[44]

adsorbent loading = 0.2 mg/L

Crystal violet (CV)
adsorption

200 mg/L (initial concentration) 458 mg/g
adsorbent loading = 0.2 mg/L

5. Economic Assessment

Commercial MCM-41 production is expensive, due to intense energy consumption or utilization
of inorganic and organic silicate reagents, the identification of new cheap silica sources being a viable
future solution [40,45]. Beside the coal fly ash, these sources can be found in various wastes, such as
agriculture slag [46], electronic components [47] or rice and wheat husk [48,49].

The synthesis of silica from waste is not free of cost, because the procedure is similar to
the conventional methods, involving hydrothermal treatment with intensive energy consumption.
The difference between conventional and unconventional synthesis is the source of silica, which leads
to extra synthesis steps. The significant reduction of the synthesis time, from 72 h (time used in
conventional methods) to 2 h, could result in the cost decrease, by saving energy [50]. The estimated
cost for the synthesis of MCM-41 from fly ash was about 1200 euro/kg, representing half the price
of a similar commercial material [40,51]. The higher purity of this type of material could reach even
a price of 5000 euro/kg [51].

Taking into account the depollution and storage costs for fly ash or other silica source wastes,
it could lead to a fair price and a sustainable process.
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6. Conclusions

In the last few decades, worldwide coal consumption has been monitored. High quantities of fly
ash are discharged as a by-product from the coal power plants. The influence of fly ash on soil-crops
chain (maize and rice) in different areas was demonstrated. In this respect, an effective process to
recycle this waste is mandatory.

Fly ash proved to be suitable to use in environmental applications, for example by replacing
activated carbon and zeolites as adsorbents for air pollutants or wastewater treatment. Its adsorption
capacity mainly depends on the origin and the activation method. To date, no industrial set-up has
been developed. Economic milestones must be surpassed. Taking into consideration the amorphous
alumina-silicate nature of fly ash, it can be applied as raw material in various industrial reactions, such as
obtaining ultramarine blue. Intensive harvesting depletes trace elements in the soil. Despite the fact
that many studies were achieved for the use of fly ash as soil amendment, full-scale application has
not been accomplished. In the near future, farmers may consider fly ash to be a substitute for lime to
enrich the soil.

Fly ash has high silica content, which makes it a potential source for obtaining nanoporous
materials, such as mesoporous silica. In this overview, various methods for obtaining mesoporous silica
materials from fly ash were examined by considering the ash composition, pretreatment procedures,
and synthesis conditions, in order to identify the optimal parameters for synthesis. The physical
properties of the materials derived from fly ash confirmed their mesoporous nature, similar to
the mesoporous silica materials obtained by conventional methods. The mesoporous silica materials
with a high surface area and large pore volume derived from fly ash can be applied as a support
or as a surface-functionalized host for capturing CO2 from gaseous emissions or for various water
pollutants. The synthesis of different nanoporous materials using as raw materials various wastes
would enable a high level of recycling for a sustainable society with a low environmental impact.
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Abstract: We report the fabrication of stretchable transparent electrode films (STEF) using
15-nm-diameter Ag nanowires networks embedded into a cross-linked polydimethylsiloxane
elastomer. 15-nm-diameter Ag NWs with a high aspect ratio (>1000) were synthesized through
pressure-induced polyol synthesis in the presence of AgCl particles with KBr. These Ag NW
network-based STEF exhibited considerably low haze values (<1.5%) with a transparency of 90%
despite the low sheet resistance of 20 Ω/sq. The STEF exhibited an outstanding mechanical
elasticity of up to 20% and no visible change occurred in the sheet resistance after 100 cycles at
a stretching-release test of 20%.

Keywords: 15-nm silver nanowire; Pressure-induced polyol method; stretchable transparent
electrode 2-D films; Low-haze; Embedded electrode film

1. Introduction

Transparent conductive electrode films have increasingly attracted attention owing to their
potential applications in optoelectronic fields, including touch screens, organic light emitting diodes
and organic solar cells [1–4]. In particular, functionalized stretchable films, which have recently
begun to be widely used as stretchable transparent electrode films (STEF), respond to mechanical
deformations by the changes in electrical characteristics, such as resistance, owing to their stretchability
and reproducibility. In this regard, nanomaterials, such as silver nanowires (Ag NWs) [5], single-walled
carbon nanotubes (SWCNTs) [6–8], and graphene sheets [9–11], and their hybrid structures have been
reported for use as sensitive strain sensors, which make them ideal for use as a transparent conductor
in flexible or stretchable devices [12–15].

Among them, silver nanowires (Ag NW) have been gaining interest as a promising transparent
conductive electrode material because of its simple synthesis and the possibility of large-area coating
film fabrication via solution processes [16–21]. Particular attention has been focused on random
network films of Ag NWs because such films can be easily fabricated in solutions and exhibit enhanced
optoelectronic properties. The intrinsic properties of NWs mainly depend on the diameter and length
of NWs. Many recent studies have also focused on the synthesis of Ag NWs with small diameters and
large aspect ratios, which possess a low haze value due to low light scattering and good plasmonic
properties. Polyol synthesis is known to be the most widely used and versatile method for the
preparation of Ag NWs. To thin down the diameters, various polyol processes are being developed.
In this regard, Wiley and a co-worker [3] recently reported the synthesis of Ag NWs with diameters of
~20 nm by controlling the bromide ion concentration in the conventional polyol method. Our group
also have recently reported the synthesis of 20-nm-diameter Ag NWs under a pressure-induced polyol
method in the presence of NaCl–KBr co-salts [22], but their synthesis mechanisms did not fully account
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for the synthesis. However, despite the progress, the synthesis of thin Ag NWs less than 20 nm has
had limited success, meaning more research is required to synthesize wires with diameters below
that amount.

Herein, we report a novel pressure-induced polyol method for synthesizing ultra-thin Ag NWs
with a diameter of 15-nm-diameter or less and a high aspect ratio (>1000), a relatively unreported area
so far. In particular, we have investigated the growth of Ag NWs and seed crystals in the presence
of the AgCl-KBr co-salts instead of the NaCl salt used in the previous work [22] under a pressure of
1000 psi, and found that the K+ ions cause a remarkable pressure effect.

For a two-dimensional (2-D) film consisting of an Ag NW networks, in particular, it has excellent
transmittance and sheet resistance, yet its optical haze still needs to be improved in order for it
to be suitable for display applications. Therefore, ultra-thin Ag NWs can be a good candidate for
low-haze transparent electrodes. In particular, in order to obtain low-haze Ag NW network conductive
films superior to indium tin oxide (ITO, up to 90% transmittance and ~1% haze at the low sheet
resistance of 60 ohm/sq) in terms of opto-electrical performance, a diameter of at least 20 nm Ag
NWs is required. However, to achieve the required optical characteristics, more effective processes
that can control the shapes and sizes of the synthesized Ag NWs are required. In this work, 2-D
films based on 15-nm-diameter Ag NW networks embedded into cross-linked polydimethylsiloxane
(PDMS) elastomer, STEF, were formed via a conventional wet-coating technique that adhered the
NWs to a PDMS substrate film, for flexible display applications, as shown in Figure 1. In particular,
the conductor comprising an Ag NW network embedded into PDMS exhibited high elasticity, cycling
stability, transparency, and excellent electrical conductivity. In addition, these films were also confirmed
to exhibit good responses to the stretch/release for ≥100 cycles, while hysteresis tests without the loss
of conductivity under stretching conditions of 20% were also conducted.

Figure 1. Fabrication of highly strain electrode films based on a Ag NW networks embedded into the
cross-linked PDMS elastomer.

2. Results and Discussion

Herein, we newly synthesized the ultra-thin Ag NWs with 15 nm or less in diameter and aspect
ratio to as high as 1000 using a pressure-induced polyol method via the chemical reduction of AgNO3

in the presence of an AgCl crystal and KBr (molar ratio = 2:1), according to a previous report [22].
Figure 2 is a plot of the change in diameter of Ag NWs synthesized at various pressure conditions
(the four pressure values; 0, 110, 250, and 1000 psi). As shown in Figure 2(I), the diameter of the Ag
NWs decreased with increasing pressure in the presence of KBr supplemented with AgCl, including
NaCl and FeCl3 salts. In particular, at the highest reaction pressure (1000 psi (69 bar)), the Ag NWs
that formed in the presence of AgCl with KBr were ultrathin with a mean diameter of 15 nm and a
narrow size distribution (within ±5 nm). In any case, Ag NWs synthesized under the pressure-induced
conditions of the present experiment were noticeably smaller and more evenly dispersed than those
produced at atmospheric pressure. In contrast, in NaCl, AgCl, and FeCl3 supplemented with NaBr,
the NW diameter was independent of pressure, as shown in Figure 2(II). These results suggest that
in the presence of KBr, particularly in the presence of K+ ions, the pressure controls the rate of
the formation of Ag+ ions, thereby suppressing the growth in the thickness direction of the wire.
As a result, in the pressure-induced polyol reaction, the reduction in diameter of Ag NW was observed
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to be affected by pressure only in the presence of K+ ions. This suggests that K+ ion acts as an effect of
pressure on the growth of Ag NW, but it was difficult to describe the kinetics of K+ ions involved in
the formation and growth of Ag NWs in this work. However, in the process of synthesizing the Ag
NWs, K+ ions greatly acted on the pressure, and ultra-fine Ag NWs with a diameter of 15 nm could
be successfully synthesized. Liao et al. [23] explained that increasing the reaction pressure lowers
the energy barrier of nucleation and accelerates nucleation, resulting in a controlled rate of metal
nanostructure formation when pressure is applied. Here, the nucleation rate of Ag ions is also closely
related to the wire size. Figure 2(III) shows the SEM images of the produced Ag NWs synthesized
in the presence of AgCl–KBr salts; (a) 19–25, (b) 17–18, and (c) 15–16 nm, respectively. These NWs
correspond with 0, 250, and 1000 psi (69 bar), respectively.

Figure 2. Ag NW diameter vs. pressure in the presence of various salts: [I] AgCl–KBr, NaCl–KBr,
and FeCl3–KBr and [II] AgCl–NaBr, NaCl–NaBr, and FeCl3–NaBr (the error range is observed within
the range of 2~3 nm, respectively). [III] SEM images of the Ag NWs synthesized in the presence of
AgCl–KBr salts; (a) 19–25, (b) 17–18, and (c) 15–16 nm, respectively. These NWs correspond with 0, 250,
and 1000 psi (69 bar), respectively.

Figure 3 displays SEM images at low magnification of the 15-nm-diameter Ag NWs synthesized
at 1000 psi. Subsequently, the small-size Ag seed particles grew into Ag NWs with a mean diameter
of 15 nm (range: 6–20 nm; aspect ratio: ~800). The diameter distribution of the synthesized wires
is plotted in Figure 3(II). The mean diameter is at least 5 nm smaller than that of NWs formed at
0 psi (mean diameter = 22 nm; distribution = 14–28 nm). The surface plasmon resonance (SPR)
signals have inherent characteristics depending on the size and structure of the nanomaterials [4,24,25].
Therefore, the size of Ag NWs can be predicted from the absorption bands appearing at different
frequencies critically in the SPR data. In this regard, the SPR characteristic peak of 15-nm-diameter Ag
NW synthesized at 1000 psi pressure with AgCl-KBr present shows at 354 and 362 nm, as shown in
Figure 3(V). The SPR peak in Figure 3(V) appeared at 362 nm, which was significantly shorter than
those in wires with diameters of 20–22 nm [366-nm peak; see Figure 3(IV)] and 30–32 nm [372 nm peak
in Figure 3(III)]. This indicates that the transverse modes appeared at significantly shorter wavelengths
in NWs with pentagonal cross sections than in the abovementioned wires. Besides causing a blue shift
in the peaks, reducing the NW diameter reduces the amount of scattered light.
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Figure 3. [I] SEM images of Ag NWs at low magnification (3000×). The average diameter of the NWs
is 15 nm. [II] Diameter distribution of the Ag NWs synthesized at 1000 and 0 psi. Surface Plasmon
resonance (SPR) absorption characteristics of the synthesized Ag NWs with diameters of [III] 30–32 nm,
[IV] 20–22 nm, and [V] 15 nm.

STEF films based on a 15-nm-diameter Ag NW networks embedded into cross-linked PDMS
elastomer were formed via a conventional spin-coating technique that adhered the NWs to a substrate,
as shown in Figure 1. Ag NW were dispersed in DI water at a density of 0.2 mg/mL and directly
coated onto the Si wafer substrate, which was previously cleaned with acetone, following by drying
at 80 ◦C for 5 min. Second, 0.01 wt% silica gel dispersed in ethanol was spin-coated at 1000 rpm,
and post drying, liquid PDMS with a thickness of ~50 μm was coated on the upper surface of silica
and the Ag NWs network layer, followed by curing and crosslinking. Afterwards, we peeled the cured
PDMS from the Si wafer. Here, when liquid PDMS covers the Ag NW network layer, it penetrates
into the interconnected pores of the Ag NW network because of its low viscosity and low surface
energy. After curing, all Ag NW networks are buried on the cross-linked PDMS surface (crosslinking
between PDMS and silica gel) without considerable voids, indicative of the successful transfer of Ag
NW networks from Si wafers to PDMS and excellent adhesion between Ag NW and PDMS. The Ag
NW network is embedded into the surface of ~50-μm-thick-PDMS films.

Figure 4(I) shows a photograph of the finally produced Ag NW network embedded into the
PDMS film sample, which is STEF, and Figure 4(II) and (III) shows the SEM and AFM surface images of
the Ag NW conductive network layer, respectively. In particular, the SEM image of Figure 4(II) shows
a highly transparent, extensible, and reliable “STEF” based on a 15-nm-diameter Ag NW network
layer embedded in the surface layer of the cross-linked PDMS elastomer film. Here, PDMS completely
penetrated into the Ag NW network and filled the gaps between Ag NWs, as shown in the SEM
surface image of Figure 4(II), affording an Ag NW network and PDMS. The Ag NW network structure
embedded in the surface layer of the cross-linked PDMS elastomer film was clearly observed as the
current map image of AFM in Figure 4(III). The sheet resistance and optical value of the Ag NW
conductive network layer was determined as a function of density of the Ag NWs in the network.
That is, the change in the sheet resistance with increasing density (the content of the Ag NW networks
in the layer is described by areal density, namely the Ag NW weight per unit area of the films) of
the Ag NW network layer is obtained. However, the sheet resistance of the Ag NW network layer
significantly decreased with increasing Ag NW density. Their results showed a low sheet resistance of
20, 40, 50, and 85 Ω/sq at transmittances of 90%, 95%, 96%, and 97% (based on PDMS), respectively.
In particular, these 15-nm-diameter Ag NW network embedded PDMS films were exhibited to have
low haze values of less than 1.5% (net Haze) with a transparency of 90% despite the low sheet resistance
of 20 Ω/sq (up to 90% transmittance and ~1% haze at the sheet resistance of 60 Ω/sq). These haze
values shown above were approximately 0.2–0.3 lower at the same sheet resistance condition than
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that of the 20-nm-diameter Ag NWs reported in the previous work [23]. However, as the diameter
is decreased, the optical haze parameter improved; thus, the scattered light can be reduced and the
haze value is greatly decreased. As a result, it has been suggested that a 2-D percolating network
film constructed using at least 15-nm-diameter Ag NWs is needed to satisfy the electrical and optical
properties of crystalline ITO glass.

 
Figure 4. [I] Photograph of a STEF sample and [II] surface SEM image and [III] AFM current image of
the Ag NW network-embedded PDMS.

Elastic behavior was observed for the sample under dynamic loading. In Figure 5(I), at tensile
strains of 10%, 20% and 30%, the change in R/R0 was observed at strain restoration for the tensile
strain. The initial sheet resistance (R0) was almost completely recovered for a stretch/release cycle test
with strains ε of 10% and 20%, revealing the outstanding stretchable property of film. Nevertheless,
at a strain of greater than or equal to 30%, the sheet resistance of the film was not restored to its original
position. Given that the flexible and stretchable characteristics of Ag NW network-embedded PDMS
film can obtain highly reliable mechanical performance under continuous strain deformation, repeated
stretch/release tests were conducted on the films. An automated testing tool was utilized, which
enabled the electrode to exhibit repeated alternate stretch and release. This repeated stretch and release
led to cyclic fatigue failure. Thus, the resistance of the Ag NW network-embedded PDMS film sharply
increases at the very first stretching and then returns to its initial value. In this test, elongation values of
10% and 20% were utilized. With the repetition of the test for ≥100 cycles under stretching conditions
of 10% and 20%, the change in the resistance was restored to its original position without any change
in the resistance (Figure 5(II)). However, highly stretchable films based on the 15-nm Ag NW networks
embedded into the cross-linked PDMS elastomer were simply fabricated using a spin-coating method.

Figure 5. (I) Hysteresis curve of the film comprising a Ag NW-network-embedded PDMS film (at tensile
strains (ε) of 10%, 20%, and 30%). (II) Effect of repeated stretching on the resistance change (R/R0) at
strain recovery (stretch/release cycles of ε = 10% and 20%).
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3. Conclusions

In conclusion, we demonstrated for the first time that ultra-fine Ag NWs with 15-nm-diameter that
could not be realized in previous work [23] via a pressure-induced polyol process and in the presence
of AgCl with KBr and K+ ions induced a notable pressure effect. The characteristic SPR of these
15-nm-diameter NWs appeared at 362 nm. This is a novel finding for Ag NWs and provides evidence
of their high optical performances. Furthermore, we fabricated the stretchable transparent electrode
films (STEF) based on a 15-nm-diameter Ag nanowires networks embedded into a cross-linked
polydimethylsiloxane elastomer. These 2-D embedded Ag NW network film with a 15-nm-diameter
Ag NW showed a low sheet resistance of 20 Ω/sq. at 90% transparency with haze values (<1.5%).
The electrode films also exhibited a high elasticity of 20%, and the strain films exhibited a good
response to the stretch/release of 100 cycles and hysteresis tests. However, these 2-D STEF exhibit good
flexibility, making them promising candidates for use as a transparent electrode in flexible electronics.
In particular, in the case of the Ag NW embedded elastomer films having a high stretchability and a
high electric conductivity, as in the present study, it is expected that these films will provide a much
higher performance material in many areas for flexible transparent devices that can replace ITO.
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Abstract: This paper is focused on the basic properties of ceramic composite materials used as
thermal barrier coatings in the aerospace industry like SiC, ZrC, ZrB2 etc., and summarizes some
principal properties for thermal barrier coatings. Although the aerospace industry is mainly based on
metallic materials, a more attractive approach is represented by ceramic materials that are often more
resistant to corrosion, oxidation and wear having at the same time suitable thermal properties. It is
known that the space environment presents extreme conditions that challenge aerospace scientists,
but simultaneously, presents opportunities to produce materials that behave almost ideally in this
environment. Used even today, metal-matrix composites (MMCs) have been developed since the
beginning of the space era due to their high specific stiffness and low thermal expansion coefficient.
These types of composites possess properties such as high-temperature resistance and high strength,
and those potential benefits led to the use of MMCs for supreme space system requirements in the
late 1980s. Electron beam physical vapor deposition (EB-PVD) is the technology that helps to obtain
the composite materials that ultimately have optimal properties for the space environment, and
ceramics that broadly meet the requirements for the space industry can be silicon carbide that has
been developed as a standard material very quickly, possessing many advantages. One of the most
promising ceramics for ultrahigh temperature applications could be zirconium carbide (ZrC) because
of its remarkable properties and the competence to form unwilling oxide scales at high temperatures,
but at the same time it is known that no material can have all the ideal properties. Another promising
material in coating for components used for ultra-high temperature applications as thermal protection
systems is zirconium diboride (ZrB2), due to its high melting point, high thermal conductivities, and
relatively low density. Some composite ceramic materials like carbon–carbon fiber reinforced SiC,
SiC-SiC, ZrC-SiC, ZrB2-SiC, etc., possessing low thermal conductivities have been used as thermal
barrier coating (TBC) materials to increase turbine inlet temperatures since the 1960s. With increasing
engine efficiency, they can reduce metal surface temperatures and prolong the lifetime of the hot
sections of aero-engines and land-based turbines.

Keywords: thermal protection systems; ultrahigh temperature applications; EB-PVD

1. Introduction

One branch of engineering that deals with the maintenance, development and study of airplanes
and spacecraft is aerospace engineering, where research into materials for the construction of aerospace
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components is in continuous development. Although metals are the most widely used materials in
aircraft components, discoveries in materials science, particularly in composite science and technology,
have allowed the development of new materials for aerospace engineering [1,2]. Lightweight design
of aircraft frames and engines with materials of improved mechanical properties can improve fuel
efficiency, increase payload, and flight range, which directly reduce the aircraft operating cost [3–5].

The aerospace industry is based on the use of composite materials for both primary and secondary
constitutional components such as engine nacelles, rocket motor castings, aircraft wings, antenna
dishes, landing gear doors, centre wing boxes, tall cones, engine cowls and others [6,7].

At the present time, the use of composite materials in the aerospace industry inspire in a positive
way the development and outline of modern and complex aero vehicles. In this sense, the properties
like high specific strength and individual stiffness together with other unique properties makes this type
of materials very attractive and suitable for this kind of applications. A class of composite materials is
classified as advanced composites which is defined by metal matrix composites, high-performance
fibre-reinforced polymers, and those most used in high-performance aerospace vehicles, and their
properties are the ceramic matrix composites. This class of composite materials provide supplementary
functional advantages, the most highlighted being the temperature resistance [8,9]. Using composite
materials in developing parts of aero vehicles implies more than just replacing the metals or other
regular materials, it is about the introduction of advanced materials which have a role in a multitude
of features starting from new designs in morphological structures, which were initially not possible
with traditional materials [10].

One of the problems in the development of some aero vehicles consists in obtaining parts that
must have specific properties for the field of use. The most attractive characteristic of advanced
composite materials is based on the high ratio between strength, which is a basic feature when speaking
about aerospace, and weight which is another goal in this industry, compared to the metals frequently
used in aerospace. Moreover, the production techniques are a very important subject in this field.
Manufacturing components by using composite materials favors the production of numerous distinct
structures [11,12].

When it comes to temperatures that can be reached in this field, the aerospace industry has an
ultrahigh temperature class that is generally placed from 1600 ◦C and can reach up to 2200 ◦C [13].
These temperatures require the use of materials that can withstand very high temperatures and also
have exclusive mechanical properties [14,15].

Considering that a single material cannot have as many properties as are needed for aerospace
applications, there has been a need to study and develop composite materials that have advantages
that situate them in an advantageous position when it comes to their use in the aerospace industry.
The latest air vehicles models contain more than 50% of their weight in terms of composite materials.
However, there is still a lack of information regarding mechanical behavior, which leads to stricter
regulations to guarantee safety standards [3,16]. This has led to the impossibility of reaching the full
potential of the composites in the aerospace industry and, of course, to the need for further studies [11].

Ceramic composites are obtained by linking ceramics using continuous fibers, particles or whiskers.
The literature data provide information about the conventional types of reinforcement for ceramic
matrix composites which include silicon carbide, titanium carbide and boron carbide, silicon nitride
and boron nitride, alumina and zirconia, carbon and boron. Below are presented the advantageous
characteristics of ceramic composites (Figure 1) [1,17]:
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Figure 1. Properties of ceramic composites [18].

Metallic composites are manufactured by reinforcing various types of metal matrices, such as
titanium, aluminum, copper, magnesium, etc. [19]. Typical blends for metal composites are ceramic
particle or fiber in particular, but carbon fiber or metallic fiber can also be used. When it comes to
processing techniques, metal composites can be obtained by diverse methods such as casting and
powder metallurgy, but with specific limitations because of the metallic use [20]. This is despite the fact
that There are limitations in the aerospace industry for metallic composites, the properties of which are
presented in the Figure 2 [1]:

Figure 2. Properties of metallic composites [18].

Another class of materials that have applications in the aerospace industry is represented by the
ultra-high temperature ceramics. These materials are described as possessing a blend of properties that
are characterized by very good and suitable mechanical properties and at the same time a significant
meting point, which can reach up to 3000 ◦C and even exceed this value [13,21].
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In this sense, the materials that possess specific thermo-mechanical and thermo-chemical properties
are required for aerospace applications, especially in ultra-high temperature area [22,23]. The ultra-high
temperature class includes several applications like the manufacturing of solid rocket motors which
need a very high temperature that are increased starting from room temperature to approximatively
3000 ◦C. Because of the fact that the application takes place at high temperatures, it is necessary
that the materials for the components such as rocket combustion chambers to have properties that
are dependent on each other such as high melting temperature, high-reach strength and of course
significant resistance to environmental factors. Hypersonic vehicles also require components part
manufactured from materials that reflect properties that ensure a specific action at temperatures beyond
1600 ◦C [24].

Some of the most notable properties of the materials that have applications at high temperatures
are good oxidation resistance, high melting point, high hardness, and thermal shock and ablation
endurance [14].

Demonstrating the behavior of different materials under high temperature applications, it was
concluded that these materials should present a layer or more that covers the surface of the materials.
At this point in time, thermal barrier coatings represent a subject that involves numerous and modern
deposition techniques to increase the properties of the usual materials that are used in developing the
component parts of aero vehicles. Surfaces of engines and gas turbine blades are the most covered
components for the reason that at high temperature there is a need for thermal barrier behavior,
considering the action of this as thermal insulation to the high temperature gas that flows within the
turbine blades [25]. By covering the surface of aero vehicle components with materials that act as
a thermal barrier, this also leads to a reduction in the thermal stresses. Criteria of thermal barrier
coatings are to present low weight and low thermal conductivity, but there is still an issue because of
the fact that after the heat-treatment processes, thermal conductivity of the coatings may increase [26].

2. Thermal Barrier Coating

Thermal-barrier coatings are defined as ceramic materials that present suitable resistance at high
temperatures. Components like metal turbine blades used in aircraft engines need to be covered by
depositing thermal barrier which allow these engines to perform at high temperatures [27]. The activity
of these coatings is based on protecting from oxidation or melting because of that fact that hot gases
from the engine core may affect the metal that is used at manufacturing these components for aero
vehicles [25].

One essential role of thermal-barrier coatings components is to present various properties against
the harsh environment such as corrosive atmosphere, high temperature and variation of this and
complex stress conditions. It is well understood that it is complicated for a single coating component
to possess all these conditions. At this level of depositing the coatings, the thermal barrier layers are
planned to last for thousands of landings and take-offs in aero engines. When speaking about the
complexity and diversity of thermal barrier coatings structures, there is an impediment of premature
failure that can appear during operating conditions [28]. At one point in time, the use of thermal
barrier coatings decreased and moreover, their full characteristics were discredited. In order to
avoid and eliminate these impediments, more detailed analyses were considered regarding materials,
processing principles, performance and, not least, failure mechanisms were enhanced, in order to better
understand how to respond beneficially. This research field presents associative subjects of materials
science, chemistry, physics, mechanics and thermodynamics [29].

At the same time, the advantageous development of thermal barrier coatings are essential to
bring improvements in the case of inlet gas temperature which leads to a boost of the performance of
gas turbines. Hence, to develop thermal barrier coatings with interdependent features such as high
resistance to sintering, low thermal conductivity and also phase stability, it is necessary to highlight the
increased demands in order to obtain a proper final material [30]. Commonly, thermal barrier coatings
include a ceramic top coat and a metallic bond coat. The utilization of a bond coat is required to secure
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the metal substrate in the case of oxidation and corrosion because of the high temperature and also for
coupling the ceramic top coat and the metallic substrate, being located between the substrate and the
ceramic top coat [31].

However, work has been published on the conventional thermal-barrier coatings system, which
in fact contain three layers, covering the substrate. The first layer is the metallic bond coat, the second
layer is the middle thermally grown oxide and the third layer is the ceramic top coat. Separately,
these layers cannot provide the thermal and mechanical properties necessary for their use under
special conditions, but which are directly proportional to the processing conditions that may impose
modifications [32,33].

The first layer seems to possess critical characteristics, due to the fact that this layer performs two
fundamental roles. The certainty of the coatings system starts with the first layer, in this sense, one role
is to ensure a very good adhesion between the substrate and the ceramic top layer. The second function
is to act in the case of severe oxidation, because the oxygen ions from the environmental conditions
may pass through the ceramic layer, due to the porosity and high diffusivity. The top coat requires
high thermal stability and low thermal conductivity [34].

For these layers to act as demanded under special conditions at high temperatures, it is necessary
that them to become common parts with the metal substrate that need coatings. For this reason, diverse
physical methods were developed to deposit the ceramic top coat as a thermal barrier coating to the
metallic substrate. The following methods are electron beam physical vapor deposition (EB–PVD),
laser chemical vapor deposition, and atmospheric plasma sprayed, high-velocity oxy-fuel, sol-gel,
plasma spray physical vapor deposition [1,34,35]. One of the most used of these kinds of application
is electron beam physical vapor deposition (EB-PVD) and the second is atmospheric plasma spray
(APS) [27,31,36].

Over time, measures have been taken to improve the competency of a gas turbine. These actions
leaded to operating temperatures exceeding 1300 ◦C, which require thicker thermal barrier coating
which influence the chemistry together with an additional cooling system. As a result, the top coat
layer, present an increase of thickness which manage the surface temperature of the thermal barrier
coating to a faster cooling components system with a rate of temperatures of 4–9 ◦C along with 25
μm [32].

The research in this domain surrounded by experimental activity and the implication of numerous
people concluded that that thermal barrier coatings must meet a number of well-defined and
interdependent conditions. The first condition speaking about aero vehicles is to present low weight,
also low thermal conductivity is required. Because of the fact that the environmental medium may
suffer drastic thermic changes, the coatings should resist variation from heating to cooling and vice
versa and indeed to thermal shock. In order not to encounter problems that can have a significant
impact later, the coatings must be chemically compatible with the substrate and resist oxidation
process [32,37]. Thermal insulation is another mandatory condition for thermal-barrier coatings to the
elemental superalloy engine components. The compliance of the superalloy parts with the thermal
expansion is another necessity to minimize the discrepancy stresses. Moreover, thermal-barrier coatings
must reverse as much as possible of the radiant heat produced by hot gas and is mandatory to prevent
the contact of the heat with the substrate. It is desired for the thermal barrier coatings to ensure thermal
protection for the coated substrate and to be capable of resisting for prolonged service times [31].

How to improve the protection of the components that are in contact with high temperatures, which
use thermal-barrier coatings, has attracted the attention of researchers for many years. The coatings are
deposited on the substrate using, in general, EB-PVD methods. This advanced technique involves high
electron beam heating of rough materials which subsequently generate steam. The produced steam
will be subjected to the substrate surface which is deposited as a coating [38]. It is understood that
the coating is formed as a layer of vertical column grains that are standing upright on the substrate.
Between the columns there are consecutive gaps, that separate pores in the structure of the grains
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which can be open pores or closed pores. Due to these structures of the coatings, the characteristics of
the thermal barrier will be improved [39].

3. Electron Beam Physical Vapour Deposition (EB-PVD) Technology

The EB-PVD method is based mostly on the activity of the electron beam, which is considered
the most important part having a role as thermal source in this deposition technique. One of the
best and most attractive features of EB-PVD is the capability of depositing all types of material.
The deposition procedure is based on the action of an electron beam established at 2000 ◦C within
an electron gun, acting in accordance with the acceleration of thermal electrons supported by high
voltage. The equipment includes a target of the material of interest, which is subsequently hit by
high-speed electrons. Due to the energy generated by the electrons, the target material is melted and
after that the material is transformed into vapor and deposited on the surface of the substrate as a
coating. The highlighted advantage of this technique is the high deposition rate compared to other
coating technique. The parameters applied for specific materials can be managed more easily and the
surface also can be controlled when speaking about the dimension of the deposition. One mandatory
property in obtaining the deposition materials is to present a strong adhesion between the coating and
the substrate, which in the case of use of the EB-PVD technique, is fulfilled [29,31,40].

Depending on the needs of the final material, the coatings can be deposited differently from
ceramic to ceramic, metallic to metallic, ceramic to metallic, or metallic to ceramic. Moreover, the best
of the characteristic of this deposition technique is the multi material that can be used. In this sense,
multilayer coatings can be deposited and also may be disposed of like alternative layers of distinct
composition comprising ceramics, metals and polymers. All of these materials can be arranged as
different and various layers on the substrate. Pointing to time efficiency, in this technique the deposition
rate is high, and also in a short period the coating presents a dense structure. The microstructure
may be controlled surrounded by a managed composition, trying to erase every possibility to be
contaminated, and all of these properties are obtained finally regarding easily controlled parameters
and flexible deposition. There are only minor exceptions where the deposited layers do not have a
homogeneous microstructure, but generally the finished materials possess a good surface and uniform
microstructure. Therefore, there is a fine relationship between the manipulating the process parameters
and the final microstructure of the materials and also uniformity [39,41,42]. Below are showed the
schematic illustrations of electron beam physical vapor deposition (EB-PVD) equipment (Stage 1) and
the generation of the film for coating (Figure 3).
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Figure 3. Schematic of electron beam physical vapor deposition (EB-PVD) equipment (Stage 1) and the
generation of the film for coating [43].

4. Ultra-High Temperature Ceramics

Over time there has been new materials and modifications of the materials in the aerospace field
have been developed. A new generation of aero vehicles are based on the incorporation of components
that are composed from a special class of materials known as ultra-high temperature ceramics. These
kind of materials are used as thermal protection and in the engine parts of the space vehicles, and in
fact ultra-high temperature ceramics can be also used in critical applications on the ground where is a
need of resistance to high temperature [44].

Ultra-high temperature ceramics appear in the periodic table in the groups IVB and VB transition
metals, and are based especially on carbides along with nitrides and borides. These ceramics exhibit a
superior combination of properties characterized by high melting points together with mechanical
properties. In this sense, the use of ultra-high temperature ceramics in extreme environments make
them excellent potential candidate for these applications [13].

Extreme applications require the use of materials that are not susceptible to oxidation attack in
particular, and by using single-phase materials excluding secondary phases materials is not enough.
The single phase materials own all the undesired properties for the use in extreme environment such as
low thermal shock resistance, low fracture toughness which make these kinds of material unacceptable
for aero vehicle applications and also for engineering parts of the vehicles. To erase all the possibilities
of failure, the best way is to use a combination of at least two secondary phase of ultrahigh temperature
ceramics. One of the most used composites contain silicon carbides (SiC) or other ceramics that involve
silicon in different microstructures such as particles, whiskers or fibers. By using composite materials
with the required special properties for aerospace application a better thermal shock resistance will be
displayed in aggressive environments [45,46].

Ultra-high temperature applications proposed after years of testing and research, and most used
with high potential materials in extreme environments, are fundamentally substances such as C
(carbon), Ta (tantalum), W (wolfram), Os (osmium), Re (rhenium) and non-oxide compounds such as
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monocarbides, diborides and mononitrides of transition metals of IVB and VB groups in the periodic
table, highlighted as Ti (titanium), Hf (hafnium), Zr (zirconium), Nb (niobium), and Ta (tantalum) [47].

Research interest in aluminum matrix composites has also increased in the last few years, referring
to aerospace industries based on the properties of these, such as low density and high strength.
From the various types of materials, Al2O3 is the most usual ceramic, forming a composite matrix
by reinforcing with others materials [48,49]. Alumina have constantly been considered proper for
aerospace applications both at ambient and at elevated temperatures. Even if the Al2O3 possess
polymorphs character, the corundum α-Al2O3 is found to be the most suitable form for applications
which include a medium temperature. However, oxide ceramics are ideal candidates when speaking
about the high-temperature applications due to the fact that these ceramics possess proper behavior in
oxidative environments and characteristic high melting point, but especially in combination with a
material that supports these properties [50].

In this sense, a material which provides a better view in the aerospace application by forming a
composite matrix with Al2O3 is tantalum carbide TaC. Its melting point is 3997 ◦C and it possesses the
greatest chemical stability among other carbide [51]. Moreover, the properties of the TaC such as low
thermal expansion and high electrical conductivity stimulate the use of this attractive candidate to
establish a composite material with aluminum matrix. The literature data provide information about
the difficulty developing a composite material by reinforcing TaC particles, but at the smallest possible
size. Also the distribution of these particles represents an issue in the development process, because of
the fact that the normal distribution of the smallest TaC particles in the alumina matrix is very hard to
obtain. The agglomeration process occurs when it is desire to distribute the smallest particles in alumina
matrix [52]. Off all the reinforcement particles in the matrix processes, the powder metallurgy process
supports in the best way the uniform distribution of the particles in the matrix, however, there are also
some problems with the agglomeration mechanism in this process. In this case, when the particles
present agglomeration and the composite materials are assesed for sintering, there are possibilities to
appear and to retain porosities, which can lead to unappropriated mechanical properties [53,54]. From
the sintering method point of view, a spark plasma sintering process based on using aluminum matrix
composites has proper behavior when developing adequate dense composites which also possess
suitable mechanical properties, in comparison to conventional sintering methods [55,56].

As a basic idea, from the chemical point of view, all ultra-high temperature ceramics are compounds
of carbon, boron, or nitrogen in combination with at least one of the early transition metals of IVB
and VB in the periodic table. The binary compounds (transition metals and carbon, boron or nitrogen)
finally present strong covalent bonds leading to properties of a composite material such as high melting
temperature, high stiffness and high hardness. Moreover, all of the characteristics of the ultra-high
temperature ceramics are increased compared to oxide ceramics. Due to the fact that ultra-high
temperature ceramics involve the action of a mix of ceramics and metals, the final features make the
materials suitable and attractive for extreme temperatures and other aggressive conditions of the
application environment highlghting capabilities that are beyond other materials [57].

5. Ceramic Matrix Composites

Aerospace engineering includes an important part which is based on the choice of the materials for
aero vehicles components. The requirements for a material vary simultaneously and in direct correlation
with the specific component that possesses a suitable property for the aerospace industry. Some
particular behaviors are being in consideration in materials selections when the design of a vehicles
is desired. Each component is analyzed for design requirements which consist in manufacturability,
loading conditions, maintainability and geometric limits. Aircraft engines are a point of interest
in engineering this component. The most important aspects are the weight reduction and thrust
improvement, which mandatory implicate materials with superior properties. The engine materials
should present some specific features such as low densities which leads to weight reduction, and it
is very important to possess essential mechanical properties under high-temperature conditions and
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an aggressive oxidative environment. Speaking about the design of an aircraft turbine engines, two
divisions are described. The cold sections consist of the compressor, fan and casting, and the hot
sections consisting of chamber, combustion and turbine. The category of cold and hot suggest that
the sections present different temperatures, which affect the material selection where temperature
is a crucial condition for aircraft engine materials. Corrosion resistant and high specific strength
materials are suitable for use in the cold section. Composites that include titanium or aluminum and
polymers are optimal materials for the cold section. The temperature that is reached in this section is
usually in the range of 500–600 ◦C. On the other hand, for the hot section the materials should present
high temperature resistance, hot corrosion resistance and high specific strength. In this section, the
temperature is usually between 1400–1500 ◦C. Titanium composite in this section can not be used,
in this case the suitable materials are nickel superalloys, due to their significant high temperature
resistance strength [3,7,10,58,59].

The use of composite materials in aerospace vehicle engineering is about more than putting
together the individual properties and increasing the final composite material characteristics and
behavior. By means of using composite materials, the weight is reduced and the assembly is less
complex. Moreover, the use of composite materials involves reducing fuel burn which is a major
problem, and also reducing greenhouse gas emissions. Two methods can help to accomplish reduction
in fuel burn. The first is about redicing the weight of gas turbine engines, and the second is about
raising the thermal performance of the engines. As a matter of fact, composite materials are involved
in both situations [2].

Even if the developing stages of composite materials compared to the developing stages of
metal production seem to be identical, at the final stage the properties will be specific and beyond
the classic metal product and manipulate the design procedures for composite systems. During the
process of designing a composite material, at each step various options are available, making the
design process persistent and interactive. The design of a component part from an aero vehicle,
such as an airframe or a wing involve a considerable number of design variables. These variables
need to accomplish various constraints from particular disciplines and also diverse targets have
to be performed. Relevant models are used to correlate the constraints and targets to the design
variables. At this point in time, aircraft designers possess the ability to use new techniques consisting
in multidisciplinary design optimization. Due to the reason that high-performance computational
tools are now available, changes and modifications can be correlated at every step of the design process
under desired conditions [10,60,61].

The very varied options accessible in the nature and category of matrix and reinforcing components
generate composite materials with a broad variety of pattern and characteristics which are an
interdependent association of the particular constituent features [1,62].

5.1. Carbon–Carbon Composites

Carbon–carbon composite materials are part of a category of materials that are called advanced
composite materials, due to their properties. A large variety of shapes are characteristic to this type of
materials starting from one-dimensional to n-dimensional (usually n = 1,2 or maximum 3), conditioned
by the raw utilized material. By taking into account this benefit, the performance of the materials can
be customized in direct contact with the applications. The first use of carbon–carbon composites was
in the aerospace domain of applications; at the present time, this type of composites possesses various
properties with applications in numerous sectors that brings them to the fore of research into ceramic
composite materials [59,63].

For aerospace applications, carbon-based ceramic composites possess attractive properties, such as
remarkable thermal stability and also low weight, making them the most favorable materials. Carbon
fibers and the carbon matrix are basically components of engineered carbon–carbon composite materials,
occasionally improved with different components. One attractive characteristic is the selection of the
constituent materials and fiber orientations, which highlight the possibility to manage the properties of
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the final carbon–carbon composites. Generally, carbon–carbon materials and components are created
at the same time, so that the final composite properties can be directed to increase the component
capabilities. Resistance to oxidation at high temperatures, fracture toughness, strength and stiffness
are principal characteristics of this composite carbon materials [59,64].

This blend of characteristics, leads to their use as preferred materials for manufacturing numerous
aero vehicles components parts such as landing gear door, flaps, ailerons and others. Still, the deficiency
of stability above 500◦C in aggressive environments has placed them in the category of materials
that require enhancing. Because of this major drawback, only for short duration can they be used
in a harsh environment. However, these composites can endure very high heat fluxes, but only for
limited durations, which makes them appropriate for parts of the vehicles that not require continuous
withstand for long durations such as re-entry nose tips. Furthermore, the carbon–carbon composites
can be improved by extending the application duration and multiple consecutive use. There are some
methods to improve the oxidation resistance such as coatings with a material exhibiting oxidation
resistance. The second method is to enhance the composite matrix by supplementing with a third
phase or to modify the carbon matrix to carbides such as silicon carbide (SiC). By improving the
oxidation resistance with the addition of Si, carbon fibre-reinforced SiC matrix composites, are termed
C/SiC composites. The oxidation and erosion resistance is enhanced due to the properties of the C/SiC
composites. Additionally, the C/SiC composites can be used for lightweight and harsh applications, due
to the fact that the density of the carbon is below the density of numerous metallic materials [65–67].

5.2. Hafnium Carbide (HfC) Composites

Pointing to one of the most important properties in the aerospace applications, hafnium carbide
(HfC) present the maximal melting point (∼3950 ◦C) among the transition metal carbides. Another
attractive feature is low vapour pressure, good ablation resistance and chemical inertness [68,69].

Some recent publications reveal a new experience by introducing HfC compounds towards
carbon–carbon composites. Wang et al. described the possibility of obtaining a hafnium carbide coating
for carbon–carbon composite substrate by using the chemical vapor deposition method [70], and
another coating for carbon–carbon composites by co-deposition of hafnium (tantalum) carbon using
the same chemical vapor deposition technique [71]. A different method was reported by Li et al. where
the deposition of hafnium carbide on the carbon–carbon composites was possible by immersing the
carbon materials in a hafnium oxychloride aqueous solution [72]. To offer protection for carbon–carbon
composites, hafnium and silicon carbide multilayers were deposited under low-pressure chemical
vapour deposition as coatings [73].

The high environmental temperature of aero applications has significant action upon the materials.
Some tests were performed to evaluate the strengths of HfC ceramics at different temperature. In this
sense, from room temperature to up to ~ 2200 ◦C a strength of approximatively 350 MPa was recorded,
which declines with the increase of the temperature. At 2200 ◦C plastic deformation appeared, as a
result of grain-boundary sliding. This test highlights the essential role of grain boundaries, because in
HfC ceramics with smaller grain size, the decline was more considerable [14,74].

5.3. Carbon/Silicon Carbide (C/SiC) Composites

Among the ceramic materials, silicon carbide (SiC) is placed as a first choice when a
high-temperature environment is present. This material is used especially for structural components
of aerospace vehicles such as transportation and nuclear areas, due to the fact that SiC possesses
significant thermal conductivity, remarkable specific strength and superior tribology behavior at raised
temperatures. Like any other material, it also has properties that do not meet the necessary conditions,
such as low fracture resistance which limits in some cases the utilization of it in applications of interest.
In this sense, given the subject discussed above (see the 5.1 carbon–carbon composites subsection),
the carbon fiber-reinforced silicon carbine ceramic matrix composite materials are seeming to fulfill
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the requirements for high temperature applications. The fracture resistance is upgraded, and also the
strength is increased with the supplement of high strength fibers [14,75].

The addition of carbon fiber in the silicon carbide ceramic matrix, increase the final composite
material characteristics, highlighting noticeable material properties such as high strength, superior
thermal shock resistance surrounded by good oxidation resistance, low density and a specific feature
of managing and maintaining the mechanical properties even if the applications are under elevated
temperatures. All of these properties determine the material to use in extreme conditions including
oxidizing atmosphere, as manufacturing materials for components of aero vehicles. It is well known that
by obtaining a composite material the final structure will be improved together with the characteristics.
A better oxidation resistance is manifested in carbon–carbon SiC composites, compared to individual
materials. Due to the fact that on the surface of the substrate, the silica offers a protective layer, the
behavior under oxidizing atmosphere of the composite is improved. Moreover, light weight is a
property that is more accentuated in the composite material compared to the individual one, and also
the economic part is ameliorated because the carbon matrix is easier to develop than silicon carbide
matrix [76,77].

Another way in maintaining a suitable activity of the materials is to incorporate silicon carbide
fiber in the silicon carbide matrix. The components of the aero vehicles like gas turbine engines offer
the best options when its manufacture includes the utilization of silicon carbide fiber reinforced silicon
carbide. To evaluate the stress rupture properties, the high temperature composite materials which
consist of, basically, SiC, were investigated under 100 MPa as a moderate stress level. The results of
SiC–SiC composite showed it to be able to operate at temperature beyond 1315◦C. Carbon–carbon
composite and carbon fiber-silicon carbide exhibited advantageous and preferred stress rupture
properties at elevated temperature. Moreover, SiC–SiC composites, results with an advanced in
the durability of the resistance at oxidation atmosphere, compared to carbon–carbon and carbon
fiber–silicon carbide [2,77,78].

5.4. Zirconium Carbide/Silicon Carbide (ZrC/SiC) Composites

Ultra-high temperature applications include the utilization of zirconium carbide (ZrC), as one of
the best options due to the fact that the exceptional properties performed with suitable activity of the
ZrC under harsh conditions. At high temperatures, the ZrC composite generate a refractory oxide
scale which is another advantage when it comes to oxidation [14].

Transition metal carbides have considerable properties, being in the focus of the researchers
for manufacturing aero vehicles components with required properties such as high melting point,
high hardness and chemical stability, which are characteristics for zirconium carbide. Moreover,
ZrC possesses features like impressive hardness which is mandatory for many cutting tools or/and
abrasive industries. Numerous papers, place the zirconium carbide as a suitable material for elevated
temperature applications due to high corrosion resistance [79].

Rocket engine nozzles and hypersonic vehicles components during their applications, are in
direct contact with aggressive environment. For this reason, the materials used in manufacturing
these components have to present firstly a high melting temperature. Zirconium carbide ceramic is a
promising material in this way. However, there are in this case some limits of the materials such as
poor sinterability because of the fact that ZrC possesses a reduced self-diffusion coefficient and strong
covalent bonding. By a poor sinterability is understood the fact that it is more complicated to reach a
completely dense composites without a support from sintering additives. Because of the fact that ZrC
ceramic composites may have limits in terms of their full activity under special conditions having poor
thermal shock resistance and low fracture toughness, by adding SiC into ZrC the properties may be
improved. The mechanical properties and oxidation resistance of ZrC are clearly enhanced after the
incorporation of SiC, leading to the generation of a melted SiO2 layer at high temperature and also to
the discrepancy of thermal expansion coefficient among ZrC and SiC [80,81].
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5.5. Zirconium Diboride/Silicon Carbide (ZrB2/SiC) Composites

Another excellent candidate for applications at high temperatures is zirconium diboride (ZrB2).
This diboride is similar to zirconium carbide having attractive properties such as low density, high
melting point, remarkable chemical inertness, and it is used as thermal protection barrier on the
substrate of aerospace vehicles. However, in this case too the individual zirconium diboride did not
reach all the required conditions because has some inconvenience such as low fracture toughness
and low oxidation resistance. Moreover, it is a similarity between zirconium diboride and zirconium
carbine when it comes to manufacturing completely dense samples. This process is limited by the
undesirable characteristics of ZrB2 such as strong covalent bond and reduced self-diffusion coefficient,
and because of the impurities on the surface of substrate materials. Also in this case, the addition
of SiC brings a benefic difference, changing the properties and increasing the mechanical properties,
the thermal and oxidation resistance. In the same time, the exaggerated grain growth of zirconium
diboride is avoided with the addition on silicon carbide [82].

5.6. Aluminum Oxide/Zirconium Dioxide (Al2O3/ZrO2) Composites and Zirconium Dioxide/Silicon Dioxide
(ZrO2/SiO2) Aerogels

An attractive oxide ceramic candidate for aerospace application is ZrO2. The characteristics of
this ceramic are represented by a very high melting point at a temperature of ~2700 ◦C, promising
mechanical properties and stability in oxidative conditions [83]. The use of ZrO2 as thermal barrier
coatings has been a favorable choice for several years and even in the present time is still recommended.
A difference between the traditional ZrO2 coatings and nanostructured ZrO2 coatings may have a large
influence on the properties of the final material. The research data reveal that the nano structure of
ZrO2 has improved the properties of the material with higher toughness, lower thermal conductivity,
higher bonding strength, and higher wear resistance [84]. Over the years, there has been interest
regarding the use of zirconia as fully stabilized zirconia, partially stabilized zirconia and tetragonal
zirconia polygonal [83].

To obtain a better performance in a special high temperature environment, the involvement of the
scientific community has focused on the use of the Al2O3/ZrO2 eutectic ceramic as a thermal barrier
coating. This composite is obtained as a melt growth composite material, meaning of a eutectic reaction
between the matrix phase and the second phase which occurs when oxide melt is solidifying. The
final composite is made by Al2O3 and ZrO2 being developed at the same time and together, which can
possess a micro or nano structure. Due to the fact that, Al2O3/ZrO2 eutectic ceramics possess excellent
behavior at high temperatures such as oxidation resistance and high temperature strength became a
new generation of materials used as thermal barrier coatings and may even overcome the properties of
SiC at high temperatures [85–87].

Another new generation of composite materials is based on ZrO2/SiO2 aerogel. Silica aerogel is
produced using nanoparticles as aggregate and form a three-dimensional structure by interconnecting
each nanoparticle between them. However, the silica aerogels can resist only at a temperature below 600
◦C if there is a need for a long working conditions [88]. In this sense, the composite of ZrO2/SiO2 aerogel
have improved results under high temperature due to ultra-low thermal conductivity. Additionally,
this composite presents more outstanding properties such as low density and a better heat insulation
leading to a thermal stability at a temperature of 1000 ◦C [89,90]. However, there are some issues
speaking about the mechanical strength and fragility of aerogels. Some augmented methods have been
used in order to obtain a better result, such as including ceramic fibers or functional polymers (epoxy,
polyurethane and polyethylene) by cross-linking them with the aerogels. As a comparison between
organic or inorganic reinforcement, it has been demonstrated that the inorganic reinforcement is obvious
and confirmed as having potential due to its supportive stability behavior at high temperature [91].

Due to the fact that the materials used in aerospace applications must have a suitable behavior
at high temperatures, below are some properties that are taken into account when choosing these
materials, based on those discussed in this review (Table 1).
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Table 1. Melting temperature and mechanical properties of various materials used as thermal
barrier coatings.

Material Melting Temperature (◦C) Hardness (GPa) Young’s Modulus (GPa)

TaC 3427 [92] 20.6 ± 1.2 [92] 579 ± 20 [92]

HfC 3890 [93] 31.5 ± 1.3 [92] 552 ± 15 [92]

SiC 2730 [93] 25.5 [94] 450 [95]

ZrC 3530 [96] 31.3 ± 1.4 [97] 507 ± 16 [97]

ZrB2 3245 [98] 21 [99] 490 [99]

ZrO2 2699 [100] 11.77 [101] 171 [102]

Al2O3 2071 [100] 21.58 [101] 380 [102]

6. Conclusions

Thermal-barrier coatings obtained by using the electron beam physical vapour deposition
technique represent a way to improve the behavior of aero vehicles in high-temperature applications.
The coatings have a significant role in assuring a barrier which acts in high-temperature environments.
The performance of the thermal barrier is enhanced thanks to various ceramic coats deposited on
the substrate.

In order to choose suitable materials for aerospace applications, it has been proven that ceramic
materials have properties that are mandatory for such applications. Ceramic materials possess low
thermal conductivities and, for this reason, it is desirable for the manufacturing of components for
aero vehicles to contain a large proportion of ceramic composites. The performance of the engine is
increased, the temperature of the metal substrate is reduced and managed, and the lifetimes of the
engines, hot sections and turbines are prolonged only by covering with thermal-barrier coatings.

The selection of materials for acting as a thermal barrier is based on the evaluation of the materials.
Basic requirements are mandatory such as high melting point, low thermal conductivity, chemical
inertness, good adherence to the metallic substrate, high-temperature resistance, high strength and
resistance to oxidation at high temperatures. However, until now, no single material can achieve all of
these mandatory conditions.
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Abstract: Functionalization of nanomaterials can enhance and modulate their properties and
behaviour, enabling characteristics suitable for medical applications. Magnetite (Fe3O4) nanoparticles
are one of the most popular types of nanomaterials used in this field, and many technologies being
already translated in clinical practice. This article makes a summary of the surface modification and
functionalization approaches presented lately in the scientific literature for improving or modulating
magnetite nanoparticles for their applications in nanomedicine.
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1. Introduction

As a preponderance of biological processes begin and take place at molecular level, it is
understandable why diagnosis and therapeutic solutions have been sought at the nanoscale. The use of
nanoparticles in medicine is determined by the processes occurring at the bio-interface. In this context,
manipulation of surface properties is highly important as it can determine the fate and functionality of
the nano-system and can be achieved through the application of different surface functionalization.

During the last few years, magnetite (Fe3O4) nanoparticles have been attracting interest, especially
in the area of clinical-oriented medical applications, many of which have already been approved by
Food and Drug Administration (FDA), such as diagnosis [1,2], hyperthermia cancer treatment [3] or
combating iron deficiencies [4]. This was possible due to their properties like biocompatibility [5–8],
biodegradability [9–11], magnetic behaviour [12,13] and the possibility of easy functionalization [14,15].
Other possible uses of these nanoparticles might be in fields like catalysis [16,17], environmental
remediation [18–20], electronics [21–23].

The route of synthesis enables controlling not only the chemical composition, but also the size,
shape, surface properties and magnetic properties. The chemical methods for synthesis offer the
advantage that the resulting nanoparticles can be functionalized at the end of the process, which ensures
improved stability compared to non-functionalized materials and conservation of magnetic properties.

One of the most common and easiest chemical methods for magnetite nanoparticles synthesis is
the co-precipitation developed by Massart in 1981 [24]. The method resides in the reaction between the
ferric and ferrous ions in a basic medium. Different ferric and ferrous salts can be used as precursors
(like chlorides, sulfates) and different bases, such as sodium hydroxide [25,26], ammonia [27,28]. The
molar ratio of the precursor ions is usually 2:1 (Fe(III): Fe(II)), however, smaller ratios can be employed
(such as 1.5:1), as the oxidation of Fe2+ can occur [29] and the pH of the precipitation solution should
be kept between pH = 9–14 [26,30]. Also, a low concentration of O2 is favorable, in order to prevent
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the oxidation of the nanoparticles and loss of magnetic properties [27]. A non-oxidant medium can be
assured by the addition of nitrogen, in gas form or dissolved (such as in ammonia solution). Typically,
the synthesis is undertaken in low-heat conditions (about 80 ◦C [31]), however, room temperature
reactions can take place [32]. Moreover, the introduction of surfactants or other organic molecules
in the reaction medium (the precipitation base) or in the precursor mixture, can influence the size,
shape and surface properties of the resulting nanoparticles [33,34] through the formation of small
micelles which limit the space of nucleation and growth available for the nanoparticle. Interactions
between the torganic phase and the terminal groups of the nanoparticles might be facilitated and in
situ conjugations of the magnetite nanoparticles can take place [35].

The advantages of the co-precipitation method are rapidity, ease, reproducibility and high-yield
synthesis, however, the main disadvantage is given by the fact that, in order to obtain a narrow size
distribution of the resulting nanoparticles, some reaction parameters must be strictly assured [36].
Table 1 summarized how reaction parameters influence the properties of the resulting nanoparticles in
the co-precipitation of the ferric and ferrous ions.

Table 1. Influence of reaction parameters on the properties of magnetite nanoparticles resulting from
the co-precipitation method.

No. Reaction Parameter Property Measure Reference

1 Fe3+/Fe2+ ratio

Iron oxide phase Directly proportional [37]

Magnetism Inversely proportional [38,39]

Dimension Directly proportional [39,40]

2 pH value

Iron oxide phase Inversely proportional [41]

Magnetism Inversely proportional [38,42]

Dimension Insignificant [42]

3 Type of base

Iron oxide phase Depending on the type of base [26]

Magnetism Depending on the type of base [26]

Dimension Depending on the type of base [26]

4 Temperature

Iron oxide phase Directly proportional [43]

Magnetism Inversely proportional [44]

Dimension Inversely proportional [40,45]

5 Concentration of precursors Dimension Directly proportional [40]

6 pH of the precursor solution

Iron oxide phase [40]

Magnetism [40]

Dimension Directly proportional [40]

7 Addition of surfactants

Dimension Directly proportional [38,46,47]

Surface charge Dependent on the surfactant [47]

Composition Dependent on the surfactant [47]

Shape Dependent on the surfactant [33]

Magnetisation Dependent of the surfactant [47]

The solvothermal method is the second most popular method for the obtaining of magnetite
nanoparticles and is performed in the presence of solvents, using temperatures that are higher than the
boiling points of the solvents. The reaction is performed inside an enclosed system, like the autoclave,
at high pressures. The composition of solvents influences the shape and size of the nanoparticles [48]
however, the size is significantly determined by the temperature and duration of reactions. Different
mixtures of agents such as tri ethylene glycol [49], oleylamine and ethylene glycol [50], or benzyl
ether [51]. can be added in the solvent mixture in order to act as reducing agents for the precursor(s),
leading to the synthesis of highly stable functionalized magnetite nanoparticles.
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The hydrothermal method is based on the use of high temperatures and pressures to obtain
single Fe3O4 crystals [52]. Saturation of the precursors is required to initiate crystallization and this is
enabled by a temperature difference between the precursors (crystallization area) and an aqueous area
in the autoclave.

The microemulsion method uses micelles as nanoreactors for the nucleation and growth of
magnetite nanoparticles in a limited space [53]. Thus, one main advantage of this method would be low
polydispersity indices of the resulting nanoparticles and controlled morphology of these. Moreover,
the nanoparticles are in situ functionalized through encapsulation [54,55].

Lately, a lot on non-conventional methods have been used in order to obtain magnetite
nanoparticles. For example, the gas flame synthesis leads to highly dispersed nanoparticles with low
polydispersity indices being obtained [56,57]; moreover in situ functionalization can be applied [58].

A rigorous control of the parameters of the synthesis method leads to crystalline nanoparticles
with unique mineralogical phase composition being obtained. Magnetite nanoparticles have inverse
spinel structure, with a face centred cubic lattice, where the iron ions are placed in the interstitial sites.

Moreover, a controlled synthesis assures and conserves the native properties of magnetite
nanoparticles, such as the property of superparamagnetism, with high magnetic susceptibility, which
in the absence of magnetic field shows null magnetization [59,60]. Temperature can randomly change
the orientation of the magnetic spins, but this effect can also occur after a certain time (Neel relaxation
time), due to the magnetic anisotropy of the nanoparticle. Placing Fe3O4 nanoparticles in an exterior
magnetic field causes the orientation of the nanoparticles magnetic moments with the magnetic field,
while alternated magnetic fields repeatedly change the orientation of the magnetic moments, with
an energy loss, converted to thermal energy. In order to preserve the magnetic property of Fe3O4

nanoparticles, different functionalization approaches are employed.
The fate of magnetite nanoparticles in the human body is highly dependent on size, surface

properties and terminal functional groups. It has been proved that the physical characteristics of the
nanoparticles, such as size [61–63] and shape [64–67], influence their relationship with living cells.
Additionally, surface properties [68,69], not only dictate the interaction with the biological barriers
(membranes, vascular lumens), but can also modulate the way in which the nano-complex is perceived
by the cells and tissues. In nanomedicine, this can dictate the effectiveness towards clinical translation.
A rigorous control of the physical and chemical properties of magnetite nanoparticles can, most of
the time, decide the fate of the nano-system and its ability to fulfil the requirements for which it has
been designed and developed [70]. The route of administration can also determine the outcome of the
nanoparticles, as they can encounter more or less biological barriers in their way to the targeted area.

Ma et al. [71] made a study on Kumming mice that were daily injected intraperitoneally during 1
week with different concentrations of Fe3O4 nanoparticles (0, 5, 10, 20, 40 mg/kg), the subjects presenting
lesions and the impairment of the hepatic and renal tissues, by means of oxidative mechanisms; the
maximum recommended dose was 5 mg/kg. Wang et al. [72] determined the presence of Fe3O4

nanoparticles in the brain after the intraperitoneal injection. Following intragastric administration of
600 mg/kg magnetite nanoparticles to mice [73], a maximum of concentration was determined in lungs
and kidneys after 6 h of administration, in liver, brain, stomach and small intestine after 24 h, in heart
and spleen after 3 days, respectively in peripheral blood after 5 days. Intravenous injection (15 mg/kg,
5 times) in C57BL/6 mice determined an accumulation of magnetite nanoparticles in liver, lungs and
spleen, which were degraded to non-magnetic iron oxide species [74].

Due to the high surface-to-volume ratio, as a result of the nanometric dimension many hydroxyl
terminal groups are available for conjugation with other molecules (Figure 1). It is this property that
enables a lot of practicable approaches for surface modification, in order to alter and modulate the
physical and chemical behaviour of magnetite nanoparticles. This review article discusses different
approaches of functionalization for magnetite nanoparticles applications in medicine.
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Figure 1. Schematic representation of the two main types of magnetite nanoparticle functionalization
processes for medical applications: in situ, respectively, post-synthesis functionalization.

2. Functionalization of Magnetite Nanoparticles

Besides their advantages, magnetite nanoparticles have some major flaws, like rapid agglomeration,
chemical reactivity, high surface energy, oxidation, which might alter their biocompatibility, properties
and performance. In order to prevent these unwanted events, different surface functionalization
is applied.

The functionalization refers to the conjugation of different molecules. In case of nanoparticles,
this process determines a modification of the surface chemistry, which leads to changes in the physical,
chemical and biological properties.

There are different types of functionalization. Depending on the time when it is done, the
functionalization process can be in situ [75–77], in case the conjugation takes place simultaneously
with the nucleation process of the nanoparticle, during the synthesis or post-synthesis [78,79], when
the functionalization reaction(s) is (are) done after the synthesis of the nanoparticles (Figure 1).

By taking into consideration the chemistry of functionalization, either non-covalent or covalent
bindings can take place between the surface modifying molecule and the magnetite nanoparticles.
The non-covalent conjugation [80–82] mainly takes place through interactions that are based on the
receptor-ligand affinity principle. Some examples are the electrostatic interactions, entrapment into
secondary elements (like polymeric films) or π-π stacking. In this case, mostly ionic bonds appear,
following the transfer of one electron from a metallic to a non-metallic atom and the electrostatic
interaction between the resulting ions.

In the case of covalent binding [83,84], different chemical reactions can take place during the
functionalization process, such as substitution (nucleophile or electrophile), addition (nucleophile
or electrophile), elimination, oxidation, reduction, polymerization, or esterification, in presence
of different catalysts. In order to conjugate the desired molecule on the surface of the magnetite
nanoparticles, intermediary linkers can be used, such as oleic acid [85], aminoproliltriethoxy silane [86],
3-(trimethoxysilyl) propyl methacrylte [87].

Sometimes, the preferred approach is to have a non-specific physical sorption, which would
give a less stable conjugation (in case of delivery application or to facilitate the degradation of the
nano-system), but chemical sorption can also be employed. In this case, covalent bonds can appear
between identical atoms or different atoms which share electrons, each atom participating with one
electron. This appears for non-metal elements. These are classified as non-polar covalent bonds
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(between the same type of atoms), covalent bonds between different atoms, coordinative bonds (when
two electrons are shared).

Metallic bonds are chemical bonds that form between metal elements. It is very rare that this
interaction takes place between the Fe atoms in the oxide structure of magnetite and other metals, when
developing core-shell metallic nanoparticles. For example, Han C.W. et al. [88] has obtained Fe3O4-Au
core-shell nanoparticles by in situ vacuum annealing of dumbbell-like Au-Fe3O4 nanoparticles obtained
by epitaxial growth of magnetite on Au nanoparticles. The process was undertaken using a transmission
electron microscope and recorded. During the annealing, the gold nanoparticles transformed into a
gold nano-film, which was melting the surface of the magnetite nanoparticle, simultaneously with
the reduction of the Fe3O4 nanoparticle, taking place a strong metal-support bonding between the
two components.

Different approaches of magnetite nanoparticles functionalization (Figure 1) will be discussed in
the following sections, depending on the type of conjugation agent (inorganic or organic) and related
to their biomedical applications.

3. Inorganic Functionalization of Magnetite Nanoparticles

3.1. Oxides

Among oxides, SiO2 (silica) coating is one of the most commonly used approaches for nanoparticle
surface modification, especially in the case of iron oxides like magnetite. This is mainly determined
by the properties induced by silica coating of Fe3O4 nanoparticles, such as reducing the aggregation
phenomena and thus improving the stability of the resulting functionalized nanoparticles [89], but also
enhancing their biocompatibility [65,90].

There are several methods that can be used for SiO2 conjugation on magnetite nanoparticles. The
most frequently encountered approach is the sol-gel (Stoeber) method, which is based on the hydrolysis
of tetraethoxysilane (TEOS) in an alcoholic medium, using ammonia as catalyst [91,92]. The method is
popular due to its ease, but also due to the ability to obtain monodisperse-coated nanoparticles, with
controlled dimension and shape. By using this approach, the chemical composition and structure, as
well as magnetic properties of the Fe3O4 nanoparticles, are preserved.

Another precise, but more elaborate method for the obtaining of Fe3O4@SiO2 nanoparticles is the
microemulsion method, which can be either water-in-oil (W/O) or oil-in-water (O/W). Such methods
are usually employed for obtaining of Fe3O4 nanoparticles and the in situ functionalization [93]. This
method can also be microwave assisted [93,94].

Mesoporous silica, such as MCM-41 or SBA-15 have grown in interest due to their
biocompatibility [95–97] and highly controlled porosity [98–100], which enable their use as controlled
drug delivery platforms [101,102]. In order to obtain mesoporous silica-coated magnetite nanoparticles,
a similar approach as in Fe3O4@ amorphous SiO2 can be employed, but additionally an organic agent
is used as template for the pore structure [103–105]. Such agents can be cetyltrimethylammonium
bromide (CTAB), cetyltrimethylammonium chloride, n-octylamine, tetrapropylammonium bromide
(TPABr) [106], triblock polymers like (EO)x-(PO)y-(EO)x (Pluronic L101, P103, P104, P105, F108) [107].

Due to their high porosity, the mesoporous silica-coated magnetite nanoparticles can absorb high
quantities of therapeutic agents. Moreover, SiO2 is dissolved in acidic environment, such as in the
tumor microenvironment, inflammation, bacterial biofilm, or the endo-lysosomal compartments of the
cells, making silica-functionalized Fe3O4 great stimuli-responsive materials for the controlled delivery
of therapeutic agents [108–110].

Other Si-based molecules have been used as functionalization agents for magnetite nanoparticles,
in order to increase their stability or be used as linkers for further surface conjugation. Some
examples are (3-aminopropyl)triethoxysilane (APTES) [111–113], 3-Aminopropyltrimethoxysilane
(APTS) [114], (3-Mercaptopropyl)trimethoxysilane (MPTS) [115], triethoxy vinyl silane (VTES) [116],
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aminosilane [117,118]. Table 2 summarizes some recent examples of Fe3O4@SiO2 nano-systems and
their applications in biomedicine.

Table 2. Recent approaches in Fe3O4-SiO2 based nanostructures conjugates.

No. System Description Application Type of Conjugation Evaluation Reference

1 Fe3O4@SiO2

Magnetic
resonance imaging
contrast substance
as in vivo stem cell

tracker

Negatively charged
Fe3O4@citrate act as seeds for

Si precursor; encapsulation
using sol gel method;

Determination of
distribution and

chemical changes
dynamics of

Fe3O4@SiO2; high
chemical stability;

distribution in
cytoplasm;

[119]

2
Fe3O4@SiO2/anti-rHBsAg

(Hepatitis B surface
antigen)

Purification of
recombinant

Hepatitis B for
vaccine

production;

In situ functionalization;
encapsulation using sol gel

method;

In vitro isolation of
rHBsAg antigen

from Pichia
pastoris yeast

[120]

3 Fe3O4@SiO2
Plasmid DNA
purification

SiCl4 cross-linker between
Fe3O4@NH3 and

(3-aminopropyl)triethoxysilane
(APTES); encapsulation using

sol gel method;

Efficient in vitro
plasmid DNA

purification from E.
Coli DH5a cells

[121]

4
Fe3O4@boronic

acid/mesoporous (m)
SiO2

Magnetic and pH
triggered drug

release;
−

Biocompatibility
and high uptake in

MC3T3-E1 cells;
Controlled drug
release and good

magnetic
properties;

[122]

5 Fe3O4@mSiO2/catalase
(CAT)

Enzyme protection
in catalysis;

Encapsulation in SiO2 using
TMOS (tetramethoxysilane)

functionalization with APTES
for CAT conjugation and

growth of mSiO2 using CTAB
as template and TMOS;

Good stability and
catalytic activity [123]

6 Fe3O4@oleic
acid@mSiO2/5-Fluorouracil

Drug delivery for
cancer therapy;

In situ Fe3O4@oleic acid were
functionalized with CTAB

through weak interaction (Van
der Waals); hydrolisation of
tetraethoxysilane (TEOS) on

Fe3O4/CTAB; encapsulation in
mSiO2 using the inversed
microemulsion method;

In vitro
biocompatibility
for MCF-7 cells;
efficient drug

loading;

[124]

Numerous metal oxides have been used as functionalizing agents to modify the surface of
magnetite nanoparticles, in order to obtain composites with improved functions. ZnO-conjugated
Fe3O4 nanoparticles have been developed in order to implement photocatalytic properties to the
developed nano-systems. This phenomenon appears due to high oxygen vacancies on the surface of
the nanoparticles and due to the fact that the electron-hole pairs induced by photon-triggering are
inhibited by Fe3+ ions [125]. Similar photocatalytic effects are given by Fe3O4@TiO2 nanoparticles [102].
Shi L et al. [31] obtained Fe3O4@TiO2 core-shell nanoparticles using post-synthesis functionalizing
based on a hydrothermal approach. Similarly, Zhang L et al. [126] and Choi K-H et al. [127] used the
solvothermal synthesis for microsphere preparation.

3.2. Metals

The surface conjugation of Fe3O4 with different metals has been employed in order to improve the
biocompatibility of magnetite nanoparticles and to induce an inert character to the final nano-structure.
The metal coating of Fe3O4 nanoparticle surface can be done either directly or through an intermediate
functionalizing layer.

256



Nanomaterials 2019, 9, 1791

Core-shell magnetite@gold nanoparticles are interesting for their multifunctionality. The direct
route to obtain this type of nano-composites is by directly reducing Au3+ ions on the surface of the Fe3O4

nanoparticles, using reducing agents such as sodium citrate [60,128], sodium borohydride [129], and
hydroxylamine hydrochloride [130]. Through this method mostly result dumbbell-like, core-satellite, or
sometimes star-shaped structures, but core-shell nanoparticles can only result after multiple repetitions
of the coating procedure. The main disadvantage of this method is the low yield synthesis, as many
gold nanoparticles result [131]. Moreover, the reduction of Au3+ into Au0 takes place at the boiling
point of the watery solution (80–90 ◦C), which might lead to an oxidation of Fe3O4 and loss of
magnetic properties.

Also, a more efficient direct method of conjugation might be in situ functionalization, through the
organic synthesis approach [132]. Usually, these routes employ different agents to reduce Fe(acac)3 [132]
or FeO(OH) [133] in presence of HAuCl4 which is simultaneously reduced, forming core-shell structures.
Other organic molecules, such as oleic acid [134] are used to act as reducing and stabilization agents at
the same time.

The use of an intermediary layer between the previously-synthesized magnetite nanoparticles and
the gold layer acts as a “glue” between the two components. In situ or post-synthesis functionalization
of iron oxide nanoparticles is undertaken, in order to obtain a functional layer that can either attract the
Au3+ ions, which are afterwards reduced to Au0 using a third substance [135,136], or the conjugated
molecules act as a reducing agent themselves [134].

Fe3O4-Au conjugated nanoparticles have applications in medical imaging. Due to the presence and
properties of both magnetite and gold phases, such nanoparticles can be used as a contrast substance in
both magnetic resonance imaging (MRI), computer tomography (CT) and photoacoustic imaging (PA).
For attempt, Hu Y et al. [137] developed Fe3O4@Au nano-systems starting from Fe3O4@Ag@citric acid
as seeds for Au3+. The resulting star-shaped nanoparticles were functionalized with polyethyleneimine
(PEI) to improve stability and folic acid to induce the targeting ability (Figure 2). Ge Y et al. [138]
used antibody (McAb) cetuximab (C225) conjugation of Fe3O4@Au to induce targeting ability for
glioblastoma. The functionality of Fe3O4@Au nano-composites for targeted tumor imaging has been
proved in vivo [137–139].

Other possible application of magnetite-gold nano-conjugates refers to their use in cancer radiotherapy,
following their activation with different types of radiation: ionizing radiation (IR) [140,141], near-infrared
(NIR) radiation [134,142] and radiofrequency (RF) [143] radiation. Radiotherapy mediated by nanoparticles
has been considered as an approach that overcomes the resistance of tumor cells to radiotherapy and/or
chemotherapy [144–147].

Generally, the use of metal elements to radiosensitize tumor cells is based on increasing the
photoelectrical absorption, after their accumulation inside the malignant tissue. The high atomic
number elements absorb most of the radiation compared to the surrounding healthy tissues and,
due to the photoelectric and Compton effects, lower energy photons, Auger secondary electrons and
low-energy secondary electrons are released [148–151]. Also, an enhanced production of reactive
oxygen species occurs, due to the formation of secondary electrons and photons, but also due to the
high surface reactivity of the nanoparticles [152,153]. This affects directly the DNA of the tumor cells.
Moreover, nanoparticles can directly interact with the DNA, forming bonds or intercalating intro the
DNA chain [154,155]. The biological outcome is oxidative stress, cell-cycle disruption and DNA repair
inhibition [148] in the tumor cells.
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Figure 2. Star-shaped gold-conjugated Fe3O4 nanoparticles; functionalization with organic molecules
(polyethyleneimine, PEI): (a) schematic representation of the synthesis and conjugation processes; (b)
ultraviolet–visible (UV–VIS) spectra for (non-) irradiated the nano-constructs; (c) transmission electron
micrograph (TEM) of the resulted nanoconstructs; (d) histogram distribution of size; (e) high-resolution
TEM (HR-TEM) of the resulted nanoconstructs; reprinted from [137].

The radiofrequency ablation (RFA) as a new method for cancer treatment has recently attracted
more interest due to the fact that it does not harm normal tissues, when using frequencies from
10 kHz–900 MHz; the radiation has high penetration capability and non-ionizing effects on the
tissues. The mechanism of toxicity upon cancer cells is produced by the induced thermal disruption
determined due to the friction appearing in the ionic collisions of the biomolecules, when aligning
in the alternating current flow [156]. RF-responsive nanomaterials have been proposed as probes for
the treatment procedure, because of their ability to produce heat due to the resistance heating (in
conductive materials, such as gold [153]), respectively magnetic heating (in magnetic materials, such as
magnetite [157]). Gold-conjugated magnetite nanoparticles are excellent candidates for RFA treatment
of cancer [142,158].

Another possible application of gold-conjugated magnetite nanoparticles is biosensing, due to
the surface plasmon resonance property of gold [159–162]. Moreover, further functionalization of
Fe3O4@gold with different antibodies gives the ability of specific targeting of cells, which together
with the magnetic properties of the nano-systems enable their applicability in cell sorting or cell
separation [163,164].

Platinum-conjugated magnetite nanoparticles also have possible applications in radiotherapy
enhancement. Also an inert noble metal, Pt has an atomic number higher than Au, being able
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to induce higher radiosensitizing effects [165,166]. Ma M. et al. [167] used a “glue” layer, DMSA
(meso-2, 3-dimercaptosuccinic acid), for Pt ions that were reduced using NaBH4 on the surface of
previously-synthesized magnetite nanoparticles, in order to obtain dumbbell-like structures. A similar
approach was employed by Wu D et al. [168] who used MnO2 as intermediary layer for Pt ions
absorption followed by reduction on the surface of the Fe3O4@MnO2 nano-conjugate.

Silver coated magnetite nanoparticles can be obtained using the same approaches as gold-magnetite
conjugates. Their applications in the medical field vary from catalysis [169], contrast substance in
medical imaging [170,171], radiation therapy [172], the most frequent application being given by their
anti-microbial properties [173]. Chang M et al. [174] obtained Fe3O4@Ag nanoparticles using in situ
functionalization and proved their effect against E. coli strains. Brollo M. E et al. [175] synthesized
brick-like nano-composites using a thermal decomposition method and in situ conjugation.

4. Carbon-Based Functionalization of Magnetite Nanoparticles

The carbon-based functionalization of magnetite nanoparticles is treated separately from the
(in)organic sections, as both inorganic (such as SiC [176]), as well as organic (graphene, carbon
nanotubes) and Fe3O4@C composites are approached.

The majority of Fe3O4@C composites applications are in electronics (used as supercapacitors [177],
anode materials in lithium-ion batteries [178], absorbents [177]). These materials can be obtained by in
situ or post-synthesis functionalization, using the hydrothermal approach [179–181].

For applications in the biomedical field, the conjugation of magnetite nanoparticles and
carbon-based nanostructures, such as graphene, carbon nanotubes or fullerenes are more often
encountered. Amide bonding is a very frequent approach in conjugation of Fe3O4 and carbon-based
nanoparticles [158], alongside with click chemistry. These types of reactions are modular reactions like
cycloadditions, nucleophilic ring-openings, carbon multiple bond additions and non-aldol carbonyl
reactions [182]. The most common type in functionalizing carbon-based nanomaterials is Cu(I)-catalysed
azide-alkyne 3+2 cycloaddition (CuAAC) [183]. Table 3 presents recent exampled of Fe3O4-carbon
nanoparticles conjugates.

Table 3. Recent approaches in Fe3O4-carbon-based nanostructures conjugates.

No. System Description Application Type of Conjugation Evaluation Reference

1.
Fe3O4

@APS–graphene/
5-Fluorouracil

Drug-delivery systems
for cancer treatment;

Amide bonding using
1-ethyl-3-(3-

dimethylaminopropyl)
carbodiimide

In vitro drug release at
acidic pH; efficient

in vitro internalizing in
hepatocarcinoma HepG2
cells; biocompatibility of
the carrier nanoparticles;

[184]

2.
Fe3O4@

APTES/graphene oxide
(GO)/doxorubicin

Drug-delivery systems
and imaging diagnosis
in cancer management;

Amide bonding using
N-(3-

Dimethylaminopropyl)-
N′-ethylcarbodiimide
hydrochloride (EDC)

In vitro low cytotoxicity
compared to GO;

superparamegnetic
properties and 10.7 r2/r1
relaxivity; fluorescence

in VIS; high doxorubicin
loading and 2.5 fold

higher efficiency;
(Figure 3)

[185]

3. Fe3O4@azide-sodium
ascorbate-GO@ alkyne

Efficient absorbent and
removal of dyes;

Click chemistry
approach between the

azide functional
groups on the Fe3O4,
sodium L-ascorbate

and alkyne functional
groups on GO;

Superparamagnetic
properties; efficient

absorbent and removal
of dyes;

[186]

4. Fe3O4@GO Magnetic fluids; Absorption;
Improvement of friction
and wear performances

with magnetic field;
[187]

5.
Polyvinyl alcohol

(PVA)/ Fe3O4@ carbon
nanotubes (CNTs)

Absorbent and dye
removal; Anti-bacterial

effects;
−

Optimal dye removal
and anti-bacterial

properties;
[188]
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Table 3. Cont.

No. System Description Application Type of Conjugation Evaluation Reference

6.

Fe3O4/multi walled
CNTs/laser scribed

graphene/chitosan/glassy
carbon electrode

Detection of heavy
metals −

Electrode for the
determination of Cd2+

and Pb2+ using square
wave anodic stripping

voltammetry; wide
linear range; ultralow

detection limit; excellent
repeatability,

reproducibility, stability;

[189]

7.

Single-walled
CNTs-PEG-Fe3O4@

carbon quantum dots
(CQD)/doxorubicin/sgc8c

aptamer

Targeted
photodynamic and

photothermal ablation
of tumor cells;

controlled drug
delivery; targeted

imaging using
fluorescence and

magnetic resonance
imaging (MRI)

Through polyethylene
glycol (PEG) linker

using amide bonding;

Near infrared triggered
production of reactive

oxygen species and heat;
good imaging properties;
good biocompatibility of
the carrier and cellular

internalization; high
drug loading ability;

selective accumulation at
tumor site in human

adenocarcinoma (HeLa)
tumor-bearing mice

intravenously injected
with the system;

[190]

8. GO-Chitosan/Fe3O4/
glucose oxidase

Glucose biosensor and
magnetic resonance

imaging;
− Good glucose biosensing

ability; [191]

Figure 3. Fe3O4@(3-aminopropyl)triethoxysilane (APTES)-graphene oxide nano-system for drug
delivery and diagnosis in cancer: (a) TEM of Fe3O4 nanoparticles; (b) TEM of graphene oxide; (c) TEM
of Fe3O4-graphene oxide conjugates; (d) magnetic manipulation of Fe3O4-graphene oxide conjugates in
aqueous solution; (e) fluorescence specra of graphene oxide and Fe3O4-graphene oxide conjugates; (f)
fluorescence specra of Fe3O4-graphene oxide conjugates at different pH; (g) HeLa cell survival (%) after
incubation with equivalent concentrations of Fe3O4-graphene oxide conjugates, Fe3O4-graphene oxide
conjugates loaded with doxorubicin, respectively doxorubicin; (h) fluorescence image of internalized
Fe3O4-graphene oxide conjugates in HeLa cells; adapted from [185].
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5. Organic Functionalization of Magnetite Nanoparticles

The functionalization of magnetite nanoparticles with organic compounds is mostly done in order
to improve their stability [192] and biocompatibility [193]. Another reason would be to improve their
interaction with biological barriers (cellular membranes, vascular endothelium, blood-brain barrier)
and facilitate the nanoparticles’ passage through these [194,195].

Furthermore, magnetite nanoparticles have a hydrophobic character which favours the adsorption
of serum proteins, causing not only blood clogging, but also leading to the opsonisation phenomenon.
Through this, the nanoparticles are immediately collected by the cells of the mononuclear phagocyte
system and eliminated from systemic circulation. In order to improve the pharmacological kinetics of
the magnetite nanoparticles, functionalization with hydrophilic polymers, such as polyethylene glycol
(PEG) [196] is applied.

In case of controlled delivery of therapeutic substances, organic materials and especially polymers
are the best stimuli-responsive materials (responsive to changes in temperature, pH, light). Fe3O4

nanoparticles functionalized with biocompatible responsive polymers are ideal for such applications, as
the magnetite core enables magnetic targeting properties of the system, while the soft shell encapsulates
large quantities of drug molecules.

Also, polymers enable many available functional groups for the conjugation of other molecules.
Thus, specific molecules can be conjugated for targeting certain type of cells or area of the
body (like folic acid [197,198], L-3,4- dihydroxyphenylalanine (L-DOPA) [199], riboflavin [200],
arginine-glycine-aspartate (RGD) [201] for cancer targeting) and/or light-responsive molecules for
detection and imaging (such as fluorescein isotiocianate-FITC [202]). Moreover, Fe3O4 can be used
as contrast substance in MRI because of its ability to alter the spin-spin relaxation time T2 of the
surrounding water protons [203]. Given all these properties, functionalized magnetite nanoparticles
can be used as multifunctional platforms for cancer detection and therapy.

Organic materials for magnetite nanoparticles functionalization will be discussed in separate
sections as follows: small molecules and surfactants, lipids, polymers, phytochemicals, respectively
drug molecules.

5.1. Small Molecules and Surfactants

Functionalization of magnetite nanoparticles with amphiphilic molecules (surfactants) has been
proved as a good solution to improve the stability of the suspensions [204,205]. However, surfactants
can rather have a toxic behaviour and are not recommended for biological applications [206–208].

Instead, functionalization with small molecules was proposed. Oleic acid is the most common
small lipophilic molecules used for the functionalization of magnetite nanoparticles. Fe3O4@oleic acid
has good stability [209], biocompatibility [210] and can be used for further functionalization: oleic acid
can act either as a “glue” layer to conjugate other compounds [211] or as a starting point in ligand
exchange approach [212,213].

Functionalization of magnetite nanoparticles with small molecules or surfactants is mostly done
in situ using solvothermal [51,214,215] or microemulsion [53,216] approaches, however, post-synthesis
conjugation can also be done [217,218].

Figure 4 [219] illustrates an approach for oleic acid capping of magnetite nanoparticles and
the morphological and hydrodynamic properties of the resulting functionalized nanoparticles, in
comparison with bare Fe3O4.
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Figure 4. Surface conjugation of magnetite nanoparticles with oleic acid: transmission electron
microscopy (TEM) image for (a) bare Fe3O4, respectively (b) oleic acid conjugated Fe3O4; particle
diameter distribution for (c) bare Fe3O4, respectively (d) oleic acid conjugated Fe3O4; (e) schematic
representation of the capping principle; (f) Fourier transform infrared (FTIR) spectra of Fe3O4 (1)
Fe3O4/oleic acid (2), respectively oleic acid (3); (g) thermogravimetric analysis (TGA) and differential
thermogravimetric analysis (DTA) curves for oleic acid conjugated Fe3O4; adapted from [219].

5.2. Lipids

Lipids are the main component of cellular membranes, thus conjugation with magnetite
nanoparticles would be ideal for biomedical applications. Lipid-coated nanoparticles favour the
interaction with and passage through biological membranes [220,221], enhancing the biocompatibility
of Fe3O4 nanoparticles [197,222] and preventing the opsonisation phenomenon [223]. The obtaining of
lipid-conjugated magnetite nanoparticles is most of the time done through encapsulation [224,225].

5.3. Polymers

The functionalization of magnetite nanoparticles with polymers can be undertaken using
both in situ and post-synthesis functionalizing. It is very common in case of co-precipitation
method for Fe3O4 synthesis to introduce polymer molecules in the precipitation solution, in order to
determine the simultaneous functionalization, nucleation and growth of the nanoparticles [226,227].
In this case, mostly non-covalent bonds (electrostatic forces) appear between the polymers and
magnetite nanoparticles.

The latter method starts from previously synthesized magnetite nanoparticles that can be
conjugated with different polymers through the available hydroxyl groups on their surface. These are
mostly condensation reactions. One approach is through the ester bond formation. Also, intermediate
linkers can be used, such as APTES, which enable amine terminal groups on the surface of the magnetite
nanoparticles. These can be then coupled with different polymers through an amide bond formation.

The main reason for polymer surface functionalization of magnetite nanoparticles is the increase of
stability, as the polymeric molecules act as splicing agents between the magnetic nanoparticles,
preventing their aggregation. The longer the polymeric chain, the higher the stability of the
nanoparticles. However, this can produce an inverse effect, as a reduced magnetic response can occur
when stimulating the functionalized nanoparticles with an exterior magnetic field.
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Polyethylene glycol (PEG) is the most widely used polymer for magnetite nanoparticles
functionalization. PEG with different molecular weights are employed, in order to modulate the
hydrodynamic properties of the resulting nano-composites and to improve their stability [228,229].
Other frequently used polymers for Fe3O4 nanoparticles functionalization are polyethyleneimine
(PEI) [230,231], glucose [232–234], dextran [235,236], and chitosan [237–239]. Table 4 summarizes some
examples of polymer-functionalized magnetite nanoparticles and their applications.

Table 4. Recent approaches in Fe3O4-polymer-based nanostructures conjugates.

No. System Description Application
Type of

Conjugation
Evaluation Reference

1.

Fe3O4@
poly(polyethylene glycol
methacrylate-co-acrylic
acid) (P(PEGMA-AA))

Hyperthermia and
MRI contrast

substance;

Electrostatic
interactions

between the acrylic
acid and

positively-charged
Fe3O4;

Improved stability and
salt tolerance; excellent

blood compatibility;
formation of blood

protein corona;
resistance to cell
internalization;

improvement of contrast
in MRI;

[240,241]

2.

Fe3O4/methyl
methacrylate/ethylene

glycol
dimethacrylate/hydroxyl

ethyl
methacrylate/gemcitabine

Hyperthermia and
drug delivery for

cancer therapy
−

Good incorporation of
drug; temperature
triggered release;

(Figure 5)

[242]

3. Fe3O4@PEG/Doxorubicin
Drug delivery and
hyperthermia in
cancer treatment;

In situ conjugation

pH responsive release of
drug; no cytotoxicity of
Fe3O4@PEG for human

fibroblasts;
Fe3O4@PEG/Doxorubicin

showed good
internalization and

cytotoxicity for mouse
skin fibrosarcoma; good

magnetic properties;

[243]

4.

Fe3O4@
poly(lactic-co-glycolicacid)

(PLGA)-PEG@ folic
acid/curcumin

Targeted drug
delivery for cancer

treatment;
Encapsulation;

High drug loading and
delivery; high in vitro
targeting efficiency for

cervical carcinoma;
in vitro induction of

apoptosis and reduction
of tumor cell
proliferation;

[244]

5.

Fe3O4@
C/carboxymethyl

cellulose/chitosan/diclofenac
sodium

Controlled drug
delivery;

In situ conjugation
and subsequent

electrostatic
conjugation;

High drug-loading
efficiency; pH sensitive

drug delivery;
[245]

6. Fe3O4@ dextran −
Covalent binding

via electron
pairing;

− [246]

7. Fe3O4@dextran

Near-infrared
(NIR)

photothermal
ablation of tumor

cells;

In situ
encapsulation;

In vitro biocompatibility;
in vitro and in vivo

tumor growth inhibition
after NIR activation;

[247]

8.

Fe3O4@ poly ε acrylic
acid-gelatin/

hydroxyapatite/
polycaprolactone

Bone tissue
engineering
scaffolds for

hyperthermia
cancer treatment;

Electrostatic
interactions

between the acrylic
acid and

positively-charged
Fe3O4;

Characterisation of the
magnetic behaviour for

hyperthermia
applications;

[248]
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Table 4. Cont.

No. System Description Application
Type of

Conjugation
Evaluation Reference

9. Fe3O4/poly-L-lactide
(PLLA) nanofibers

Bone tissue
engineering; −

In vivo evaluation on
tibia defect rabbit model;
computer tomography

and histological
investigations revealed

higher bone-healing
potential than

conventional PLLA

[249]

Figure 5. MagP-OH particles: (a) TEM image, scale 200 nm, (b) TEM detail, scale 20 nm, (c) schematic
representation of MagP, (d) magnetisation curve of MagP, (e) time evolution of temperature for various
frequencies, (f) Specific Absorption Rate (SAR) and Intrinsic Loss Power (ILP) for Ha = 16.2 kA/m, (g)
hyperthermia measurement, (h) drug release measurement; adapted from [242].
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Maier-Hauff K. group has studied the effects of soft polymer coated Fe3O4 nanoparticle-mediated
hyperthermia combined with external beam radiotherapy on glioblastoma multiforme patients [250–252].
Nowadays, this treatment plan has been clinically approved and used by MagForce [3].

Hyperthermia is a therapeutic procedure for cancer which rises the temperature of the tissue
to about 41–45 oC for a certain period of time [253]. Tumor cells are sensitive to these temperatures,
while normal healthy cells endure temperatures up to 46–47 ◦C. Nanoparticle-mediated magnetic
hyperthermia uses the magnetic property of Fe3O4 nanoparticles to produce thermal energy [254].
The nanoparticles are exposed to external alternated magnetic fields which cause successive (de)
magnetization, the supplementary energy to reach the relaxation state being converted to thermal
energy [255].

5.4. Phytochemicals

Phytochemicals are chemical products derived from plants, which might have beneficial effects
on human health. Conjugation of magnetite nanoparticles with different phytochemicals was
done in order to improve their biocompatibility [256,257] and induce certain therapeutic properties
(antibacterial [32,258–260], anticancer [11,261]). Mostly, these plant-originated chemicals are used as
reducing agents for the iron precursors [262,263] during the synthesis of the nanoparticles. This process
enables an in situ functionalization of the resulting materials with molecules in the plant extracts, which
are mostly rich in hydroxyl groups. However, post-synthesis functionalization can also be employed [256].

In traditional medicine, phytochemicals have been used extensively due to their potential
therapeutic activity, continuing to be the basis of alternative therapeutic approaches even today, in
cancer therapy [264,265], anti-microbial applications [258,266], anti-inflammatory approaches [267,268],
anti-viral and immune system enhancement [269]. Moreover, folic acid has been used extensively as
targeting agent for tumour cells [270,271], as these cells exhibit a higher density of folic acid receptors
on the membrane, compared to healthy cells.

In the case of anti-bacterial applications, one important branch refers to combating the medical
devices associated infections and biofilm formation, one approach for preventing antibiotic resistant
bacteria contamination being the use of alternative medicine. Figure 6 illustrates the compositional
structure and biological characterisation of matrix-assisted pulsed laser evaporation (MAPLE) deposited
Fe3O4@Cinnamomum verum thin films. These have been developed in the idea of implant surface
modification with anti-bacterial potential. Such substrates are biocompatible for eukaryote cells (in the
surrounding tissues) and exhibit a toxic effect against prokaryote (bacterial) cells.

5.5. Drug Molecules

Magnetite-based nano-systems have been broadly used as drug-delivery systems [272–275]. A
direct conjugation of the drug with the functional groups of magnetite is mostly undertaken in order to
assure a targeted transport of the therapeutic molecules at the site of action through magnetic directing.
Weak bonding (such as non-covalent interactions) between the two components is preferred, in order
to allow facile delivery of the drug. Strong interactions may affect the chemical structure of the drug
molecule and determine therapeutic properties loss.
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Figure 6. Matrix-assisted pulsed laser evaporation (MAPLE)-deposited Fe3O4@Cinnamomum verum at
fluence F = 400 mJ/cm2: Infrared microscopy-distribution of intensity of (a) 2815 cm−1, (b) 1689 cm−1,
(c) IR spectra; (d) biocompatibility evaluation for endothelial cells; antibacterial evaluation—S. aureus
biofilm formation (e), respectively, E. coli biofilm formation (f) [32].

6. Conclusions

In the context of the advancement of magnetite nanoparticles implications in nanomedicine, a
high control of their hydrodynamic and biocompatibility properties should be guaranteed, besides
the fulfilment of their main biomedical function. This can be assured through the conjugation of
secondary components. This review summarizes the latest advances in various approaches for Fe3O4

nanoparticles functionalization for nanomedicine applications:

• Multifunctionality of Fe3O4 nanoparticles is given by its properties (magnetism, biocompatibility);
• They have many applications in the medical field, among which a few have been approved

by the FDA for clinical use (MRI contrast substance, magnetic hyperthermia, iron deficiency
supplement);

• The route of synthesis also determines the surface functionality among other properties;
• Surface functionalization determines an alteration of the surface chemistry, leading to changes in

the physical, chemical and biological properties;
• Classification of functionalization processes. Depending on: time of functionalization (in situ,

respectively post synthesis), chemistry of functionalization (non-covalent and covalent), chemistry
of the functionalizing agent (inorganic and organic);

• Non-specific physical sorption is preferred in applications such as drug delivery systems;
• Among the oxides, SiO2 coating of magnetite nanoparticles is the most common because it

enhances the biocompatibility and stability of the nanoparticles; some common approaches to
obtain this conjugation are the sol-gel method, respectively, microemulsion;

• The mesoporous silica coating is biocompatible and offers high controlled porosity; is good for
drug delivery applications;

• Metal oxide (ZnO, TiO2) functionalization has photocatalytic applications;
• Surface functionalization of magnetite nanoparticles with metals induces an inert character; the

most popular approach in this category is the conjugation of Fe3O4 with gold because of its
biocompatibility and multifunctionality; approaches to obtain this type of nanoparticles are:
reduction of gold ions on the surface of magnetite nanoparticles, respectively, the organic synthesis
approach; the final applications are numerous: medical imaging (MRI, CT, PA), radiosensitiation,
radiofrequency ablation, biosensing, cell sorting;
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• Carbon-Fe3O4 nano-composites mostly have applications in electronics, but also in biosensing
and drug delivery systems; in order to obtain these materials, the direct precipitation of magnetite
nanoparticles on the surface of the carbon nanomaterial can be applied or a hydrothermal approach
for in situ functionalization;

• The conjugation of magnetite nanoparticles with organic molecules has the advantage of improving
the stability, biocompatibility and interaction with biological membranes of the Fe3O4; mostly has
applications in the development of drug delivery systems;

• Surfactants have been used to improve the stability of the magnetite nano-constructs, but can
have toxic effects;

• Lipid-encapsulated nanoparticles enhance the biocompatibility of the magnetite nanoparticles
and improve their interaction with biological membranes, while preventing opsonisation;

• The functionalization of Fe3O4 with polymers is the type of surface modification most encountered
for these nanoparticles and can be undertaken both in situ (through electrostatic interactions) or
post-synthesis (through condensation); it increases the stability and biocompatibility of magnetite
nanoparticles, leading to applications in medical imaging, hyperthermia treatment of cancer, drug
delivery systems, tissue engineering;

• A polymer-coated Fe3O4 nanoparticle (MagForce) has been approved by the FDA for use in
hyperthermia treatment of cancer;

• Drug-delivery systems based on magnetite nanoparticles can be developed for commercial
medicines or phytochemicals; the therapeutic molecule can be directly conjugated on the Fe3O4

surface or can be attached through an intermediate layer;
• Phytochemicals-Fe3O4 are popular alternative medicines with antimicrobial, antitumor,

anti-inflammatory or antiviral applications; conjugation with magnetite nanoparticles can be
undertaken through both weak and strong interactions;

• Conventional drugs are mostly attached through strong interactions from the
magnetite nanoparticles.
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