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Preface to ”Advances in Nanoparticles”

Recent advances in the synthesis of nanoparticles and in atomic-scale characterization, coupled

with insights from theoretical modelling, have opened up exciting possibilities for synthesizing

knowledge-based nanoparticles for many applications, such as catalysis, plasmonics, photonics,

magnetism, and nanomedicine.

The number of scientific papers with “nanoparticle” as a keyword has increased almost

linearly in the last 10 years from about 16,000 in 2009 to about 50,000 in 2019. This impressive

worldwide interest stems from the striking scientific appeal of nanoparticles, which constitute a

bridge between the atomic and bulk worlds, as well as from their actual or potential applications

in many different fields. The preparation of nanoparticles is a crossroad of materials science where

chemists, physicists, engineers, and biologists frequently meet, leading to a continuous improvement

of existing techniques and to the invention of new methods.

The papers published in this Special Issue illustrate the fascinating richness of properties and

applications that are attainable by tailoring the size, morphology, and composition of nanoparticles.

For instance, concerning nanoparticle synthesis, some authors use physical methods such as pulsed

laser deposition and gas phase condensation, some employ chemical methods like hydrothermal

synthesis and sol-gel routes, and others even use biosynthesis. Innovation in preparation routes

has produced significant benefits, for instance the one-step synthesis of nanocomposites or quantum

dots. The application fields described in this Special Issue include magnetic information storage,

photothermal therapy, catalysis, photonics, dye adsorption, and nanomedicine.

The reader interested in nanoparticles synthesis and properties will here find a valuable selection

of scientific cases that cannot cover all methods and applications relevant to the field, but provide an

updated overview on the fervent research activity focused on nanoparticles.

Luca Pasquini

Special Issue Editor
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Abstract: The concept of synergistic effects has been widely applied in many scientific fields such as
in biomedical science and material chemistry, and has further attracted interest in the fields of both
synthesis and application of nanomaterials. In this paper, we report the synthesis of long-wavelength
emitting silicon quantum dots based on a one-step hydrothermal route with catechol (CC) and sodium
citrate (Na-citrate) as a reducing agent pair, and N-[3-(trimethoxysilyl)propyl]ethylenediamine
(DAMO) as silicon source. By controlling the reaction time, yellow-emitting silicon quantum
dots and green-emitting silicon quantum dots were synthesized with quantum yields (QYs) of
29.4% and 38.3% respectively. The as-prepared silicon quantum dots were characterized by
fluorescence (PL) spectrum, UV–visible spectrum, high resolution transmission electron microscope
(HRTEM), Fourier transform infrared (FT-IR) spectrometry energy dispersive spectroscopy (EDS),
and Zeta potential. With the aid of these methods, this paper further discussed how the
optical performance and surface characteristics of the prepared quantum dots (QDs) influence
the fluorescence mechanism. Meanwhile, the cell toxicity of the silicon quantum dots was tested by
the 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium (MTT) bromide method, and its potential
as a fluorescence ink explored. The silicon quantum dots exhibit a red-shift phenomenon in
their fluorescence peak due to the participation of the carbonyl group during the synthesis.
The high-efficiency and stable photoluminescence of the long-wavelength emitting silicon quantum
dots prepared through a synergistic effect is of great value in their future application as novel optical
materials in bioimaging, LED, and materials detection.

Keywords: silicon quantum dots; synthesis; one-pot hydrothermal method; synergistic effect

1. Introduction

As a newcomer to nanomaterials, silicon quantum dots (SiQDs) have recently attracted
tremendous attention. SiQDs exhibit tunable fluorescence emission properties, chemical stability,
favorable biocompatibility, and low toxicity. Thus, they have shown promising potential in a wide
range of fields, including lithium-ion batteries [1,2], biological imaging [3,4], and therapy [5,6].

At present, most prepared SiQDs are blue-emitting ones (λem < 450 nm) [7,8], but the short
excitation wavelength (λex) greatly limits their application in biochemical detection and imaging
because of the background fluorescence interference. Therefore, the synthesis of long wavelength
SiQDs has become a focus of researchers. Currently, methods for long wavelength emitting SiQDs

Nanomaterials 2019, 9, 466; doi:10.3390/nano9030466 www.mdpi.com/journal/nanomaterials1
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synthesis are limited, among which the electrochemical method is commonly used. For example,
Tu et al. [9] prepared red-emitting SiQDs by etching a p-type silicon wafer in an electrolyte
containing HF and methanol. Kang et al. [10] synthesized SiQDs with an emission range from
blue to red through a refluxing route after electrolyzing the silicon wafer in an electrolytic cell.
Erogbogbo et al. [11] by pyrolyzing silane and etching, finally acquired red, yellow and green-emitting
SiQDs. Besides, Kauzlarich et al. [12] acquired orange-emitting SiQDs by reflexing Mg2S and adding
normal-butyl blocking through a wet chemical method. However, these reported methods are
quite complicated with obvious drawbacks such as expensive experimental equipment and high
energy costs. Therefore, the development of new, simple, low energy cost, and environment-friendly
synthesis methods have aroused immense interest. As a “bottom-to-up” synthesis method for
SiQDs, the one-step hydrothermal route is simple in operation, and SiQDs prepared by this method
have excellent dispersity without any requirement for further modification before their practical
application. So far, most reported SiQDs synthesized though the one-step hydrothermal route
emit blue light [7,8,13], and only a few teams have synthesized green-emitting SiQDs by selecting
proper reducing agents [14–16]. In a recent work, Ma et al. [14] obtained green-emitting SiQDs with
(3-Aminopropyl)triethoxysilane (APTES) as silicon source and ascorbic acid as reducing reagent
(QYs = 8.2%). Wang et al. [15] acquired green-emitting SiQDs by choosing APTES as silicon source
and sodium ascorbate as reducing reagent (QYs = 21%). Han et al. [16], by using DAMO as
silicon source and CC as reducing reagent, finally prepared green-emitting SiQDs with QYs at 7.1%.
However, the requirement for a large amount of raw materials, the low QYs, and the weak stability
of prepared SiQDs turn out to be drawbacks of these syntheses. To overcome the disadvantages,
synergistic effects have been introduced to improve the one-step hydrothermal route, to acquire SiQDs
with better optical properties, chemical stability and high QYs.

The synergistic effect has been widely applied in the fields of material synthesis [17,18],
pharmacology [19,20], and chemistry [21,22], as well as in chemical synthesis, and has been proven
to effectively improve the output of the products and simplify the synthesis process. For example,
Chen et al. [23] employed the synergistic effect between the metal–organic framework Pd@MOF and
metal nanoparticles PdNPs to realize a one-step multiple cascade reaction to synthesize secondary
arylamines; Haddleton [24] and his team used a congregation of photo-radicals based on the
synergistic effect between CuBr2 and tertiary amine, to speed up the synthesis of acrylate and
improve the monomer conversion rate, and acquired polyacrylate with excellent uniformity and
stability. Moreover, the synergistic effect also shows its effectiveness in the synthesis of fluorescence
nanomaterial. The synergistic effect between different elements during the synthesis of N/S [25] or
N/P [26] co-doped carbon dots could enhance the optical-chemical activity of prepared carbon dots
(CDs). Recently, our team [27] reported a synergistic effect synthesis strategy for preparing SiQDs with
super-high QYs (84.92%) by choosing Na-citrate and thiourea as reagent pair. Under optimal excitation
environment, the prepared SiQDs emit blue fluorescence (λem = 452 nm). Therefore, the impact of the
synergistic effect of double reducing reagents upon the preparation of long-wavelength-emitting QDs
was proven to be effective and positive.

In this study, we report a facile one-step route to prepare stable long-wavelength-emitting SiQDs
via the synergistic effect between the reducing reagents CC and Na-citrate. The impacts of different
synthesis environment parameters upon the optical properties of prepared SiQDs were explored.
It was discovered that the reaction temperature could effectively adjust the emission wavelength (λem)
of the product. Besides, we compared the SiQDs synthesized with the reagent pair (CC and Na-citrate)
and SiQDs synthesized with only Na-citrate as reagent. The size, surface properties, and elemental
composition of these two SiQDs were investigated to reveal their optical characteristics and the
emission mechanism. The synergistic effect between the double reducing reagents was proven to be
effective in the synthesis of stable long-wavelength-emitting SiQDs with efficient photoluminescence,
and is of certain significance in the application as an ideal optical material.
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2. Materials and Methods

2.1. Reagents and Instruments

Sodium citrate (99.0%) was obtained from Shanghai Zhan Yun Chemical Co., Ltd.
(Shanghai, China). N-[3-(Trimethoxysilyl)propyl]ethylenediamine (95.0%) and catechol (≥99.0%) were
purchased from Aladdin Chemistry Co., Ltd., (Shanghai, China) Sodium sulfite (≥99.0%), ascorbic acid
(≥99.0%), thiourea (≥99.0%), urea (≥99.0%), dimethyl sulfoxide (DMSO) (≥99.5%) and acetonitrile
(≥99.0%) were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). MTT (≥98.0%)
was purchansed form Sigma-Aldrich Co., Ltd. (Merck KGaA, Darmstadt, Germany). All solutions
were prepared using Milli-Q water (Millipore, Burlington, MA, USA) as the solvent.

UV–visible absorption spectra were acquired with a Lambda-35 UV-visible spectrophotometer
(PerkinElmer Company, Waltham, MA, USA) to determine the bandgap absorption of SiQDs.
Fluorescence spectra were recorded on a LS55 spectrofluorometer (PerkinElmer Company).
HRTEM images were obtained with a JEM2100F transmission electron microscope (Japan Electron
Optics Laboratory Company, Tokyo, Japan) and EDS data were obtained by its annex. FT-IR spectra
were obtained on a Nicolet 6700 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).
Zeta-potential measurement was carried out on a Zetasizer nanoseries ZEN3690 (Malvern, UK).
The relative QYs of as-prepared SiQDs were measured according to the literature with Rhodamine
6G in ethanol (QY = 95%) as a reference standard. All optical measurements were performed at room
temperature under ambient conditions.

2.2. Preparation of Silicon QDs

Na-citrate (9.24 × 10−5 mol·L−1) was dissolved in water (10 mL) under stirring for 10 min.
Then, DAMO (0.2 mL) was added to the solution and stirring continued for 10 min. Finally, 1.1 mg CC
was added to the solution with stirring for 1 min. Subsequently, the resulting products were heated in
a Teflon-equipped stainless-steel autoclave at 130 ◦C or 150 ◦C for 5 h. After naturally cooling to room
temperature, four volumes of acetonitrile were added to the obtained solution and the mixture was
centrifuged at 8000 rpm for 15 min to remove raw material.

The same concentration of sodium sulfite, ascorbic acid, thiourea, or urea was used instead of
Na-citrate, and heated at 130 ◦C for 5 h to obtain SiQDs of different reducing agent combinations
to compare their relative quantum yields. The relative PLQYs of as-prepared SiQDs were measured
according to the literature with Rhodamine 6G in ethanol (QY = 95%) as a reference standard.

2.3. MTT Method

The MTT method was used to detect the cell viability of two kinds of SiQDs. The L02 cells were
seeded at a density of 1 × 104 cells per well with 100 μL of culture medium in 96-well plates and
placed for cell growth for 24 h in a 37 ◦C, 5% CO2 humidified incubator. The appropriate amount of
yellow-emitting SiQDs (y-SiQDs) and green-emitting SiQDs (g-SiQDs) were dissolved in ultrapure
water and added to Dulbecco’s modified eagle medium (DMEM) to a concentration of 200 μg/mL.
Different concentrations of dilution samples were added per well (The concentration of DMSO was
less than 1�). After adding 100 μL of MTT solution to each well, it was placed in the incubator for
30 min. Its supernatant was discarded after culturing the cells for 24 h, and then 150 μL DMSO per well
was added. After shaking in the dark for 10 min, the microplate reader detected the optical density
value (OD) at 562 nm. The cell survival rate is calculated as follows. IC50 values were calculated by
GraphPad Prism 6 (GraphPad Software, Inc., San Diego, CA, USA).

Cell viability(%) =
OD value of experiment group − OD value of control group

OD value of negative control group − OD value of control group

3



Nanomaterials 2019, 9, 466

3. Results and Discussion

3.1. The Optimization of the Synthesis Environment for SiQDs

3.1.1. Filtration of the Proper Selection of Reducing Reagents for SiQDs Preparation

The reducing reagent is one of the most important factors of the synthesis that determines the
optical properties of the prepared SiQDs. Proper selection of reducing reagents can effectively change
the fluorescence intensity and λem of the products. Based on the published literature and our previous
work, it was discovered that ascorbic acid (VitC) [14], sodium ascorbate (VitC-Na) [15], and CC [16,27]
are the ideal candidates for the preparation of long-wavelength emitting SiQDs. The preparation
process with one of them as reducing reagent could produce green-emitting SiQDs (λem ~ 520 nm),
but the QYs of the production were quite low (<5%). Adjusting the traditional synthesis environment,
such as the adjustment of reactant ratio, reaction time, and temperature, could not further improve
the optical properties of the product. Therefore, this paper reports the introduction of a second
reducing reagent into the synthesis process, to improve the stability and QYs of the products through
a synergistic effect.

Since the synergistic effect between double reducing reagents has been proven to be effective
in improving the optical properties of blue-emitting SiQDs [27], the basic reducing reagent should
first be selected out of the above-mentioned three candidates (VitC, VitC-Na, and CC). Based on that,
the second reducing reagent should be selected to combine with the basic reagent to improve the
optical and chemical properties of the SiQDs. As is known, Na-citrate is an excellent reducing
reagent [28]. The prepared SiQDs exhibit QYs as high as 73.3% with DAMO as silicon source
and Na-citrate as reducing reagent. Na-citrate was thus chosen as one candidate of the reducing
reagent pair. Then, three other reducing reagent candidates were matched with Na-citrate to test their
ability for improvement. With the reactant ratio fixed at n(DAMO):n(CC):n(Na-Citrate) = 1:0.11:0.47
(cDAMO = 8.29 × 10−2 mol·L−1), reaction temperature at 130 ◦C, and reaction time for 5 h, the prepared
SiQDs emitted yellow fluorescence with Na-citrate/CC as reducing reagent pair. They also maintained
excellent optical properties and chemical stability with QYs as high as 29.4%. Na-citrate/VitC and
Na-citrate/VitC-Na pairs could be used to prepare green-emitting SiQDs (λem ~ 500 nm) with QYs of
5.5% and 6.4%. Comparing with the results of the three groups, CC was selected as one of the reducing
reagents for the synergistic effect.

With CC chosen as one candidate, the other reducing reagent of the pair was changed to assess
more pairing possibilities. In the synthesis process, the inorganic reducing reagent sodium sulfite,
organic reducing reagents thiourea, urea, and VitC have all been proven to have excellent reducing
abilities. As shown in Figure 1, the combinations of CC and any one of these reducing reagents also
resulted in acquiring long-wavelength emitting SiQDs, with their QYs all higher than 15%, obviously
higher than that of the SiQDs prepared by the single reducing reagent CC. This proves that the
synergistic effect of double reducing reagents could effectively improve the optical properties of SiQDs.
This might be attributable to the strong reducing abilities of Na-citrate, as well as the unique structure
of CC which is beneficial for the red-shift of λem of the products. More detailed discussion on the
synthesis mechanism is presented in the later part of this paper.

4
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Figure 1. QYs of SiQDs synthesized with single reductant (CC) and double reductants (CC with
other reductants).

3.1.2. The Impact of Synthesis Parameters upon the Optical Properties of SiQDs

The ratio of reactants, reaction temperature, and time are the key factors for SiQDs synthesis.
Figure 2a shows the impact of the addition mass of Na-citrate. Fixing the reaction materials ratio
of c(DAMO):c(CC) at 1:0.11, the solution was heated at 130 ◦C for 5 h. When the addition mass of
Na-citrate was raised to 13.6 mg, the fluorescence intensity of the prepared SiQDs reached a maximum.
However, the changed amounts of Na-citrate did not change the λem of the prepared SiQDs. Changing
the addition amount of CC, on the other hand, had an impact upon the λem. As shown in Figure 2b,
with other synthesis parameters fixed, and n(DAMO):n(Na-Citrate) set at 1:0.47, the λem of SiQDs
redshifts from 518 nm to 546 nm with increasing CC amount. The QYs of the prepared SiQDs reach
their maximum at 29.4% with the amount of CC rising to 1.1 mg.

 

Figure 2. PL spectra of SiQDs synthesized with CC and Na-Citrate (a) with different addition mass of
Na-citrate (b) with different addition masses of CC. The insets show the corresponding QYs.

On fixing the other synthesis parameters, the increased reaction time from 2 h to 6 h enhanced
the fluorescence intensity of the prepared SiQDs, with the λem blue shifts from 546 nm to 535 nm
(Figure 3a). The QYs of SiQDs reach their maximum with a reaction time of 5 h.

Reaction temperature is also one of the important factors affecting the optical properties of SiQDs.
Figure 3b displays the different regular patterns of the QDs syntheses: the drop of reaction temperature
from 150 ◦C to 110 ◦C renders λem red shifts from 520 nm to 545 nm. A significant change in the
color of SiQDs from green to orange could be observed under UV light. Surface chemistry is the
key factor that determines the λem change of the prepared SiQDs [29]. The long-time exposure in
the high-temperature oxidation environment would destroy the structure of CC, preventing it from
forming luminophores on the surface of the SiQDs while the silane mostly combines with Na-citrate,
leading to short-wavelength emitting SiQDs. On the other hand, the low temperature environment
would greatly decrease the fluorescence intensity. The QYs of prepared SiQDs dropped from 39.3%

5
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to 9.4% when the reaction temperature dropped from 150 ◦C to 110 ◦C. That may because the low
temperature is not beneficial to the decomposition of silane to prevent the surface defects of the SiQDs.

 

Figure 3. PL spectra of SiQDs synthesized with CC and Na-citrate at (a) different reaction time and (b)
at different reaction temperature. Inset: the picture shows the increasing trend of QYs and the photos
are of g-SiQDs and y-SiQDs.

Therefore, through a series of experiments, the best synthesis environment for high QYs
yellow-emitting SiQDs (y-SiQDs) and green-emitting SiQDs (g-SiQDs) were acquired. As shown
in the insert of Figure 3b, with n(DAMO):n(CC):n(Na-Citrate) fixed at 1:0.11:0.47, reaction time at 5 h,
y-SiQDs were acquired at a temperature of 130 ◦C with QYs at 29.4%, and g-SiQDs were acquired
at 150 ◦C with QYs at 38.3%. Though both were prepared with the same raw materials, these two
SiQDs exhibited different optical properties. The fluorescence emission peak of y-SiQDs (Figure S1)
is obviously asymmetric, and two obvious UV absorption peaks can be observed at 233 and 254 nm,
while the g-SiQDs (Figure S2) does not exhibit a similar spectra shape.

3.2. Characterization of SiQDs and Mechanism Discussion

3.2.1. Three Dimensional Fluorescence Spectra

The three-dimensional fluorescence spectra could directly describe the changes of λem and
fluorescence intensity with the λex. It was thus used to compare the optical property differences
of the b-SiQDs (DAMO as silicon source, Na-citrate as reducing agent), SiQDs(CC) (DAMO as silicon
source, CC as reducing agent) y-SiQDs, and g-SiQDs.

Figure 4a shows the change of the b-SiQDs fluorescence emission spectra with λex in the range of
300–420 nm (gap at 10 nm). With the increase of λex, the fluorescence intensity continues to increase and
reaches a maximum at λex = 370 nm. Further increase of λex leads to a rapid decrease of fluorescence
intensity, with its λem staying at about 453 nm.

Figure 4. Three-dimensional fluorescence spectra of the three kinds of (a) b-SiQDs; (b) g-SiQDs,
and (c) y-SiQDs.

6
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Figure S3 shows the three-dimensional fluorescence spectra comparing the three-dimensional
spectra of SiQDs(CC). We can find that, the λem of SiQDs(CC) only changes in fluorescence intensity at
550 nm with the λex of SiQDs(CC) increasing from 310 nm to 500 nm. Also there is no occurrence of
emission peak shift, which is similar to the cas of the three-dimensional spectra of b-SiQDs.

Figure 4b exhibits a change of g-SiQDs fluorescence emission spectra with λex in the range of
310–500 nm (gap at 10 nm). The emission peak of g-SiQDs exhibits slight blue-shift when λex increases
in the range of 310–360 nm, with gradual increase of fluorescence intensity. Further increase of λex

(360–420 nm) makes the emission peak redshift with further increase of fluorescence intensity, while the
fluorescence intensity reaches the maximum (λem = 527 nm) at λex = 420 nm. When λex reaches the
range of 430–500 nm, the redshifts of the emission peak continue with decrease of fluorescence intensity.

However, the change of y-SiQDs in their three-dimensional fluorescence spectra is more
complicated than the other two. Figure 4c displays the change of the y-SiQDs fluorescence emission
spectra with λex in the range of 330–550 nm (gap at 10 nm), with two different changes in behavior
being observed. When λex is in the range of 330–370 nm, two emission peaks exist at 395 nm and 540
nm. With the increase of λex, the fluorescence intensity at 395 nm decreases, while the one at 540 nm
enhances. When λex rises up to the range of 380 to 500 nm, the emission peak at 395 nm disappears,
and the fluorescence intensity of y-SiQDs increases with λem. The intensity reaches a maximum at
λex = 420 nm. Further increase of λem would lead to redshift of the emission peak and decrease of
fluorescence intensity.

Therefore, the particle size distribution results of y-SiQDs were used to demonstrate the possibility
of the presence of two sizes of nanoparticles in y-SiQDs. As shown in Figure S4a, when performing the
particle size distribution statistics of y-SiQDs, the number of particles around ~5 nm is also higher than
the normal level, in addition to the large particles of y-SiQDs. This shows that the complex behavior
of the 3D spectra of y-SiQDs is likely to originate from the presence of two types of SiQDs in the
sample. This phenomenon may be due to a competitive reaction between the two reducing agents and
the silicon source during the synthesis. Na-citrate is an excellent reducing agent that is more easily
combined with silane to produce blue-emitting SiQDs.

3.2.2. HRTEM Imaging

The particle size of SiQDs is one of the crucial factors for its optical properties. Thus, the transmission
electron microscope was applied to study the particle size and morphology of the prepared b-SiQDs and
y-SiQDs. Both SiQDs exhibited uniform distribution and spherical morphology (Figure 5). The diameter
distribution of the b-SiQDs is in the range of 2–3.5 nm with average diameter at 2.8 nm; while the diameter
distribution of y-SiQDs is in the range of 10–13 nm with average diameter at 12 nm. Figures S4 and S5
shows the particle size distribution histograms and the lattice plane of two kinds of SiQDs corresponds to
the d-spacing of the cubic diamond structure of silicon giving the (111) plane with 0.31 nm spacing. It is
thus proven that the increase of particle size could effectively make the emission peak redshift.

Figure 5. The TEM images of (a) b-SiQDs; (b) y-SiQDs.
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3.2.3. FT-IR Spectrometer

A FT-IR spectrometer was used to examine the functional groups on the surface of SiQDs.
As shown in Figure 6, the surface functional groups of b-SiQDs, G-SiQDs, and y-SiQDs are quite
similar, including the stretching vibration of N–H [30], O–H [31] at 3277 cm−1 and 3367 cm−1, and the
stretching vibrations of –CH=N– [32] at 1595 cm−1. Stretching and bending vibrations due to methyl
groups [33] were represented by the bands at 2935 cm−1 and 1462 cm−1, the asymmetrical deformation
vibration of Si–O and the stretching vibrations of Si–O–Si at 1310 cm−1 and 1130–1010 cm−1 [27].
These results show that the existence of hydroxyl and ammonia groups could effectively enhance the
water-solubility and stability of the prepared SiQDs. However, the spectra of b-SiQDs do not exhibit
carbonyl groups [34] absorption peak at 1663 cm−1 as is the case with both y-SiQDs and g-SiQDs.
The low vibration frequency of the carbonyl groups proves the presence of large conjugation systems
on both sides of the carbonyl groups, leading to a weakened strength of the double bond. The enlarged
conjugation system makes the λem redshift. The zeta potential of y-SiQDs is −17 mV, showing the
surface of the SiQDs is negatively charged with the existence of hydroxyl group on the surface.

Figure 6. FT-IR spectrum of the three kinds of SiQDs (b-SiQDs, g-SiQDs, and y-SiQDs).

3.2.4. EDS Spectrum

The EDS spectrum was used to analyze the chemical constitutions of y-SiQDs and b-SiQDs
(Figures S6 and S7). The contents of C, N, O, and Si elements in both SiQDs were measured, and their
relative atomic weight ratios are listed in Figure 7. The relative atomic weight ratios of C to O of
b-SiQDs and y-SiQDs are 1:0.05 and 1:0.168, respectively, showing a richer existence of O elements on
the surface of y-SiQDs and thus a relative higher oxidation degree. This also proves the existence of
carbonyl groups on the surface as shown from the FT-IR spectra of the y-SiQDs.

Figure 7. Atomic weight composition (%) of C, N, O, and Si for b-SiQDs and y-SiQDs examined by EDS.
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3.2.5. Study on the Synthesis Mechanism

In our previous work [27], the QYs of SiQDs (with DAMO as the silicon source, sodium oxalate,
and citric acid as the reducing agent pair) were effectively improved by synergistic effects, but the
λem did not change. In this paper, we selected the right pair of reducing agents (CC and Na-citrate),
which not only improved the QYs of SiQDs, but also caused different degrees of red shift in the
emission wavelengths.

Figure 8 exhibits the synthesis mechanism of b-SiQDs, g-SiQDs, and y-SiQDs. When we use
DAMO as the silicon source and Na-citrate as the reducing agent, the silane DAMO undergoes
hydrolysis–reduction–polymerization to form b-SiQDs [13]; when we use DAMO as the silicon source,
Na-citrate and CC as the double reducing agent, y-SiQDs are synthesized. As a common excellent
reducing agent, Na-citrate is beneficial for the rapid hydrolysis and reduction of silane to form a
silicon core. In addition to participating in the reduction of silane during the synthesis, the phenolic
hydroxyl group on the surface of the CC can be further combined with the residue on the surface of
the hydrolyzed product of DAMO to form a fluorophore having a larger conjugated system and a C=O
structure on the surface, which is advantageous for the SiQDs to form long wavelengths and higher
QYs. The presence of carbonyl groups on the surface of SiQDs was also confirmed by the higher O/C
ratio of EDS observed in the IR spectra.

Figure 8. Schematic illustration of the synthesis of (A) b-SiQDs and (B) g-SiQDs and y-SiQDs.

It is worth noticing that lowering of either reaction temperature or time would make the emission
wavelength of the prepared SiQDs redshift. This is different from the synthesis mechanism of other
SiQDs. With the same reactants ratio and reaction time (5 h), y-SiQDs can be acquired at a temperature
of 130 ◦C, while higher temperature (150 ◦C) would lead to the formation of g-SiQDs. We suspect
that the possible reason is that this is not conducive to the stable existence of the CC structure at high
temperature conditions, and thus cannot participate in the formation of the surface luminescent groups
of y-SiQDs.

3.3. Application of the Prepared SiQDs

3.3.1. Optical Stability of the SiQDs

The optical stability is one of the most crucial properties of QDs for their wide application in the
fields of analytical detection, optical sensing, and nonlinear optical materials. The optical stability of
prepared SiQDs was tested by setting it under natural light and measuring its fluorescence intensity
every five minutes. The fluorescence intensities of both y-SiQDs and g-SiQDs exhibit no obvious
decrease on 30 min of exposure to natural light (Figure S8), proving their excellent optical stability.
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3.3.2. Cytotoxicity of the SiQDs

The cytotoxicity of SiQDs is also an important factor with regard to their final application in an
organism [35,36]. The MTT method is the common way to assess the cytotoxicity of QDs. y-SiQDs,
and g-SiQDs in different concentrations were used to incubate the L02 cell for 24 h, and then the activity
of the cells was measured. Figure 9 shows that two kinds of SiQDs exhibit really low cytotoxicity with
almost no interference to the growth of the cells. The excellent stability and safety could guarantee
their potential application as probes in biochemical fields.

Figure 9. Cell viability (%) measured by MTT assay. The L02 cells were incubated with the SiQDs for
24 h at 37 ◦C. All results were presented as the mean ± standard deviation (SD) from three independent
experiments with four wells in each.

3.3.3. Fluorescence Ink

Since y-SiQDs and g-SiQDs exhibit excellent optical stability and low toxicity at high concentration,
they show great possibility as new biocompatible fluorescence inks. Figure 10a,b shows the pattern
drawn with y-SiQDs and g-SiQDs on filter paper under natural light and UV light (365 nm). The filter
paper exhibits a strong bright yellow and green fluorescence pattern under UV light. This proves that
y-SiQDs and g-SiQDs could be used as a fluorescence invisible ink, or further be applied in the field of
banknote anti-counterfeiting techniques [37].

 

Figure 10. Photos of pictures painted by y-SiQDs and g-SiQDs. Photo (a) was photographed under
daylight and (b) was photographed under UV-light (365 nm).
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4. Conclusions

This paper reports the preparation of stable y-SiQDs and G-SiQDs through the one-step
hydrothermal route with synergistic effects between double reducing reagents CC and Na-citrate,
with the silane coupling agent N-[3-(trimethoxysilyl)propyl]ethylenediamine (DAMO) as silicon source.
The QYs of the prepared y-SiQDs and g-SiQDs reach as high as 29.4% and 38.3%. The optical properties
of both SiQDs were characterized and tested by three-dimensional fluorescence spectra, IR spectra,
EDS, and TEM, with further comparison to the b-SiQDs prepared by DAMO and Na-citrate. It was
discovered that the participation of the carbonyl group during the synthesis makes the λem redshift.
The preparation of long-wavelength emitting SiQDs through a synergistic effect and their highly
efficient and stable photoluminescence ensure their promising application as optical materials.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/3/466/s1,
Figure S1: UV–Vis adsorption and photoluminescence emission spectra of y-SiQDs; Figure S2: UV–Vis adsorption
and photoluminescence emission spectra of g-SiQDs; Figure S3: Three-dimensional fluorescence spectra of three
kinds of SiQDs(CC); Figure S4: (a) particle size distribution histograms and (b) lattice image y-SiQDs; Figure
S5: (a) particle size distribution histograms and (b) lattice image b-SiQDs; Figure S6: EDS spectra of y-SiQDs;
Figure S7: EDS spectra of b-SiQDs; Figure S8: The relationship of replaced time with the fluorescence intensity of
y-SiQDs and g-SiQDs.
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Abstract: Metallic nanoparticles (NPs), either supported on a porous oxide framework or finely
dispersed within an oxide matrix, find applications in catalysis, plasmonics, nanomagnetism and
energy conversion, among others. The development of synthetic routes that enable to control the
morphology, chemical composition, crystal structure and mutual interaction of metallic and oxide
phases is necessary in order to tailor the properties of this class of nanomaterials. With this work,
we aim at developing a novel method for the synthesis of metal/oxide nanocomposites based on
the assembly of NPs formed by gas phase condensation of metal vapors in a He/O2 atmosphere.
This new approach relies on the independent evaporation of two metallic precursors with strongly
different oxidation enthalpies. Our goal is to show that the precursor with less negative enthalpy
gives birth to metallic NPs, while the other to oxide NPs. The selected case study for this work is the
synthesis of a Fe-Co/TiOx nanocomposite, a system of great interest for its catalytic and magnetic
properties. By exploiting the new concept, we achieve the desired target, i.e., a nanoscale dispersion
of metallic alloy NPs within titanium oxide NPs, the structure of which can be tailored into TiO1-δ or
TiO2 by controlling the synthesis and processing atmosphere. The proposed synthesis technique is
versatile and scalable for the production of many NPs-assembled metal/oxide nanocomposites.

Keywords: nanoparticles; nanocomposites; gas phase condensation; electron microscopy; metal
oxides; alloys; iron; cobalt; titanium

1. Introduction

Oxide-supported metal nanoparticles (NPs) are a class of functional materials that find innovative
applications in many materials science fields such as catalysis for the production of synthetic
hydrocarbons [1–3] and CO reduction [4], chemical synthesis [5,6], nanoplasmonics [7] for the
development of higher efficiency photovoltaic cells [5,8], and magnetism [9]. The presence of the oxide
support within the nanocomposite does not only affect the size and shape of metal NPs [10,11], but is
also crucial to prevent coarsening and sintering [12], and is often responsible for a radical change in
physical properties because of electronic interactions at interfacial sites [4,13,14].

In the last decade, much effort has been spent to develop novel and flexible synthesis routes
for metal/oxide nanocomposites (NCs). Most of these techniques involve two-step processes, in
which a porous oxide host (typically zeolites, Al2O3) or oxide NPs [15] are imbued with a colloidal
suspension of metallic NPs produced via physical (e.g., pulsed laser ablation in liquid) or chemical
methods (e.g., precipitation and nitride impregnation). Metal NP encapsulation into oxide shells [16]
and in pores and channels of hierarchical zeolites has been also reported but, albeit innovative, these
approaches do not convey a homogeneous distribution of the supported NPs and are limited to a small
range of materials [17]. Mechanochemistry via ball milling followed by suitable thermal treatments
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can be successfully applied to the synthesis of metallic NPs in an oxide matrix [18]. However, it is
not possible to control the morphology of the metal and oxide particles independently, and ductile
materials are very difficult to process. Metallic NPs embedded in an oxide matrix can be prepared by a
sol–gel method [19,20], again with some limitations on the independent control of the two phases. The
deposition of metallic NPs on oxide surfaces is of great importance for fundamental studies on model
systems [21], but cannot be used for the synthesis of 3D bulk materials.

In this work, we present a novel one-step strategy for the synthesis of metal/oxide NCs through
the physical assembly of NPs. More specifically, NPs are formed by gas phase condensation of metallic
vapors in a He/O2 mixed atmosphere. Two metallic precursors with different oxidation enthalpies are
evaporated simultaneously and independently; the one with less negative enthalpy forms metallic
NPs, while the other provides the seed for oxide NPs. Thermal treatments in suitable atmosphere can
be further applied to modify structure and morphology. We apply this concept to the synthesis of a
Fe-Co/TiOx NC. We also demonstrate how the stoichiometry and crystalline structure of TiOx can be
tailored by controlling the O2 partial pressure during the synthesis and processing atmosphere. The
presented method is general and scalable for production of 3D oxide-supported metal NPs.

2. Materials and Methods

Fe-Co/TiOx nanocomposites (NCs) were grown by gas phase condensation (GPC) in an ultra-high
vacuum (UHV) chamber starting from Ti (99.9%), Fe (99.9%) and Co (99.9%) powders. A schematic
sketch of the system is shown in Figure 1. The main chamber is equipped with two thermal evaporation
sources (Joule-heated tungsten boats). Individual evaporation rates can be monitored using a quartz
crystal balance positioned close to the collection cylinder.

Figure 1. Top view of the GPC apparatus.

During the synthesis, He (99.9996% purity) and O2 (99.9999% purity) are fed into the chamber
(previously evacuated to 2 × 10−5 Pa) using two mass flow controllers, while the total pressure
is maintained at 260 Pa by means of a rotary pump. In all the experiments reported here the O2

content in the atmosphere was kept below 1 mol.%. The precursor materials are evaporated slightly
above their melting point. NPs nucleation takes place in the gas phase where metal vapors rapidly
supersaturate because of thermalization with the He/O2 atmosphere. The NPs are collected onto the
rotating stainless-steel cylinder filled with liquid N2. Finally, the NPs are scraped off the cylinder
and transferred into the secondary UHV chamber, which is equipped with an independent pumping
system. Here it is possible to press the NPs into a pellet and/or to perform thermal treatments under
vacuum or controlled atmosphere.
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The average elemental composition of the NCs was determined using a Leica Cambridge
Stereoscan 360 scanning electron microscope (SEM) equipped with Oxford Instruments X-ray detector
for energy dispersive X-ray microanalysis (EDX) (Oxford Instruments, Abingdon-on-Thames, UK).
X-ray diffraction (XRD) patterns were collected using a PANalytical X’celerator powder diffractometer
(Malvern Panalytical, Malvern, UK) employing Cu Kα radiation (λ = 1.5406 Å). The patterns were
recorded under ambient air in about 30 min. Quantitative analysis based on the Rietveld method
was carried out with the MAUD program [22] to determine the lattice parameters, crystallite size and
phase abundance.

Elemental mapping and phase distribution at the nanoscale were investigated with a FEI Tecnai
F20 ST transmission electron microscope (TEM) (FEI Company, Hillsboro, OR, USA). EDX profiling
and elemental mapping with a spatial resolution of 2 nm were recorded in scanning transmission
mode (STEM) at 200 kV. The crystalline phase distribution was determined by operating in selected
area diffraction (SAD) and High Resolution (HR-TEM) mode. For TEM analysis, the samples were
dispersed in isopropanol, sonicated and the NPs suspension was drop-casted on a holey carbon grid.

2.1. Synthesis of NPs and NCs Samples

2.1.1. TiOx NPs

This work can be divided in three main parts, the first regarding the influence of O2 content in
the atmosphere and of post-synthesis treatments on the stoichiometry and structure of Ti oxide NPs
(from here indicated TiOx NPs). Two samples, named Ti-O_l and Ti-O_h, were synthetized at O2

partial pressures of 0.4 and 2.2 Pa, respectively. Table 1 lists the conditions applied during the synthesis
and the successive treatments. The thermal treatments were performed either in H2 (99.995% purity),
Ar (99.999% purity) or air in a tubular stainless-steel oven at T = 400 ◦C for 24 h.

Table 1. Gas flow and O2 partial pressure during the synthesis of TiOx NPs. The total pressure
was 260 Pa. The samples were examined as-prepared and after being subjected to different thermal
treatments as indicated.

Sample
Inlet Flow
[nmL/min]

O2 Partial P
[Pa]

Post-Synthesis Treatment
(P = 0.1 MPa, T = 400 ◦C)

He O2 H2 Ar air

Ti-O_l 60.0 0.1 0.4 x x x
Ti-O_h 60.0 0.5 2.2 x

2.1.2. Fe-Co Alloy NPs

The second part of this work concerns the synthesis of Fe-Co alloy NPs in a He atmosphere.
To this purpose, one thermal source is loaded with the desired mixture of Fe and Co powders. The
powders are melted under high vacuum and rapidly cooled to about 1000 ◦C in order to homogenize
the alloy precursor. Four samples with composition Fe100-xCox (with x = 0, 23, 48, 68 at.%) were
prepared. Table 2 lists the Fe and Co content of all as-prepared NPs as determined from EDX analysis.

We notice that the NPs composition is compatible (within the uncertainties) with the precursor
composition for all samples but the Co-richest one. For the Fe-Co system, the stoichiometry can be
quite well preserved because Fe and Co have similar vapor pressures. Nevertheless, the slightly higher
evaporation rate of Fe [23] can be the reason for the small increase in the Fe content noticeable in
Table 2 for the Co-richest sample.
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Table 2. Fe-Co alloy NPs. Comparison between the composition of the precursor powder mixture and
of the synthesized NPs. The samples names reflect the NPs composition as determined by SEM-EDX.

Sample Fe-Co Precursor Mixture [at%]
Fe-Co NPs

[at%]

Fe Co Fe Co

Fe100 100 0 100 0
Fe77Co23 76(1) 24(1) 77(1) 23(1)
Fe52Co48 51(1) 49(1) 52(1) 48(1)
Fe32Co68 27(1) 73(1) 32(1) 68(1)

2.1.3. Fe/TiOx and Fe-Co/TiOx NCs

To obtain Fe100-xCox NPs (x = 0, 50) supported on TiOx NPs, the evaporation chamber was
equipped with two tungsten boats (as shown in Figure 1). The boats were separated by ~30 cm in order
to avoid the mixing of metal vapors before NPs nucleation [24], which may lead to the nucleation of a
ternary Ti-Fe-Co alloy. The synthesis parameters are reported in Table 3. The NCs were grown in a He
atmosphere with the same O2 content as for the Ti-O_l sample. The individual evaporation rates of
Fe-Co and Ti were monitored with the quartz crystal balance and tuned in order to obtain a Fe-Co
content in the NCs of about 10 wt%. The relative Fe/Co content in the NCs determined by SEM-EDX
was consistent with the precursor within the uncertainties.

Table 3. Gas flow and O2 partial pressure during the synthesis of Fe-Co/TiOx NCs. The total pressure
was 260 Pa. The Co and Fe content in the mixed powder precursor are reported.

Sample
Inlet Flow
[nmL/min]

O2 Partial P
[Pa]

Fe-Co Precursor Mixture [at%]

He O2 Fe Co

Fe/TiOx 60.0 0.1 0.4 100 -
Fe50Co50/TiOx 60.0 0.1 0.4 50(1) 50(1)

3. Results and Discussion

3.1. TiOx NPs

The synthesis conditions, as well as the post-synthesis treatments, turn out to have a great
influence on the structure and phase of the TiOx NPs, as summarized in Figure 2.

Figure 2. Schematics of the phases identified in TiOx NPs as a function of the conditions applied during
synthesis by GPC and successive thermal treatments.
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3.1.1. As-Prepared Samples

Figure 3 shows that the structure of the as-prepared TiOx NPs strongly depends on the O2 content
in the atmosphere. At low O2 (sample Ti-O_l) crystalline Ti monoxide (TiO1-δ) NPs are obtained
(Figure 3a). TiO1-δ has a disordered nonstoichiometric rocksalt structure that can exist over a wide
compositional range, from δ = 0.30 to δ = −0.25, due to the presence of vacancies in both the Ti and O
sub-lattices [25–27]. It is kinetically stable up to about 400 ◦C.

Figure 3. XRD patterns of as-prepared TiOx NPs. (a) Ti-O_l; (b) Ti-O_h. The grey circles represent
experimental data. The result of Rietveld refinement is shown for Ti-O_l as a black solid line.

The broadening of TiO1-δ XRD peaks in Figure 3a is due to the small crystallite size dTiO and to
the high root-mean-square microstrain εrms. The relative height of the peaks is strongly influenced
by the occupancy factor of Ti and O sub-lattices and permits to estimate the average stoichiometry
of the NPs. From the quantitative Rietveld analysis, we obtained dTiO = 9± 2 nm, εrms ≈ 2 %, and
δ = 0.25 ± 0.05, i.e., an oxygen-deficient stoichiometry. However, the high microstrain points to a
nonhomogeneous stoichiometry across the sample. In fact, the poor quality of the fit in Figure 3a
indicates that a model with a single value of δ and dTiO does not represent satisfactorily the structure
of TiO1-δ NPs. We suggest that the δ value may experience significant fluctuations among the NPs
depending on their diameter and on small variations in the vapor pressure during the synthesis.

At higher O2 content in the synthesis atmosphere (sample Ti-O_h), two broad humps indicate the
formation of amorphous TiO2 (Figure 3b) [28], while the Bragg reflections of TiO1-δ are not detected.

3.1.2. Post-Synthesis Thermal Treatment

Figure 4 displays the XRD patterns of TiOx NPs subjected to thermal treatments at T = 400 ◦C. In
sample Ti-O_l, the Bragg reflections of TiO1-δ disappear in favor of those associated with rutile and
anatase TiO2 (Figure 4a–c). The anatase content (see Table 4) increases with the oxidative power of
the atmosphere ranging from 56 ± 1 wt% (in H2) to 74 ± 2 wt% (in air). The previously amorphous
sample Ti-O_h appears completely crystallized and exhibits the highest anatase content (84 ± 1 wt%).
The crystallite size of anatase is not significantly influenced by the treatment conditions and varies in
the 13–16 nm range. The crystallite size of rutile is smaller (6–11 nm) and appears negatively correlated
with the rutile content. The HR-TEM image in Figure 4e reveals the coexistence of rutile and anatase
polymorphs on a nanoscale level and confirms that no residual metallic Ti is left after the treatments,
in agreement with the results of previous X-ray absorption experiments [28].
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Figure 4. XRD patterns of TiOx NPs samples after a thermal treatment at 400 ◦C. (a–c) sample Ti-O_l
in (a) H2, (b) Ar, and (c) air; (d) sample Ti-O_h in air. The results of Rietveld refinement are reported
in Table 4; (e) HR-TEM image of sample Ti-O_l treated in air (corresponding to pattern [c]) with the
anatase and rutile fringes highlighted in red and green, respectively.

Table 4. Quantitative phase analysis for TiOx NPs samples after thermal treatments: rutile vs anatase
abundance (wt%), crystallite size d and lattice parameters a and c.

Treatment
Atmosphere

Anatase TiO2 Rutile TiO2

wt% d [nm] a [Å] c [Å] wt% d [nm] a [Å] c [Å]

Ti-O_l

H2 56(1) 16(2) 3.7895(3) 9.465(2) 44(1) 11(1) 4.5970(7) 2.9568(8)
Ar 64(1) 14(2) 3.790(1) 9.459(2) 36(1) 8(1) 4.600(1) 2.956(2)
air 74(2) 15(2) 3.7855(3) 9.461(2) 26(2) 8(2) 4.597(2) 2.945(2)

Ti-O_h

air 84(1) 13(1) 3.798(2) 9.4691(4) 16(1) 6.0(5) 4.595(6) 2.945(6)

The results related to synthesis and processing of TiOx NPs can be rationalized as follows. If the
O2 content in the synthesis atmosphere is too low (sample Ti-O_l), full oxidation of the nucleated Ti
NPs into TiO2 is not possible, and non-stoichiometric TiO1-δ is obtained. This is not because the initial
O2 partial pressure (0.4 Pa) is below the equilibrium pressure for TiO2 formation (which is ridiculously
low, i.e., ~10−59 Pa at 400 ◦C and ~10−150 Pa at room temperature) but because there is not enough
O2 available. The freshly evaporated Ti consumes almost all the O2 and the competition between the
evaporation rate and the O2 inlet flow rate dictates the final stoichiometry. Therefore, it should be
possible to tailor the off-stoichiometry δ by playing with these parameters; this may be the subject of
future experiments. It is also worth noticing that the TiO1-δ NPs obtained in this way are kinetically
stable at room temperature, i.e., they are not oxidized into TiO2 upon exposure to ambient air.

Conversely, at sufficiently high O2 inlet flow (sample Ti-O_h), it is possible to achieve (almost)
full oxidation of the NPs. It is well known that amorphous TiO2 is obtained when oxidation is carried
out close to room temperature, whereas oxidation above 350 ◦C leads to crystalline TiO2 [29]. This
suggests that NPs oxidation takes place after cool down from the evaporation temperature has taken
place via thermalization with the surrounding He gas. In agreement with the vast literature on TiO2,
crystallization of amorphous NPs is induced by a thermal treatment in air at 400 ◦C [28,30].
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The formation of crystalline TiO2 by heating the TiO1-δ NPs in Ar or H2 is less straightforward,
but can be understood from thermodynamic data considering the presence of water vapor impurities.
Let us take into account the following reaction, pertinent to the treatment in H2:

TiO + H2O ↔ TiO2 + H2 (1)

The ratio between the water vapor pressure PH2O and hydrogen pressure PH2, at which reaction
(1) is at equilibrium, can be easily calculated using the van ‘t Hoff equation, yielding:

(
PH2O
PH2

)
eq
= exp

(
ΔHTiO2 − ΔHH2O

2RT

)
(2)

where ΔHTiO2 = −853 kJ/mol O2 is the enthalpy of TiO oxidation, i.e., of the reaction 2TiO +
O2→2TiO2, and ΔHH2O = −495 kJ/mol O2 is the enthalpy of water formation, 2H2 + O2→2H2O. With
these data and T = 673 K, Equation (2) yields (PH2O/PH2)eq ≈ 10−14. Since the water content due to
impurities in the gas and to desorption from the reactor walls is certainly higher than that, we must
expect that reaction (1) proceeds rightwards, i.e., that oxidation of TiO1-δ NPs takes place during the
thermal treatment. Notice that this behavior arises from the strongly negative formation enthalpy of
TiO2; oxides of late transition metals such as Fe and Co, on the contrary, would be reduced under the
same atmosphere. This is a key factor in the processing of NCs samples, as we will show later on.

The oxidative power of the treatment atmosphere influences the rutile to anatase ratio. This is also
in agreement with the literature, which shows that oxygen-deficient conditions favor the formation of
rutile [30], because rutile itself exhibits a slightly oxygen-deficient stoichiometry.

3.2. Fe and Fe-Co Alloy NPs

Figure 5a shows the XRD patterns of the as-prepared Fe100-xCox NPs. The mean crystallite size
d and lattice parameter of all identified phases are reported in Table 5. In all samples, we observe
the (110) and (200) Bragg reflections characteristic of a body-centered cubic (BCC) α-phase. Only in
the Co-richest sample Fe32Co68, the (111) and (200) Bragg reflections of a face-centered cubic (FCC)
γ-phase are clearly visible. According to the Fe-Co phase diagram [31], Fe and Co are completely
miscible at room temperature up to 72 at.% Co content forming a BCC α-phase, while FCC and BCC
phases coexist at higher Co content (72 to 92 at.% Co). Here we observe the FCC γ-phase already at 68
at.% Co. This deviation with respect to the bulk phase diagram [31] in nanoalloy systems is due to the
increase in relative magnitude of surface energy and is size-dependent [10]. FCC and BCC coexistence
in Fe-Co nanoalloys has already been reported above 42 at.% Co for NPs of 15 nm [32].

Table 5. Crystallite size d and lattice parameter a of the three crystalline phases identified by XRD in
Fe-Co NPs. The FCC γ-phase is only observed at the highest Co content.

Sample
α-Fe-Co Cobalt Ferrite γ-Fe-Co

d [nm] a [Å] d [nm] a [Å] d [nm] a [Å]

Fe 15(1) 2.8729(4) 2.0(2) 8.451(6) - -
Fe77Co23 19(2) 2.8686(2) 2.7(2) 8.4272(6) - -
Fe52Co48 18(2) 2.8629(1) 2.4(2) 8.442(4) - -
Fe32Co68 24(2) 2.8406(2) n.d. n.d. 10(2) 3.564(2)

The (110) reflection of the α-phase (Figure 5b) shifts towards higher angles with increasing Co
content. This corresponds to the shrinking of the lattice parameter a, as plotted in Figure 5c, and is
consistent with the smaller atomic radius of Co with respect to Fe.
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Figure 5. (a) XRD patterns of Fe100-xCox samples (x = 68-0 from top to bottom). Grey circles represent
experimental data, while the colored solid lines are the best fits. The colored area highlights BCC peaks
of the alloy, while colored vertical bars marks the Bragg reflections of cobalt ferrite (red) and FCC Fe-Co
alloy (cyan); (b) A detail of the experimental data showing the shift of the (110) BCC reflection with
increasing Co content; (c) Lattice parameter a obtained from Rietveld refinement (Table 5) as a function
of Co content, with the error bars are displayed in red.

The broad peaks in the XRD patterns correspond to a magnetite (Fe3O4)-like spinel structure with
an ultrafine crystallite size of 2–3 nm. This oxide forms when the NPs get in contact with the ambient
air for XRD measurements. If air exposure is fast, the NPs begin to glow and oxidize completely.
Conversely, if the exposure is sufficiently slow, as in this case where air flows into the sample holder
gradually in about one hour, full oxidation can be avoided through the formation of a protective oxide
shell [33,34]. The metal core / oxide shell morphology of the NPs gradually exposed to the air is
confirmed by TEM investigations. The High Angle Annular Dark Field (HAADF) STEM image in
Figure 6a shows a detail of Fe52Co48 sample. The NPs are surrounded by a lower contrast shell about
3 nm thick. This is a first indication in favor of the oxide nature of the shell. In fact, the contrast in
incoherent HAADF-STEM images is proportional to tZ1.7, where t is the thickness and Z is the average
atomic number. Further information on the composition of the shell is provided by the STEM-EDX
profile of a single NP recorded along the red line in Figure 6a. The shell corresponds to the regions, in
which the Co and Fe fluorescence counts (blue and yellow areas) start to decrease while the O counts
(red dashed line) are still constant. Interestingly, the Co/(Co + Fe) atomic ratio (black solid line) is
similar in the core and the shell. This result demonstrates that the oxide is actually a cobalt ferrite
(Fe100-xCox)3O4 with a magnetite-like spinel structure [35] and a Co/Fe ratio similar to that of the core.

The HR-TEM image of the same NPs in Figure 6b highlights the atomic-level structure of core
and shell regions. The Fast Fourier Transform (FFT) operated over the HR-TEM image is displayed in
Figure 6c. The bright spots correspond to α-Fe-Co (110) planes, while the inner broad ring is due to the
(311) crystalline planes of cobalt ferrite. These contributions can be separated by applying a filter to
the FFT image followed by an inverse transformation. In this way, one obtains two separate images for
the lattice planes of the two phases. In Figure 6d, the separate images are superposed in false colors to
the HR-TEM image. The α-Fe-Co lattice planes (green) are clearly visible in the core, while the cobalt
ferrite planes (violet) belong to the shell.

Finally, the intensity of the oxide broad peaks in Figure 5a shows that the oxidation resistance
upon air exposure augments with increasing Co content. A remarkable stability against oxidation was
also pointed out for Fe100-xCox NPs with x ≈ 40–50 prepared by hydrothermal synthesis [36].
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Figure 6. TEM analysis of Fe52Co48 NPs. (a) HAADF-STEM image and the corresponding EDX profile
taken along the red arrow. The blue and yellow areas and the red dashed line represent Co, Fe and
O X-ray fluorescence counts. The black solid line is the Co/(Co+Fe) atomic ratio within the NP;
(b) HR-TEM image of the same area together with its (c) Fast-Fourier-Transform (FFT); (d) Mapping
of crystal phases obtained from the analysis of planar spacing. α-FeCo (110) and cobalt ferrite (311)
planes are represented in green and purple, respectively.

3.3. Fe/TiOx and Fe-Co/TiOx NCs

The STEM-EDX map in Figure 7 (superimposed to the corresponding STEM image) highlights the
nanocomposite nature of the NPs assembly obtained by co-evaporation of Fe and Ti. The elemental
distribution of Fe (yellow) and Ti (red) clearly shows the good intermixing at the nanoscale level of
Fe-rich and Ti-rich NPs.

Figure 7. STEM-EDX elemental map of Fe (yellow) and Ti (red) in the as-prepared Fe/TiOx NC.

According to the XRD pattern (Figure 8a), the as-prepared sample is constituted by α-Fe and
TiO1-δ. This view is confirmed by TEM analysis, which also provides further clues on the nanoscale
phase distribution. The HR-TEM image in Figure 9 and the FFTs performed over the regions labeled a
and b show the intimate contact between NPs constituted by α-Fe (region a) and TiO1-δ (region b).

After a thermal treatment of 4 h at 400 ◦C under 1 MPa H2 (Figure 8b), the intensity of TiO1-δ Bragg
reflections decreases significantly, while broad peaks attributable to rutile and anatase TiO2 become
visible. The crystallite size of α-Fe estimated from the breadth of XRD peaks is almost unaffected by
the treatment, passing from 18 ± 2 nm of the as-prepared sample to 21 ± 2 nm. The STEM-EDX scan
profile in Figure 10 shows an α-Fe NP of about 13 nm in contact with TiOx NPs.
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Figure 8. XRD patterns of Fe/TiOx NCs. (a) As-prepared sample; (b,c) After thermal treatment in a H2

atmosphere, 1 MPa, for (b) 4 h and (c) 24 h. The colored areas highlight the contributions of different
phases to the Rietveld refinement. Grey circles represent experimental data, while the black solid line
shows the overall best fit.

Figure 9. HR-TEM image of the as prepared Fe/TiOx NC (left) and FFTs performed on selected areas
labeled with lowercase letters showing the presence of (a) Fe and (b) TiO1-δ lattice planes; (c) SAD
pattern: Fe and TiO1-δ lattice planes are labeled in yellow and cyan, respectively (yellow and cyan rings
serve as guides for the eye). In the HR-TEM image, the lattice planes of Fe and TiO1-δ are highlighted
using the same colors.

When the treatment is prolonged for 24 h, the XRD pattern clearly displays anatase and rutile
TiO2 Bragg reflections (Figure 8c) along with some residual TiO1-δ. In addition, the presence of a
small amount of ilmenite FeTiO3 is detected. The narrowing of the α-Fe peaks corresponds to an
increased average crystallite size of about 30 nm. The HR-TEM image and phase mapping displayed
in Figure 11 show an α-Fe NP in contact with both rutile and anatase, together with ilmenite in the
interfacial region.
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Figure 10. Fe/TiOx sample after 4 h in 1 MPa H2 at 400 ◦C. (a) STEM image; (b) EDX line profile
acquired along the red arrow, highlighting a Fe NP among TiOx NPs.

Figure 11. (a) HR-TEM image of the Fe/TiOx sample after 24 h in 1 MPa H2 at 400 ◦C; (b,e) FFTs
performed in selected areas as indicated in the crystalline phase distribution map in (f), which highlights
the lattice planes of α-Fe (yellow) rutile (blue), anatase (green) and ilmenite (red).

The different oxidation thermodynamics of Fe and Ti explains the results of XRD. We already
pointed out that oxidation of TiO1-δ into TiO2 is expected during the treatment due to water impurities.
Considering now Fe, Equations (1) and (2) must be rewritten as:

(3/4)Fe + H2O ↔ (1/4)Fe3O4 + H2 (3)

(
PH2O
PH2

)
eq
= exp

(
ΔHFe3O4 − ΔHH2O

2RT

)
(4)

where ΔHFe3O4 = −551 kJ/mol O2 is the enthalpy of the reaction (3/2)Fe + O2→(1/2)Fe3O4. With
these data and T = 673 K, equation (4) yields (PH2O/PH2)eq ≈ 7·10−3. Since the water content in the
H2 atmosphere is likely below this value, reaction (3) proceeds leftwards, i.e., any Fe3O4 at the surface
of the NPs should be reduced during the treatment. We notice that also the amount of Fe3O4 in the
as-prepared sample is below the detection limit of XRD. It is possible that the contact with TiO1-δ

protects Fe NPs from oxidation during air exposure. In the case of Fe-Co alloy or pure Co NPs, the
amount of oxide is expected to be even lower because the enthalpy of Co oxidation is slightly less
negative compared to Fe, i.e., ΔHCo3O4 = −479 kJ/mol O2 and ΔHCoO = −491 kJ/mol O2.

From the point of view of NPs mixing and TiOx stoichiometry, the scenario in Fe50Co50/TiOx is
analogous to Fe/TiOx. Figure 12 shows an EDX profile recorded for the as-prepared Fe50Co50/TiOx

sample, in which a small Fe-Co NP with a diameter of about 7 nm appears supported on a Ti-rich NP.
According to the previous discussion for Fe-Co NPs and Fe/TiOx NCs, we may expect that Fe50Co50

NPs crystallize in the BCC α-phase with some cobalt ferrite, while Ti-rich NPs develop mainly in
the TiO1-δ phase. The phase analysis by electron diffraction supports this view, as demonstrated in
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Figure 13. In fact, the SAD azimuthal integration proves that the Fe50Co50/TiOx sample is composed
by α-Fe-Co, cobalt ferrite and TiO1-δ. Cobalt ferrite is associated with the broad halos in the SAD
pattern. This is compatible with the formation of a 2–3 nm thick oxide shell surrounding the metallic
core, as shown in Section 3.2 for Fe-Co NPs.

Figure 12. (a) EDX profile acquired along the path indicated with a red arrow in the corresponding
STEM image (b) of the Fe50Co50/TiOx sample showing a Fe-Co NP in contact with TiOx NPs.

A certain degree of NPs aggregation is typical of gas-phase condensation processes. If the NPs
density in the gas phase is low (i.e., at low evaporation rates), aggregation takes place mainly on the
collection surface. Welding of NPs is driven by capillary forces that act to reduce the surface free
energy. At high evaporation rates, aggregation takes place also in the gas phase. The typical size of
the aggregates is in the hundreds of nanometer range and their shape is generally much ramified.
In elements with low melting points such as Mg, aggregation may even result in single crystal NPs [37].
In the presented metal/oxide nanocomposites, the oxide NPs seems to prevent aggregation of the
metallic ones, as long as these are kept at a small volume fraction. This should allow to exploit
interesting properties of individual NPs such as plasmonic resonance and superparamagnetism.

Figure 13. SAD acquired for the Fe50Co50/TiOx as-prepared sample. The overlaid blue plot is the
profile analysis of the SAD obtained by azimuthal integration of the underlying image. The profile was
computed by using the plugin PASAD [38] for the software Digital Micrograph from Gatan. The x-axis
represents the interplanar spacing in Å. The position of Bragg reflections are indicated by the vertical
colored bars and are labeled with the corresponding d-spacing. TiO1-δ, α-Fe-Co alloy, and cobalt ferrite
(blue, red and yellow vertical bars respectively) are detected.
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4. Conclusions

We have presented a novel synthesis method for the preparation of metal/oxide nanocomposites
based on the physical assembly of nanoparticles (NPs), which are formed by gas phase condensation
in a He/O2 atmosphere. This approach goes beyond the simple post-synthesis partial oxidation of
elemental [33,34] or alloy [39,40] NPs that can only yield a metal core-oxide shell morphology with
obvious compositional restrictions. Indeed, our strategy has the potential to provide greater versatility in
terms of both composition and independent control over the NPs size and morphology of the two phases.

The synthesis method was demonstrated here for Fe/TiOx and Fe-Co/TiOx nanocomposites, but
can be extended to other metal/oxide combinations and may benefit from peculiar features of gas phase
condensation, some of which were not explored in the present work. These include: (i) good nanoscale
mixing can be achieved also in case of immiscible precursors [41]; (ii) the size of metal NPs can be
controlled by tuning the evaporation rate and the inert gas pressure [37]; homogeneous alloy NPs
can be synthesized provided that the evaporation rate of the elements are similar, for example Fe-Co,
Fe-Ni, Co-Ni, Ag-Au, Au-Cu; NPs sources based on high-pressure sputtering can be employed for the
synthesis of refractory metal and oxide NPs [39]; the NPs assembly can be compacted in situ to produce
dense pellets with varying degrees of porosity [42]. Obtaining a metal/oxide nanocomposite from the
evaporation of two metallic precursors requires that they exhibit strongly different oxidation enthalpies.
Besides the case of Ti explored here, we envisage that other suitable precursors for the formation of
oxide NPs may be Mg, Al, and Si, all having an oxidation enthalpy more negative than −900 kJ/mol
O2. These may be combined with NPs of late transition metals, including noble metals. Post-synthesis
thermal treatments in a suitable atmosphere permit to control the stoichiometry of the oxide NPs to a
certain extent, reducing at the same time the oxidized surface shell around metal NPs. Future work
will explore other metal/oxide combinations and characterize their physical/chemical properties.
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Abstract: The mesoporous La-Na co-doped TiO2 nanoparticles (NPs) have been synthesized by
non-aqueous, solvent-controlled, sol-gel route. The substitutional doping of large sized Na+1

and La+3 at Ti4+ is confirmed by X-ray diffraction (XRD) and further supported by Transmission
Electron Microscopy (TEM) and X-ray Photo-electron Spectroscopy (XPS). The consequent increase in
adsorbed hydroxyl groups at surface of La-Na co-doped TiO2 results in decrease in pHIEP, which
makes nanoparticle surface more prone to cationic methylene blue (MB) dye adsorption. The MB
dye removal was examined by different metal doping, pH, contact time, NPs dose, initial dye
concentration and temperature. Maximum dye removal percentage was achieved at pH 7.0. The
kinetic analysis suggests adsorption dynamics is best described by pseudo second-order kinetic model.
Langmuir adsorption isotherm studies revealed endothermic monolayer adsorption of Methylene
Blue dye.

Keywords: La-Na co-doped TiO2; non-aqueous solvent controlled sol-gel route; physical adsorption;
methylene; blue

1. Introduction

A leading source of water pollution is dye containing effluents from industries like textile [1],
printing [2], leather [3], pharmaceuticals [4] and kraft bleaching [5] and so forth. Many of these dyes are
mutagenic, carcinogenic and even lead to chromosomal fractures [6–8] causing health hazards to living
beings. Eliminating such dyes from industrial effluents is becoming increasingly necessary. Prominent
methods used for this are: adsorption [9–11], coagulation/flocculation [12,13], membrane filtration [14,15]
and so forth. Among these, adsorption methods are advantageous because they are simple, economical
and effective. In addition, adsorption efficiency can be controlled by many factors including adsorbent
surface area, adsorbent dose, pH, contact time and adsorbate concentration [16–18].

Recently nanostructured material such as TiO2 [19,20], magnetic iron oxides [21–23] and
nanoparticle loaded carbon [24,25] have been reported by several researchers for efficient removal
of organic dyes. Due to their large surface area and easy tailoring of surface properties, use of
nanomaterials can be very effective in adsorbing dyes from industrial effluents. The pHIEP (the pH
at which zeta potential of nanoparticle equals zero) plays a vital role in the adsorption kinetics of
dye at nanoparticle surface because it affects formation of bonds between surface hydroxyl groups
and dye molecules during chemisorption. Hence, modification of nanoparticle surface can be a good
strategy for physical removal of organic dye. TiO2 is well studied material, which allows easy tailoring
of its surface by doping and varying synthesis methods. Alkali dopants [26–31] have been long used
to enhance surface area of TiO2 nanoparticles and creation of new surface sites which, significantly
improve the adsorption of dyes. On the other hand, it is reported that minute doping of rare earth
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elements in TiO2 [32–35] not only concentrate the organic dye at nanoparticle surface but also stabilizes
the meso-structure of TiO2.

Therefore modification of TiO2 using co-doping of rare earth elements and alkali metals is
expected to be more effective in the adsorption of dye at the surface. In view of this, pure, La doped,
Na doped and La-Na co-doped TiO2 nanopowder were prepared by solvent controlled non aqueous
sol-gel route [36–38]. A systematic investigation was carried out to understand the role of dopants
on adsorption property of dye at nanoparticle surface. Earlier reports [26,39] demonstrated that Na+

(1.02 Å) and La+3 (1.03 Å), due to their large size, could not enter in TiO2 lattice to substitute for Ti4+

(0.68 Å) but migrates to TiO2 surface. In present work, substitutional doping of Na and La is confirmed
by XRD, TEM and XPS for the first time. The variation in pHIEP values with doping is well explained
and correlated with adsorption behavior of dye at modified TiO2 surface.

2. Experimental Section

2.1. Synthesis Method

Non-aqueous, solvent-controlled, sol-gel route is excellent for preparation of highly pure oxide
nanoparticles (NPs) with good yield and is therefore adopted for the synthesis of TiO2 NPs. Pure
TiO2 gel was prepared by mixing 20 mL Titanium tetra isopropoxide (Spectrochem, Mumbai, India)
with 40 mL methyl cellosolve (SRL Chem, Mumbai, India) by stirring for 2 h at pH 3 (maintained
using 1 M HNO3 (Merck, Darmstadt, Germany). Under similar conditions, gels of La doped TiO2,
Na doped TiO2 and La-Na co-doped TiO2 were prepared using lanthanum nitrate (SRL, Mumbai,
India) and sodium nitrate (CDH, Mumbai, India) as La and Na precursor respectively. The labels
and nominal composition of samples are indexed in Table 1. The prepared gels were dried under
Infrared IR lamp and grinded to fine powder. For crystallization, all powders were calcined at 450 ◦C
for 1 h. The substantial concentrations of metal doping were determined by wavelength dispersive
X-ray fluorescence spectroscopy (WDXRF) and obtained results are also included in Table 1.

Table 1. Nominal & actual dopant concentration, 2θ values and crystallite size of NPs.

NPs Labelling
Nominal Dopant Conc.

(at. %)
Dopant Conc. (at. %) 2θ (Degree)

A(101)
Crystallite
Size (nm)

Na La Na La

PT 0 0 0 0 25.722 14.0
LT 0 1 0 0.90 25.512 8.0

NT4 4 0 3.89 0 25.466 10.0
LNT2 2 1 1.82 0.81 25.425 7.5
LNT4 4 1 3.75 0.76 25.359 7.0
LNT6 6 1 5.67 0.74 25.380 9.0

2.2. Characterization

The concentration of metal dopant was identified by wavelength dispersive X-ray fluorescence
spectroscopy (WDXRF) (Bruker S4 PIONEER, Texas, USA). X-ray diffraction (XRD) patterns were
acquired on Rigaku diffractometer (Cu Kα, λ = 0.154 nm) to determine crystallite size. The
Brunauer-Emmett-Teller (BET) analysis of NP’s was performed using Quantachrome Instrument,
Florida, USA after degassing at 300 ◦C for 4 h. JEOL 2100-F (Tokyo, Japan) TEM operating at 200 kV
was used for transmission electron microscopy (TEM) analysis. Transmission electron microscope
(TEM) images, high resolution TEM (HRTEM) images, selective area electron diffraction (SAED)
pattern, Scanning TEM (STEM) images & energy dispersive X-ray (EDX) spectra were acquired to
determine crystallite size, d-spacing, crystallinity and elemental analysis. The binding energy of each
element present in sample was determined via X-ray photoelectron spectroscopy (XPS) (XPS oxford
instrument using X-rays of energy 1486.6 eV, Concord, MA, USA). Zeta potential analyzer (ZEECOM
Microtec, Tokyo, Japan) was used to determine isoelectric point (IEP) of the prepared nanopowder.
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2.3. Adsorption Studies

Methylene blue (Hi media, Pune, India) dye adsorption at NPs surface was carried out by batch
technique. All the adsorption experiments were carried out at room temperature (25 ◦C). The effect
of varying metal doping, initial pH, contact time, adsorbent NPs dose, initial dye concentration and
temperature on adsorption was studied. In general, a particular amount of NPs dose is added in 10 mL
methylene blue (MB) dye solution and stirred for required time. The pH of the solution is adjusted by
using 0.01 M NaOH and 0.01 M HCl. The adsorption capacity qe (mg/g) and removal percentage of
prepared NPs for MB dye were calculated by the Equations (1) and (2) [25]:

qe = (C0 − Ce)V/m (1)

Removal % = ((C0 − Ct)/C0) × 100 (2)

where, C0 (mg/L), Ce (mg/L) and Ct (mg/L) are the MB dye concentrations at initial time, equilibrium
time and contact time ‘t’ respectively. V (L) is the total volume of the suspension and m (g) is
mass of adsorbent NPs. In order to measure concentration of dye at different contact time, NPs are
removed from the solution by centrifugation and absorbance of supernatant measured by UV-Visible
spectrometer. These absorbance results are calibrated with standard samples and then concentration
of residual dye is measured. For data consistency, all the adsorption experiments are performed
in duplicates.

3. Results and Discussion

3.1. XRD Analysis

Structural characterization of nanopowder was carried out by XRD and is reported in Figure 1.
XRD patterns of PT show the diffraction peaks of pure TiO2 anatase phase. Similar peaks are observed
for LT, NT4, LNT2, LNT4 and LNT6. Absence of extra peaks confirms the formation of pure anatase
phase in doped NPs and that there are no segregated phases of dopants. The shifts in peak position
with doping confirm the substitutional doping of large sized La+3 (1.03 Å) and Na+1 (1.02 Å) dopant at
Ti4+ (0.68 Å) site. Generally, doping of large ionic radii metal ions in host lattice TiO2 results in strain in
crystal structure. This lattice strain is compensated by formation of oxygen vacancies [38,40]. Secondly
the substitution of host lattice ion by low valence metal ion is also likely to yield oxygen vacancies [41].
Thus, doping of large sized and low valent Na or La metal ions in TiO2 matrix would induce formation
of oxygen vacancies. Besides, La and Na mono-doping and co-doping in TiO2 reduces the intensity
of X-ray peaks of anatase phase. As compared to Na doping, La doping shows stronger reduction in
the intensity of anatase phase. This could be attributed to fewer oxygen vacancies expected upon La
doping as compared to Na due to high valence state of La.

The crystal plane (101) was selected to determine average crystallite size of prepared
nano-powders using Debye Scherrer formula. The calculated average crystallite size and 2θ values are
tabulated in Table 1. Clearly, the average crystallite size decreases for individual as well as co-doped
TiO2 nano-powder. Besides, there is critical doping concentration (LNT4) after which crystallite size
increases. The decrease in crystallite size is obviously due to substitution of low valent and large sized
dopants resulting in strained crystal structure and hence oxygen vacancies [41,42].
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Figure 1. (a) XRD patterns of NPs. (b) Amplified image of (a).

3.2. BET Surface Areas and Pore Size

The mesoporous structure and surface area of prepared samples were examined by isothermal
curves formed by adsorption and desorption of N2 and the Barrett-Joyner-Halenda (BJH) pore size
distribution curves. As shown in Figure 2a, all prepared NPs exhibited H2 type hysteresis loop
with adsorption-desorption isotherms of type 4, typical characteristic of mesoporous structure with
ink-bottle shaped pores [43,44]. The respective pore size distribution curves (Figure 2b) are obtained
from desorption isotherm of pure and doped TiO2 samples using BJH method. The BET surface area,
pore volume and pore diameter of all the samples are tabulated in Table 2.

Figure 2. (a) N2 adsorption-desorption isotherms and (b) pore diameter distribution curve of prepared NPs.

Table 2. The pHIEP, BET surface area, BJH pore volume and pore diameter of all synthesized NPs.

NPs pHIEP BET Surface Area (m2 g−1) Pore Volume (cm3 g−1) Pore Diameter (nm)

PT 5.7 45.712 0.039 2.32
LT 5.5 54.342 0.052 2.59

NT4 5.2 49.629 0.066 2.70
LNT2 5.0 63.418 0.080 2.85
LNT4 4.7 74.996 0.119 3.19
LNT6 4.6 67.971 0.104 3.08

Clearly, there is variation in hysteresis loop and pore distribution curve with doping. Increase
in La and Na doping in pure TiO2 results in large surface area due to decreased crystallite size. In

34



Nanomaterials 2019, 9, 400

addition, pore size and hence pore volume increases with certain level of dopant concentration as
in LNT4 and thereafter decreases. This could be attributed to formation of oxygen vacancies [45].
Moreover, this speculation is also supported by high porosity of NT4 sample as compared to LT,
because NT4 possess more oxygen vacancies.

3.3. Morphology

TEM, HRTEM and SAED give structural and morphological information about prepared
nanopowder. TEM bright field images of Figure 3a PT and Figure 3b LNT4 further corroborate
XRD result that crystallite size of LNT4 is smaller than PT nanopowder. The representative particle
size of LNT 4 nanopowder (8–12 nm) is smaller than PT nanopowder (15–20 nm). In addition, SAED
pattern (Inset of Figure 3a,b) form ring patterns which are indexed according to anatase phase of TiO2

which confirm the crystalline phase of PT and LNT4. The substitutional doping of dopants is further
confirmed by increased d spacing in LNT4 (Figure 3d) as compared to that of PT (Figure 3c).

 

Figure 3. TEM micrograph of (a) PT and (b) LNT4 nanopowder. Insets in (a,b) show SAED patterns
of PT and LNT4 respectively. HRTEM images of (c) PT and (d) LNT4. (e) STEM dark field image of
cluster of LNT4 nanopowder. (f) STEM-EDX point spectrum from an area shown by black circle in (e).
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Figure 3e shows STEM dark field image of cluster of LNT4 nanopowder. The simultaneous
presence of La, Na and Ti peak in point EDX spectrum (Figure 3f) taken from the area shown by a
black circle (Figure 3e) corroborate XRD and HRTEM results.

3.4. XPS Analysis

The binding energy of different elements present in prepared samples, were examined by XPS
analysis. The obtained spectra were baseline corrected and then fitted by commonly used Voigt
function. As shown in Figure 4, the high resolution O 1s XPS spectra of all samples composed of
two peaks corresponding to Ti-O link and adsorbed hydroxyl groups (Ti–OH link) [46]. The increase
in peak intensity of Ti-OH link with Na and La doping confirms increased adsorption of hydroxyl
groups at the surface. This is due to increased formation of oxygen vacancies [47] at the surface of
nanoparticle due to substitutional doping of La and Na at Ti site (confirmed by XRD). Furthermore,
substitutional doping of La and Na at Ti site is also confirmed by comparative study of high resolution
XPS spectra of Ti 2p (Figure S1, Supplementary File). The doublet of Ti 2p of PT is composed of Ti
2p1/2 (B.E. 464.4 eV) and Ti 2p3/2 (B.E. 458.7 eV) and indicates Ti+4 state. The binding energy shows
red shift (Table 3) with La and Na doping, which could be attributed to the lower electronegativity of
La (1.10) and Na (0.93) than that of Ti (1.52). This result confirms substitutional doping of La and Na at
Ti site [48] and absence of other oxidation state of Ti.

 
Figure 4. The High resolution XPS spectra of O 1s for (a) PT, (b) LT, (c) NT4 and (d) LNT4.
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Table 3. Peak position of different peaks obtained from high resolution XPS of different samples.

Sample

Peak Position

Ti-O
Peak

O-H
Peak

Ti 2p3/2

Peak
Ti 2p1/2

Peak

La 3d5/2 La 3d3/2 Na 1s
PeakPeak 1 Peak 2 Peak 1 Peak 2

PT 530.07 532.03 458.71 464.41 - - - - -
LT 529.93 531.96 458.46 464.16 834.99 839.18 851.51 856.04 -

NT4 528.91 531.29 458.19 464.06 - - - - 1071.34
LNT4 529.90 531.91 457.75 463.38 834.83 839.03 851.38 855.89 1071.23

In addition, the high resolution XPS spectra of La 3d (Figure S2, Supplementary File) and Na
1s (Figure S3, Supplementary File) confirm the simultaneous presence of La and Na. The La 3d
peak composed of multiplet 3d5/2 and 3d3/2 with core level binding energy 834.9 eV and 851.8 eV
respectively corresponding to La+3 oxidation state [49]. The distance between two peaks La3d5/2 (peak
1) and La 3d3/2 (peak 1) corresponds to bonding of La with O [50]. Similarly, Na 1s peak with core
level binding energy 1071.3 eV represents Na+1 oxidation state [51].

3.5. Zeta Potential Study and Isoelectric Point

The surface charge of nanoparticles play a vital role on adsorption kinetics of dye at surface of
nanoparticles. Zeta potential measurement technique was used to determine surface charge. The pH
value at which there is no charge at the surface and hence zero zeta potential is defined as isoelectric
point. The surface of suspended TiO2 nanoparticles in water covered with hydroxyl groups [52] and
therefore surface charge is function of pH of solution according to Equations (3) and (4),

Ti+4−OH + H+ → Ti+4−OH2
+ (3)

Ti+4−OH → Ti+4−O− + H+ (4)

When pH of solution is less than pHIEP, nanoparticle surface is positively charged according to
Equation (3) and favors adsorption of anionic species. Whereas, when pH of solution is greater than
pHIEP, nanoparticle surface is negatively charged according to Equation (4) resulting in adsorption of
cationic species.

Figure 5A shows the zeta potential values of different nanopowder as function of pH of solution.
It is clear from Figure 5B that pHIEP value decreases from PT to LNT6. This is attributed to increased
surface area and adsorbed hydroxyl groups [45,52]. The increased surface area results in more
adsorption of hydroxyl groups and hence more hydrogen ions are produced, which decreases pHIEP

value [53]. A higher concentration of hydroxyl groups at the surface of nanoparticle is expected to
favor more adsorption of dye molecules.

 

Figure 5. (A) Effect of doping in TiO2 on dispersion zeta potential at different potential. (B) The
dispersion isoelectronic point (IEP) for different NPs.
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3.6. Adsorption Studies

Effect of metal doping. The effect La and Na doping in TiO2 on adsorption of MB dye was studied
at optimal conditions [equilibrium time = 15 min; pH = 7.0; dye conc. = 5 mg/L; NPs dose = 1.2 g/L]
by considering absorbance peak at 664 nm. At pH 7, all NPs have negative zeta potential (Figure 5A)
which facilitates adsorption of cationic MB dye. It is clear from Figure 6a that LNT4 NPs shows
best removal rate of MB dye, even if LNT2, LNT4 and LNT6 possess nearly equal negative zeta
potential. This is attributed to small crystallite size and large surface area of LNT4 as compared to
LNT2 and LNT6.

 
Figure 6. (a) Effect of metal doping in TiO2 on dye removal. (b–e) Dye removal by adsorption for
LNT4: (b) Effect of solution pH. (c) Effect of contact time. (d) Effect of LNT4 NPs dose. (e) Effect of
initial dye concentration. (f) Effect of temperature.
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Effect of initial pH. The LNT4 NPs shows best dye removal percentage among all prepared
NPs. Therefore, further adsorption experiments are performed using LNT4 NPs as adsorbate. The
absorbance spectra of MB dye at different pH is shown in Figure S4 (supplementary file). There
is no change in peak position and shape of absorbance spectra observed. Figure 6b shows effect
of pH on dye removal percentage by LNT4 NPs [equilibrium time = 15 min; dye conc. =5 mg/L;
NPs dose = 1.2 g/L]. At lower pH, LNT4 shows very less dye removal percentage, which is obvious
due to positive zeta potential resulting in repulsive force on cationic dye. However, when pH is greater
than pHIEP, dye removal percentage increases. For example, at pH 7.0, 99% of the dye is removed.
This is because of electrical attraction between cationic MB dye and negative surface charge of LNT4 at
pH > pHIEP. At pH more than 7.0 there is negligible increase in removal percentage. Therefore, all
further sorption experiments were conducted at pH 7.0.

Effect of contact time. The effect of contact time on dye adsorption at LNT4 NPs surface was
investigated at different time intervals (2, 5, 10, 15, 20 and 25 min) at optimal conditions [pH = 7.0;
dye conc. =5 mg/L; NPs dose = 1.2 g/L]. Dye removal percentage increased from 47% to 99% with
increase in contact time from 2 min to 25 min. The sorption equilibrium was achieved within 15 min.
Attaining equilibrium in such short span of time indicates chemical adsorption of dye, instead of
physical adsorption that takes relatively long contact time [54]. After 15 min, there is negligible uptake
of dye is observed (Figure 6c). Therefore, further adsorption experiments were carried out for 15 min.

Effect of LNT4 NPs dose. The effect of LNT4 NPs dose on MB dye uptake is shown in Figure 6d.
MB dye sorption experiments were conducted using 5 mg/L dye solution at pH 7.0 [equilibrium time
= 15 min]. The LNT4 NPs dose varied from 0.6 g/L to 1.6 g/L. MB dye removal percentage increased
considerably from 73% to 99% on increasing dose from 0.6 g/L to 1.2 g/L. This increase in removal
percentage with increase in adsorbent dose is obvious and attributed more available surface area and
active surface sites [55]. No further uptake of MB dye was observed on increasing NPs dose to 1.4 g/L
and 1.6 g/L. Therefore, 1.2 g/L dose was chosen as optimum dose for further adsorption experiments.

Effect of initial dye concentration. The effect of initial dye concentration on dye sorption
was investigated using 5–15 mg/L MB dye concentration [equilibrium time =15 min; pH =7.0;
NPs dose =1.2 g/L]. The dye removal percentage drops from 99% to 42% as dye concentration is
increased from 5 mg/L to 15 mg/L (Figure 6e) due to less available surface area and surface sites.
Similar results were reported by many authors [16,56,57].

Effect of temperature. Generally wastewater effluents from industries are hot and hence
adsorbents used must be stable and thermal resistant [58]. Therefore, investigation of dye adsorption at
different temperature is important. Figure 6f shows the removal rate of MB dye at different temperature
by LNT4 NPs [equilibrium time =15 min; pH =7.0; NPs dose =1.2 g/L; dye conc.= 5 mg/L]. Clearly
there is more adsorption of MB dye with rise in temperature, which implies endothermic adsorption
process. The favorable increase in adsorption of dye with rise in temperature can be explained by
two ways [10]: (i) elevated interaction between cationic MB dye and hydroxyl groups at surface of
NPs; (ii) enhanced diffusion of MB dye molecules within pores of NPs. In addition, there may be
disruption of agglomeration with rise in temperature, which facilitates increase in surface area and
hence increased dye adsorption. Many reports [57,59] investigated effect of temperature on adsorption
of dye at adsorbent surface and similar results were found.

3.7. Adsorption Kinetics

In order to investigate the mechanism of adsorption, several kinetic models are used to fit
experimental data. Most commonly used kinetic models, namely pseudo first order, pseudo second
order and intra-particle diffusion are used to determine preferential kinetic model for dye adsorption.
The best fit model is determined by comparing linear regression correlation coefficient (R2) value. The
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simple form of pseudo-first-order, pseudo-second-order and intra-particle diffusion model might be
represented by Equations (5)–(7) respectively.

log (qe − qt) = log (qe) − (k1/2.303)t (5)

(t/qt) = 1/k2qe
2 + t/qe (6)

qt = kit1/2 + C (7)

where k1 (min−1), k2 (g mg−1 min−1) and ki (mg g−1 min−1/2) are rate constants of pseudo-first-order,
pseudo-second-order reaction and intra-particle diffusion respectively and C is the intercept. qe and
qt are the adsorption capacity at equilibrium and at contact time ‘t’ respectively. The rate constant k1

could be determined from slope of linear plot log (qe − qt) versus t. Similarly, slope of linear plot of t/qt

versus t gives the rate constant k2. The rate constant ki can be evaluated from the slope of the plot of qt

versus t1/2.
The plot of pseudo first order, second order and intra-particle diffusion kinetic model obtained for

adsorption of MB dye at the surface of LNT4 NPs is shown in Figure 7A–C. The obtained regression
coefficient (R2) and calculated k values are listed in Table 4. The value of regression coefficient (R2)
of second order kinetic model is higher than first order, which could be attributed to heterogeneous
nature of TiO2 NPs [23]. Thus the kinetics of MB dye adsorption on LNT4 NPs is best described by
pseudo second order kinetic model.

 
Figure 7. (A) pseudo first order, (B) pseudo second order and (C) intra-particle diffusion kinetic plots
for adsorption of dye at LNT4 NPs surface.

Table 4. Adsorption kinetics parameter obtained from adsorption of MB dye at surface of LNT4 NPs.

1st Order Kinetics 2nd Order Kinetics Intra-Particle Diffusion

k1 R2 k2 R2 ki R2

0.253 0.9796 0.081 0.9959 0.762 0.9616

The slope of intra-particle diffusion plot measure rate of intra-particle diffusion, which can
occur after external surface adsorption. Whereas, intercept of plot is proportional to boundary layer
thickness and measure the contribution of surface adsorption to rate controlling step [60]. The low
value of regression coefficient (Figure 7c) reflects less involvement of intra-particle diffusion to rate
controlling step.

3.8. Adsorption Isotherm

The binding mechanism of dye at NPs surface can be understood by analyzing adsorption
isotherm. The adsorption isotherm of MB dye at surface of NPs was studied using Langmuir model,
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which consider adsorbent surface to be mono-layered with uniform energy at which adsorption
occurs [21]. The Langmuir isotherm equation is given by Equation (8) [61] as:

Ce/qe = 1/bqmax + Ce/qmax (8)

where, b (L/mg) is Langmuir isotherm adsorption constant and qmax (mg/g) is adsorption capacity,
which are calculated using slope and intercept, obtained from linear plot of Ce/qe versus Ce (Figure 8).

 
Figure 8. Langmuir isotherm plot for adsorption of MB dye at two different temperatures.

The Langmuir adsorption constants and correlation coefficient (R2) for adsorption of MB dye at
two different temperatures are given in Table 5. The value of R2 is higher than 0.9, which confirms that
monolayer adsorption of dye is predominant. In addition, the value of qmax calculated by Langmuir
isotherm model increases with rise in temperature indicating adsorption process is endothermic.

Table 5. Adsorption isotherm parameter obtained from adsorption of MB dye at surface of LNT4 NPs.

Langmuir Isotherm Constant 15 ◦C 25 ◦C

qmax 24.62 25.04
b 1.35 0.33

R2 0.97 0.99

4. Conclusions

Physical removal of organic cationic MB dye by La-Na co-doped TiO2 nano-powder prepared
by non-aqueous, solvent-controlled, sol-gel route is demonstrated. The prepared NPs are crystalline
and mesoporous as confirmed by XRD and BET analysis. Furthermore, XRD and TEM results confirm
the substitution of large sized Na+1 and La+3 at Ti+4 sites. This low valent metal ion doping results in
formation of oxygen vacancies which facilitates more adsorption of hydroxyl groups at the surface
of NPs (confirmed by XPS). The adsorbed hydroxyl groups reduce the pHIEP value and, therefore
facilitate effective adsorption of cationic MB dye. The adsorption capacity of LNT4 NPs is found to
be highest, which could be attributed to its high surface area and porosity. In addition, adsorption
kinetics of MB dye at surface of LNT4 NPs is best described by pseudo second-order kinetic model due
to heterogeneous nature of titania NPs. Langmuir adsorption isotherm studies revealed endothermic
monolayer adsorption of Methylene Blue dye.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/3/400/s1,
Figure S1: High resolution XPS spectra of Ti 2p of prepared samples, Figure S2: High resolution XPS spectra
of La 3d of prepared samples, Figure S3: High resolution XPS spectra of Na 1s of prepared samples, Figure S4:
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(a) Effect of pH on absorbance spectra of MB dye. (b) Amplified image of (a) at pH 7 and pH9, Table S1: Area
under different peaks obtained from high resolution XPS of different samples, Table S2: FWHM of different peaks
obtained from high resolution XPS of different samples.
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Abstract: Submicrometre spherical particles made of Au and Fe can be fabricated by pulsed-laser
melting in liquid (PLML) using a mixture of Au and iron oxide nanoparticles as the raw particles
dispersed in ethanol, although the detailed formation mechanism has not yet been clarified. Using a
355 nm pulsed laser to avoid extreme temperature difference between two different raw particles
during laser irradiation and an Fe2O3 raw nanoparticle colloidal solution as an iron source to
promote the aggregation of Au and Fe2O3 nanoparticles, we performed intensive characterization of
the products and clarified the formation mechanism of Au-Fe composite submicrometre spherical
particles. Because of the above two measures (Fe2O3 raw nanoparticle and 355 nm pulsed laser),
the products—whether the particles are phase-separated or homogeneous alloys—basically follow
the phase diagram. In Fe-rich range, the phase-separated Au-core/Fe-shell particles were formed,
because quenching induces an earlier solidification of the Fe-rich component as a result of cooling
from the surrounding ethanol. If the particle size is small, the quenching rate becomes very rapid
and particles were less phase-separated. For high Au contents exceeding 70% in weight, crystalline
Au-rich alloys were formed without phase separation. Thus, this aggregation control is required to
selectively form homogeneous or phase-separated larger submicrometre-sized particles by PLML.

Keywords: laser melting in liquid; Au-Fe alloy; submicrometre spherical particles; phase separation;
reaction control; core-shell particles; laser wavelength; zeta potential

1. Introduction

Pulsed-laser melting in liquid (PLML) is a technique derived from pulsed-laser ablation in
liquid (PLAL) for nanoparticle fabrication [1,2]. In PLML, raw nanoparticles dispersed in liquid are
irradiated by a pulsed-laser with a moderate fluence of about 50–200 mJ pulse−1 cm−2 (lower fluence
than PLAL), resulting in melting and fusion of irradiated particles and subsequently the formation
of submicrometre-sized spherical particles via cooling [3–6]. PLML can produce submicrometre
spherical particles of various materials, such as metals [7,8], oxides [5,6,9], semiconductors [10,11]
and carbides [3,4]. Given the unique features of submicrometre spherical particles—including their
dispersibility, stability, crystallinity and sphericity—applications utilizing optical [5,12], medical [13],
mechanical [14,15] and magnetic [16] functionality have been examined.

From single-component raw particles, spherical particles are formed without compositional
change simply by melting [6]. Reactive fabrication of submicrometre spherical particles with a different
composition than the raw particles has been reported for B4C from B [3,4], Cu from CuO [8] and Fe and
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FeO from Fe3O4 [17] by a reaction with surrounding organic solvents. Other approaches for forming
submicrometre spherical particles of alloys have been intensively investigated from two-component
raw particle mixtures, especially for alloy systems of Au and transition metals like Fe, Co and Ni [18–23].
For example, an Au-Co alloy was formed by PLML, although the Au-Co combination was immiscible
and could not form an alloy by conventional thermochemical processes [19]. This non-equilibrium
process is due to the unique nature of the heating and quenching processes in PLML. In particular, the
space-selective pulsed heating of PLML is completely different from conventional heating processes,
such as furnace heating. In PLML, the temperature surpasses the melting point of the particles in
several hundreds of nanoseconds or shorter, with heating and cooling rates of 1011 K s−1 and 1010

K s−1, respectively [24]. Since pulsed lasers with repetition rate of 10–100 Hz are generally used for
PLML, these rapid heating and quenching cycles are repeated many times, with an interval of 10–100
ms for cooling process [25]. Liquid phase surrounding particles acts as a heat dissipation barrier after
temporal vaporization and a cooling medium for quenching.

In particular, Au-Fe bimetallic particles have recently been attracting considerable interest because
they can be multifunctional materials, combining the plasmonic properties of Au and the magnetic
properties of Fe [26–28]. In addition, they may combine to have synergistic functions, such as oxygen
evolution, enhanced plasmon absorption, carbon dioxide reduction and imaging and photo-thermal
therapy [29–32]. Therefore, various fabrication techniques and formation mechanisms of Au-Fe
nanoparticles prepared by PLAL have been intensively investigated [33–37] because the technique’s
contamination-free nature is beneficial for biological and medical applications.

However, extensive studies on submicrometre-sized Au-Fe particles have not been conducted
due to the limited availability of suitable fabrication methods [38]. Our group previously tried
to fabricate Au-Fe submicrometre spherical particles by PLML using the second harmonics of an
neodymium-doped yttrium aluminium garnet (Nd:YAG) laser at a wavelength of 532 nm [18,22]. Raw
particles dispersed in ethanol (C2H5OH) were chemically synthesized Fe3O4 and laser-ablated Au
nanoparticles. During laser irradiation, Fe3O4 nanoparticles were reduced by ethanol to FeO or Fe,
depending on the laser irradiation conditions. Reduced Fe particles were merged with Au nanoparticles
to form submicrometre-sized alloy or composite particles. The heating, reducing, merging, alloying
and spheroidizing processes occurred concurrently and submicrometre-sized spherical particles were
formed. The magnetic properties of the products were also reported.

Heating behaviour of single particle can be discussed via thermal diffusion length during pulsed
laser heating [39]. For 7 ns (pulse width) laser irradiation, thermal diffusion length can be calculated
to be 1340 nm for Au fairly larger than the particle size. Thus, even if skin layer of Au particle are
selectively heated, the temperature is easily homogenized within Au particle in 7 ns by laser heating.
Although the thermal diffusion length of iron oxide is rather difficult to be estimated due to the lack
of reliable thermal diffusivity data, it can be roughly estimated to be 350 nm. Thus, the temperature
within a single particle can be promptly homogenized during nanosecond laser irradiation.

However, in two-component raw particle systems, the different heating behaviours of each
component particle caused by the difference in optical absorption efficiency affects the initial heating
step and hence the morphology and inner structure of the products. Figure 1a shows the particle size
dependence of the laser fluence required to melt a single particle of Au, Fe3O4 and Fe2O3 via irradiation
with a 532 nm laser light, as calculated based on Mie theory under an adiabatic assumption [40,41].
Although Au has strong optical absorption at this wavelength due to surface plasmon resonance,
Fe3O4 requires a higher fluence of more than 50 mJ for smaller particles (<100 nm). In contrast, at a
wavelength of 355 nm (Figure 1b), the difference in fluence to melt a single particle of each component
is less. Thus, the extent of inhomogeneous heating and resultant extreme temperature difference
between the respective raw particles is reduced by changing the laser wavelength from 532 nm to
355 nm.
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Figure 1. Particle size dependence of laser fluence required to melt a single particle of Au, Fe3O4 and
Fe2O3 calculated based on Mie theory and adiabatic assumption. (a) 532 nm. (b) 355 nm.

The immediacy of two constituent particles for a prompt reaction during laser irradiation is also an
important factor for two-component raw particle systems. Fabricating large, submicrometre spherical
particles from raw small nanoparticles during a short laser irradiation time requires such aggregation.
In alloy particle formation processes, two different, individually fabricated raw particle solutions have
to be mixed. Once dispersed, particles have to encounter one another and combine to form aggregates
composed of two different particles. Otherwise, a reaction between the two components would not
effectively occur in a short time.

In our previous experiments, chemically produced Fe3O4 particles were used as an iron source
and the zeta potential of the Fe3O4 raw particles fluctuated from −44 to −94 mV in a relatively large
negative value. Au nanoparticles fabricated by PLAL are well known to have large negative zeta
potentials without any surfactant [42]. Thus, after mixing, these two components are stably dispersed
in liquid without a strong interaction between the two raw particles. If positively charged raw particles
are available as an iron source, the aggregation proceeds after the raw particles mix because of an
electrostatic interaction. Such a source is beneficial for the formation of submicrometre spherical
particles based on well-reacted constituent particles.

Here, in contrast to our previous work, a 355 nm laser was adopted for more homogeneous heating
of the raw particles and raw Fe2O3 particles with positive zeta potential were used for a stronger
interaction with negatively charged raw Au nanoparticles. In investigating Au-Fe alloy submicrometre
spherical particle fabrication, we especially focused on the detailed concentration-dependence of
the products to understand what governs the reaction process in this technique. We also compared
our experimental results with those obtained using PLAL for Au-Fe nanoparticle systems. In our
discussion, we clarify the procedure to produce particles with thermodynamically stable phases or
those with unexpected immiscible alloy phases.

2. Materials and Methods

Raw Au particles were prepared by pulsed-laser ablation of Au plates as a target immersed in
ethanol and irradiation with the fundamental wave (1064 nm) of the Nd:YAG laser for 60 min. The
average Au particle diameter was estimated to be 10 nm from the relationship between laser fluence
and particle size. Raw particles of Fe2O3 were purchased from Sigma-Aldrich Japan (Tokyo, Japan,
product number: 544884, <50 nm average diameter).

Raw nanoparticles of Au (140 ppm) and Fe2O3 (200 ppm) dispersed in ethanol were mixed with
different weight ratios of particles in Au:Fe—10%:90%, 20%:80%, . . . , 90%:10% in every 10% step.
Hereafter, we denote these mixtures as Au10, Au20, . . . , Au90, respectively. The third harmonic of the
Nd:YAG laser (wavelength: 355 nm, repetition rate: 10 Hz, pulse width: 7 ns) was used to irradiate the
mixed solutions (5 mL) with a fluence of 150 mJ pulse−1 cm−2 for 60 min so that the compositional
effect on the resulting products could be studied. The total number of irradiated pulses to the colloidal
solution is 3.6 × 104 in this experiment, though the actual irradiated pulses to each particle is around
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hundredth or thousandth of irradiated pulses due to shadowing effect of laser-absorbing particles and
stirring conditions. This laser fluence is sufficiently large to melt Au and Fe2O3 raw particles, as well
as the produced submicrometre particles (Figure 1b). In addition, to analyse the effect of irradiation
time, we irradiated the mixed nanoparticle solution for Au50 for 10, 30, 60 and 120 min.

The obtained submicrometre spherical particles were characterized by a field-emission scanning
electron microscope (FE-SEM) (JEOL, JSM-7001FA, Akishima, Japan), transmission electron microscope
(TEM) (FEI, Titan3 G2 60-300, Hillsboro, OR, USA) and x-ray diffractometer (XRD) (Rigaku, Ultima IV,
Akishima, Japan). The zeta potential of colloidal solutions was measured by a zeta potential/particle
size analyser (Beckman Coulter, DelsaNano HC, Brea, CA, USA).

3. Results and Discussion

3.1. Au Concentration Dependence on Internal Structure

Before laser irradiation, the zeta potential of the mixed solution of Au and Fe2O3 raw nanoparticles
with the different weight ratios was measured. Figure S1 (in Supporting Information) indicates that
the absolute values of the zeta potential became closer to zero from those of end members in most
of the concentration ranges; hence, particles possibly tend to aggregate or become unstable and the
immediacy of two constituent particles was ensured—conditions that are suitable for submicrometre
spherical particle fabrication by PLML.

Figure 2 and Figure S2 depict energy-dispersive x-ray spectroscopy (EDS) mapping of Au (red)
and Fe (green) and corresponding TEM images of the particles obtained from the raw nanoparticle
solution with different mixing ratios. The images in Figure S2 are taken in the high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) mode and therefore heavier
atoms are brightly indicated, unlike conventional TEM images. Thus, Fe-rich regions (green) in
Figure 2 correspond to the dark parts in Figure S2, while Au-rich regions (red) correspond to the
bright parts. These figures clearly indicate that the compositional distribution in the particles in
Figure 2 corresponded well to the contrast in HAADF-STEM images in Figure S2. Submicrometre
spherical particles were formed in all concentration ranges, from Au10 to Au90. From Au10 to Au60,
compositional inhomogeneity, mainly in a core (Au-rich)/shell (Fe-rich) structure, was observed. This
structure is totally opposite to the core (Fe-rich)/shell (Au-rich)-structured nanoparticles obtained
by PLAL [36], which will be discussed later. However, compositionally homogeneous particles were
obtained from Au70 to Au90, indicating Au-Fe alloy formation. On the basis of these images, we also
found that larger particles tend to be more phase-separated than smaller particles.

Figure 3 depicts the size histograms of the phase-separated particles (black) and homogeneous
particles (red) obtained from Figure 2 and Figure S2. Bars placed in the size range between 400–500 nm
indicate that the black bar is the frequency for phase-separated particles 400–500 nm in diameter and
the red bar is the frequency of homogeneous particles 400–500 nm in diameter. The phase-separated
particles (mainly in the core/shell structure) were observed within the Au10–Au60 range, especially
in larger particles, whereas homogeneous particles were observed in the smaller size range. In the
Au70–Au90 range, all the particles observed were compositionally homogeneous.
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Figure 2. EDS mapping images of particles obtained with different mixing ratios of raw nanoparticle
solutions of Au and Fe2O3. “Au10” indicates an Au 10%: Fe 90% in weight. The red and green colours
correspond to the Au and Fe components, respectively. Corresponding HAADF-STEM images are
shown in Figure S2 in Supporting Information. All scale bars are 500 nm.

Figure 3. Size histograms of the particles obtained with different mixing ratios of the raw nanoparticle
solution of Au and Fe2O3. “Au10” denotes Au 10%:Fe 90% in weight. The black and red bars indicate
the frequencies of phase-separated and homogeneous submicrometre particles in every 100 nm step.

Figure 4a shows the homogeneous particle fraction as a function of Au weight percentage.
Homogeneous particles for Au30 and Au40 were less abundant. Figure 4b shows the change in
average particle diameter of homogeneous and phase-separated submicrometre particles. Even though
the relative ratio of phase-separated and homogeneous particles drastically changes with Au weight
percentage, as shown in Figure 4a, the average size of both particles gradually increased with the
Au content and the size difference between them—about 150 nm—was almost constant across all
content ranges.
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Figure 4. (a) Homogeneous particle fraction as a function of Au weight percentage. (b) Average
particle size of phase-separated and homogeneous submicrometre particles as a function of Au
weight percentage.

Figure 5 presents XRD patterns of the obtained submicrometre spherical particles. Peaks with
open circles indicate face-centred cubic (fcc) AuFe alloys with the end members of fcc-Au and fcc-γ-Fe,
which were observed in all mixing ratio ranges. The peak positions of AuFe alloys shifted with the
change in Au:Fe mixing ratios. Furthermore, Au peaks from raw particles were also detected from
Au10–Au50, suggesting that the phase-separated particles are composed of nearly pure Au metal and
Fe-rich Au-Fe alloys in this range. FeO peaks were also observed at the Fe-rich side of Au10 and Au20.

θ 

Figure 5. XRD patterns of particles obtained by laser irradiation onto the mixed colloidal solution of
Au and Fe2O3 in ethanol. “Au10” denotes Au 10%:Fe 90% in weight.

Figure 6 provides the phase diagram of the Au-Fe system redrawn from [43]. On the basis of
the horizontal line at 1446 K between Au20 and Au70, the fcc γ-Fe phase (Fe-rich solid solution) is
segregated, while Au is still in its melting phase at the initial stage of solidification. Because of the
rapid quenching process, phase-separated submicrometre particles composed of fcc Au-rich alloy
phases and fcc γ-Fe-rich alloy phases were thus formed.
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Figure 6. Phase diagram of Au-Fe system.

From the XRD peak shift of the Au-Fe alloy in Figure 5, the composition change of the alloy phase
can be estimated, assuming that Vegard’s law is true for this system. Figure 7 plots the Au weight
percent in the alloy phase, estimated as a function of the weight percent of Au raw particles. The
estimated Au content values of produced particles showed a content gap between Au 20 to 70 weight
percent, which nearly corresponded to the immiscible gap in Figure 6. However, the generated Au-rich
alloy phase has a higher Au content than the feeding composition ratio of the raw particle mixture,
suggesting that Fe is removed from the product during the PLML process. This is also supported
from yellow colour of supernatant probably from ferric ion during the centrifugation process for XRD
sample preparation.

Figure 7. Relationship between the Au weight percentage of the raw particle solution and that of the
formed alloy phase after laser irradiation.

3.2. Time Dependence of Produced Particles

Figure 8 and Figure S3 show a plot of the laser irradiation time dependence of elemental
mapping and HAADF-STEM images of submicrometre spherical particles obtained by PLML at Au50,
respectively. These figures clearly indicate a compositional inhomogeneity in the core (Au-rich)/shell
(Fe-rich) structure at short laser irradiation times and a gradual homogenization of the particles by
extending the laser irradiation time. The particle size also became larger as irradiation time increased.

Figure 9 shows the XRD patterns of particles obtained by different laser irradiation times onto
mixed colloidal solutions of Au50 in ethanol. FeO and Au peaks originating from the raw particles
were observed by 10 min laser irradiation, together with the Au-Fe alloy peak. These FeO and Au
peaks gradually became smaller by extending the laser irradiation time, implying that the particles
were merging and reacting. Peaks from the AuFe alloy (marked as open circles) shifted to pure Au
peaks with the increase in laser irradiation time. These results suggest that the Fe component was
gradually removed from the alloy system.
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Figure 8. EDS mapping images of particles obtained by different laser irradiation times from the Au50
raw particle solution. Corresponding HAADF-STEM images are shown in Figure S3 in Supporting
Information. All scale bars are 500 nm.

θ 

Figure 9. XRD patterns of particles obtained by different laser irradiation time onto the mixed colloidal
solution of Au50 in ethanol.

Figure S4 shows the laser irradiation time dependence of the average Au weight percentage
of particles measured by EDS. When the irradiation time was 10 min, the Au content was 57.4% in
weight, close to the value of the raw particle solution. However, by extending the irradiation time, the
percentage of Au increased while that of Fe decreased, indicating a dissolution of the Fe component.
This indication is also supported by the colour change of the solution to light yellow, the typical colour
of the Fe ion.

3.3. Comparison with Au-Fe Nanoparticles and Formation Mechanism

In the case of Au-Fe nanoparticles obtained by PLAL, Fe-core/Au-shell nanoparticles are usually
obtained, in which the core and shell combination is contrary to our case. In the nanoparticle case,
the surface area becomes large and the surface energy can dominate the stabilization process of the
Fe-core/Au-shell structure because of the low surface energy of Au and short diffusion distance of the
nanoparticles [36]. In contrast, in submicrometre particles obtained by PLML, the bulk thermodynamic
contribution is dominant, resulting in the solidification of the Fe-rich component at the surface and Au
enrichment in the core, as deduced from the phase diagram in Figure 6.

Figure 10 summarizes the formation mechanism of submicrometre spherical particles by PLML.
Particles marked in red and in grey are well-aggregated Au and Fe2O3 raw nanoparticles. The yellow
and green areas correspond to Au-rich and Fe-rich Au-Fe alloys.
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Figure 10. Schematic illustration of the Au-Fe submicrometre spherical particle formation process by
PLML in ethanol.

In the case of Au10–Au60 with large particle sizes, the raw particles melt, merge with each other
and quench to form alloy particles that are submicrometre in size. However, in this content range
on the phase diagram, particles should be phase-separated, with the segregation of Fe-rich AuFe
alloy phases at the particle surface because quenching induces an earlier solidification of the Fe-rich
component by cooling from the surrounding ethanol. The Au component is pushed toward the centre
direction during quenching. The core-shell structure, containing an Au-rich core and Fe-rich shell, is
generated by this process. Further laser irradiation induces the thermochemical dissolution of the Fe
component to ethanol and the enrichment of Au content in the remaining Au-rich alloy particles.

In the case of Au10–Au60 with small particle sizes, the particles should be phase-separated from
the phase diagram, as above. However, the quenching rate is quite fast, owing to the small particle size
and particles are solidified before phase separation occurs. Thus, homogeneous particles that might be
in an amorphous phase were fabricated. In the case of Au70–Au90, Au-rich homogeneous particles
without phase separation were generated, following the phase diagram. When the particle size was
small, the particles tended to be single-crystalline by the rapid shifting of the crystallization front.

Previously, our group reported Au-Fe submicrometre spherical particle formation using the
532 nm Nd:YAG laser and chemically fabricated Fe3O4 nanoparticles under slightly different laser
irradiation conditions (100 mJ, 30 Hz, 60 min) [22]. Raw particles with different relative atomic
ratios of Au:Fe—10:1, 1:1, 1:10 (corresponding to Au97, Au78 and Au26 in our notation of the Au-Fe
alloy system based on weight percent)—were used as starting materials and the products after laser
irradiation were characterized by XRD. At Au97, a nearly Au metal peak was observed, as expected.
In contrast, Au metal, broad Au-Fe alloy and FeO peaks were observed at Au78; Au metal, raw Fe3O4

and partially reduced FeO peaks were observed at Au26. In both cases, raw and slightly reduced
Fe components (FeO) were observed, indicating the insufficient reduction reaction, because these
components could not be observed in this experiment. This insufficiency in the previous work might
be the effect of a lower fluence, relatively inhomogeneous heating and the less intimacy of raw particles
during laser irradiation.

Thus, by adopting a 355 nm laser to enhance homogeneous heating and by selecting raw particles
with appropriate surface charge to promote interparticle immediacy, we can predict most of the
products by the phase diagram obtained under thermodynamic equilibrium. The only exception in this
case was the formation of homogeneous particles smaller than 450 nm for Au 10–Au60 that resulted
from the rapid quenching rate of 1010 K s−1.

By repetitive laser irradiation, the Au:Fe composition ratio gradually approached the
thermodynamically possible alloy composition based on the time-dependence of the products. In
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contrast, in order to obtain non-equilibrium alloy particles, opposite measures adopted in this study,
such as inhomogeneous heating and less encounters between constituent particles, will probably
be effective.

4. Conclusions

We studied the reactive fabrication of submicrometre spherical particles combining Au and Fe by
PLML using a 355 nm Nd:YAG laser to induce more homogeneous heating of constituent particles and
Fe2O3 nanoparticles as a raw iron source to promote contact between Au and Fe in liquid. The particles
obtained by this process can be explained almost on the basis of the phase diagram whether they are
homogeneous or phase-separated. For the content range where Au-Fe phase has to be separated, Fe
component is enriched at the surface due to the quenching from the surface for larger particles, while
smaller particles tend to be homogeneous particles due to the rapid quenching without crystallization.
If we extend laser irradiation time, particles approach the thermodynamically stable compositions.
Therefore, in order to fabricate submicrometre alloy particles of immiscible combination, counter
measures to this study, inhomogeneous heating and less contact are preferable.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/2/198/s1,
Figure S1: Zeta potential of the mixed solution of Au and Fe2O3 nanoparticles before laser irradiation, Figure S2:
HAADF-STEM images of particles obtained with different mixing ratios of raw nanoparticle solutions of Au and
Fe2O3, Figure S3: HAADF-STEM images of particles obtained by different laser irradiation times from the Au50
raw particle solution, Figure S4: Au weight percent change in the produced submicrometre particles with the
laser irradiation time for Au50.
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Abstract: An appropriate writing field is very important for magnetic storage application of L10 FePt
nanocomposite thin films. However, the applications of pure L10 FePt are limited due to its large
coercivity. In this paper, the ratios of L10 and non-L10 phase FePt alloy nanoparticles in FePt/MgO (100)
nanocomposite thin films were successfully tuned by pulsed laser deposition method. By adjusting
the pulsed laser energy density from 3 to 7 J/cm2, the ordering parameter initially increased, and then
decreased. The highest ordering parameter of 0.9 was obtained at the pulsed laser energy density
of 5 J/cm2. At this maximum value, the sample had the least amount of the soft magnetic phase of
almost 0%, as analyzed by a magnetic susceptibility study. The saturation magnetization decreased
with the increase in the content of soft magnetic phase. Therefore, the magnetic properties of FePt
nanocomposite thin films can be controlled, which would be beneficial for the magnetic applications of
these thin films.

Keywords: pulse laser deposition; FePt alloy; magnetic phase

1. Introduction

The face-centered-tetragonal (fct) L10-FePt alloy with large magnetocrystalline anisotropy
content was regarded as the most promising material for ultra high density perpendicular magnetic
recording [1,2]. However, the high coercivity of FePt greatly exceeds the writing field of available
heads, which is limited by the head materials [3]. Thus, it is necessary to find a way to reduce the
writing field. Exchange coupling between hard magnetic and soft magnetic phase has been proposed
to solve this problem. In order to realize the exchange coupling in materials, two or more phases are
necessary in the composite [4–6].

Furthermore, Fe-rich Fe3Pt, Pt-rich FePt3 or even disordered face-centered cubic (fcc) alloys can
exhibit valuable magnetic properties [7–9]. Therefore, combing these materials with L10 FePt has
attracted the attention of researchers in the past few years [10–13]. Sun’s group [11] used the reduction
of platinum acetylacetonate and decomposition of iron pentacarbonyl in the presence of oleic acid
and oleyl amine stabilizers to synthesize FePt alloy with different Pt concentrations, and studied
the relationship between coercivity and Pt concentration. Lin [12] fabricated nanocomposite
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FePt-FePt3films by annealing the (Pt/Fe)10 multilayer film, and focused on the influence of annealing
temperature. Suber [13] systemically studied interactions between hard and soft magnetic phases
by thermal treatment of core-shell FePt (Ag)@Fe3O4. However, most of the methods to prepare FePt
exchange coupling materials involve chemical synthesis, which is expensive and cannot precisely
control the proportion of the components. Moreover, the annealing process, which is required for
the formation of L10 phase, will lead to undesired particle agglomeration, giving rise to clusters of
individual particles [14–16]. Since pulse laser deposition (PLD) has the advantages of fast growth
rate and easily adjustable process parameters, the prepared samples are free of impurities [17].
Therefore, PLD can be developed as a way to fabricate FePt alloy with different component proportions.
Furthermore, compared with other chemical synthesis methods, it is easy to embed FePt nanoparticles
in a matrix by PLD method, which can effectively prevent the agglomeration of FePt particles [18].

In this work, FePt nanoparticles with different proportions of Pt and Fe were embedded in
epitaxial MgO by a PLD method. The ratio of Pt and Fe was confirmed by X-ray photoelectron
spectroscopy (XPS). X-ray diffractometer (XRD), and high resolution transmission electron microscope
(HRTEM) equipped with an energy dispersive X-ray detector (EDX) were used to analyze the structure
of samples with different components. The magnetic properties were measured by superconducting
quantum interference device (SQUID). The influence of the pulsed laser energy density of PLD on the
structure and magnetic properties of samples was studied.

2. Experimental

FePt/MgO nanocomposite films were grown on MgO (100) substrate by pulsed laser deposition
(PLD), which equipped a KrF excimer laser (Anhui Institute of Optics and Fine Mechanics (Hefei,
China)) with a wavelength of 248 nm and pulse width of 25 ns. The pure MgO target (purity 99.99%)
and an alloy target with a composition of Fe50Pt50 were used to fabricate the FePt/MgO nanocomposite
films under an ultrahigh-vacuum (UHV) system. Before the fabrication of samples, the substrate was
heated and degassed for 3 h at 1033 K. The MgO buffer layer was subsequently epitaxially grown on
the substrate. Afterwards, the FePt layer of about 6 nm was grown on MgO buffer layer. Subsequently,
MgO protective layers were deposited onto the sample. The sample was annealed for about 20 min
after the deposition of every MgO layer. The pulsed laser energy density for the growth of MgO was
4 J/cm2. For fabricating FePt, the laser energy density was varied from 3, 4, 5, 6 and 7 J/cm2, and the
samples were labelled as samples 1#, 2#, 3#, 4# and 5#, respectively. Finally, all of the as-deposited
FePt/MgO nanocomposite films were post-annealed at 1173 K for 4 h under a Ar + H2 (5%) flowing
gas atmosphere. The experimental parameters for fabricating the FePt/MgO nanocomposite films are
listed in Table 1.

Table 1. Experimental parameters for FePt/MgO nanocomposite film fabrication.

Experiment Conditions Experiment Parameters

background vacuum 3.0 × 10−6 Pa
working vacuum 5.0 × 10−5 Pa

target MgO purity > 99.99%
FePt purity > 99.99%

substrate MgO (100)
laser pulse frequency 2 Hz

number of pulses MgO: 1200 pulses
distance between the target and substrate 5 cm

XPS analysis (Mg Kα, 1253.6 eV, ThermoFisher Scientific (Waltham, MA, USA)) and EDX (JEOL,
Tokyo, Japan) was employed to determine the chemical composition and the proportions of Fe
and Pt, and the XPS spectra were fitted using the XPSPEAK41 program and Shirley-type background.
The phase composition of the films were identified using XRD (θ–2θ (symmetric reflection) diffraction
geometry, Rigaku, Tokyo, Japan) with CuKα radiation of 1.5418 Å wavelength and HRTEM (JEOL,
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Tokyo, Japan). The magnetic properties at room temperature were measured by a SQUID (Quantum
Design (SanDiego, CA, USA)) in the range of −5 to 5 T.

3. Results and Discussion

XPS measurement was used to confirm the chemical composition and Pt/Fe ratios for the different
samples. It can be seen from the XPS survey spectra of the samples (Figure 1a) that the elements iron,
platinum, magnesium and oxygen were present in all the samples. There was no impurity element
in FePt/MgO nanocomposite films. Thus, the stability of structure and properties of the samples
were ensured. As shown in Figure 1b,d, six peaks are required to fit Fe 2p spectra of sample 1# and
sample 5#, respectively. The peak A and D near 707.2 ± 0.2 eV and 720.4 ± 0.2 eV correspond to
2p3/2 and 2p1/2 of pure Fe, respectively. Our previous work has confirmed that there is a peak shift
toward to higher binding energy due to the bonding of the Fe and Pt in the single unit [19]. Therefore,
the peak B and E located at 710.1 ± 0.2 eV and 724.0±0.2 eV correspond to 2p3/2 and 2p1/2 of pure
Fe of ordered FePt alloy, respectively. And it can be confirm that the Peak A and D are contributed
by the Fe of disordered FePt alloy. Besides, there are two small peaks C and F in the detailed spectra
of Fe 2p with a binding energy at 714.9 ± 0.2 eV and 729.8 ± 0.2 eV, respectively. They are assigned
to Fe in Fe3O4. This may be caused by the diffusion of oxygen from MgO onto the surface of FePt
nanoparticles. The Pt 4f peaks located at 71.50 ± 0.2 and 74.80 ± 0.2 eV corresponding to the Pt 4f7/2
and Pt 4f5/2 can be identified in Figure 1c,e, respectively. These results confirm that the valence states
of Fe and Pt were not affected by the pulsed laser energy density.

Figure 1. (a) XPS survey spectrum for FePt/MgO nanocomposite film, XPS spectrum for Fe 2p (b,d)
and Pt 4f (c,e) for sample 1# and sample 5#, respectively. (f) atom content for Fe and Pt, and the Pt/Fe
atom ratio for different samples calculated by XPS.
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To investigate the molar composition of FePt/MgO composite film, the equations follows was
used to calculate the ratio of Fe to Pt with the areas under peaks of elements in the spectra [20].

nFe

nPt
=

SFe/gFe
SPt/gPt

(1)

where S is the area under the peak and g represents the atomic sensitivity factor. The g value was set as
10.54 and 1.54 for Fe and Pt, respectively. Figure 1f plots the results as a function of pulsed laser energy
density. The ratio of Fe to Pt for FePt/MgO nanocomposite films was calculated with the areas under
peaks of elements in the spectra. The Fe atom percentages for sample 1# to sample 5# were 67.46, 48.34,
42.38, 40.50 and 36.56 at%, respectively. Moreover, the Pt/Fe atom ratios for the five samples were
calculated as 0.48, 1.07, 1.36, 1.47 and 1.73, respectively. It can be concluded that the ratio of Pt to Fe
increased with the increase in the pulsed laser energy density. The proportion of components could
be controlled between Fe67Pt33 and Fe37Pt63. This phenomenon can be explained as follows. As iron
and platinum have different melting points, the element contents evaporated from the target surface
were different during the interaction between laser and target. The plasma plume generated by the
laser ablation target thereby had different element contents. Therefore, the ratio of Pt to Fe varied with
different pulsed laser energy densities.

In order to confirm the structure of the FePt layer, XRD measurement were performed, and the
results are shown in Figure 2. The peaks were labelled using lattice parameters for the bulk tetragonal
FePt (a = 0.3847nm, c = 0.3715 nm, P4/mmm, see PDF#43-1359).It can be seen from Figure 2a that
the superlattice diffraction peaks (001) and (002) can be distinguished in the patterns for all samples,
which indicates that the FePt in all samples was arranged in an ordered tetragonal L10 phase, and that
the films had high single-orientation of c-axis. It can be clearly seen from the expanded view in
Figure 2b that with the increase in the pulsed laser energy density, the characteristic diffraction peak
(001) of FePt shifted to lower angle. According to the Bragg’s formula

2d sin θ = nλ (2)

where the d, θ and λ are the interplanar crystal spacing, angle between the incident beam and the
crystal face and X-ray wavelength, respectively. The shifting to the lower angle indicates the increase
in the lattice parameter. This can be explained by Vegard’s law

aA(1−x)Bx = (1 − x)aA + xaB (3)

where aA(1-x)Bx is the lattice parameter of the solution, aA and aB are the lattice parameters of the molar
fraction of B in the solution. It was found from the XPS analysis that the Pt/Fe ratio increased with the
raise of the pulsed laser energy density, and the lattice parameter for Pt (0.39242 nm) was larger than
that of Fe (0.28664 nm). The Pt atom occupied the Fe atom position when the Pt/Fe ratio increased.
Therefore, the lattice parameter increases, and the characteristic diffraction peak (001) of FePt shifted
to a lower angle for samples with the increase in the pulsed laser energy density.

Figure 2. (a) The XRD patterns of FePt/MgO nanocomposite films; (b) an expanded view of peak (001) of FePt.
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To further investigate the growth degree of L10-FePt, the ordering parameter was evaluated as
shown below [21]:

S = [(
I(001)

I(002)
)× (

Ff
Fs

)
2 (L × A × D)f
(L × A × D)s

]
1/2

= k × (
I(001)

I(002)
)

1/2

(4)

where I(001) and I(002) are the peak intensities of FePt (001) and FePt (002); F, L, A, and D refer to the
structure factor, Lorentz polarization factor, absorption factor, and temperature factor, respectively.
The terms f and s represent the fundamental peak and superlattice peak, respectively. The k value
(0.59) is obtained by reference [22]. Figure 3 presents the plot of ordering parameter S as a function
of pulsed laser energy density. With the increase in the laser energy density, the ordering parameter
increased. When the laser energy density was 5 J/cm2 for sample 3#, and the ordering parameter
reached a maximum of 0.90 and then decreased. The reason for this phenomenon can be explained as
follows. The excess Pt over the stoichiometric composition could help with atomic diffusion while too
much content would affect the structure of L10 order phase [23].

Figure 3. The ordering parameter and FWHM of FePt (001) peak.

Figure 4 shows TEM images of the FePt/MgO nanocomposite films. It can be seen from Figure 4a
that the FePt nanoparticles were well-separated in the MgO matrix, which indicated that the nucleation
regime of FePt in samples was Volmer-Weber-like growth [24]. Figure 4b–d are the HRTEM images of
samples 1#–3#, respectively. It can be seen from the images that changing the pulsed laser energy density
did not influence the morphology of FePt/MgO nanocomposite films. The FePt nanoparticles remained
spherical and embedded in the MgO matrix. Moreover the superstructure became evident from the
alternating bright and dark contrast of the lattice planes. This was due to the largely different electronic
scattering cross sections for Fe and Pt [25]. However, with the increase in the pulsed laser energy density,
the lattice parameter of the FePt nanoparticles changed. For sample 3# shown in Figure 4c, the lattice
parameter was 0.386 nm, which indicates the existence of L10 FePt. And the EDX results for sample 3#

(shown in Figure S1 and Table S1) indicate that the Fe/Pt ratio is about 50:50. This result is consistent
with the XPS analysis. For samples 1# and 5#, as shown in Figure 4b,d, the lattice parameterswere0.348
and 0.403 nm, respectively. It indicates that the lattice parameter of the FePt alloy increased with the
increase in pulsed laser energy density. This result was consistent with the XRD analysis.

Magnetic properties of FePt/MgO nanocomposite films fabricated by different pulsed laser energy
densities were measured by SQUID. Figure 5 shows the out-plane hysteresis loops of all samples.
As seen from Figure 5, all the samples showed strong ferromagnetic properties. At low magnetic
field there was an obvious weak kink when the hysteresis passed through the magnetization axis for
samples 1#, 4# and 5#. However, the hysteresis loops of samples 2# and 3# showed almost smooth
curves at low magnetic field. This phenomenon suggests that there was a composite phase consisting of
a hard magnetic phase (L10) and soft magnetic phase (A1 or L12) [26]. The reason for the appearance of
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kinks in the hysteresis curve was possibly the exchange coupling between the hard and soft magnetic
phases [27,28]. In general, for mixed magnetic materials, increasing the percentage of soft magnetic
phase will enlarge the kink. Therefore the decrease in magnetization at the kink can be used to estimate
the fraction of soft magnetic phase in the mixture. Combined with the XPS result, it was evident
that the different samples had different Pt/Fe ratios. For the Fe-rich sample 1#, the amount of soft
phasewas about 47.5%, which may contain FePt fcc phase or Fe3Pt, while samples 4# and 5# probably
contained FePt fcc phase or FePt3 except FePt fct phase because they contained more Pt than Fe. Also,
the amount of soft phase for samples 4# and 5# were about 28.1% and 37.6%, respectively. Sample 2#

and sample 3#, which showed almost smooth curve near the magnetization, had almost 0% decrease at
the kink. This conclusion was consistent with the XRD results qualitatively.

 

Figure 4. (a) The top-view TEM images of the samples: 3#; the HRTEM images of samples: (b) 1#; (c) 3#

and (d) 5#.

Figure 5. Out-plane field dependence of magnetization recorded at 300K for FePt/MgO nanocomposite films.
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Figure 6 shows the squareness and saturation magnetization (Ms) for samples 1# to 5#.
The saturation magnetization of sample 3# was 234.1 emu/cm2. The saturation magnetization
decreased as the pulsed laser energy density changed. For Fe-rich samples 1# and 2#, the saturation
magnetizations were 60.7 and 64.6 emu/cm2, respectively. For samples 4# and 5#, which contained
more Pt, the saturation magnetizations were 194.8 and 159.1 emu/cm2, respectively. The variation
trend of the saturation magnetization was consistent with the ordering parameter calculated by XRD
patterns. The higher the ordering parameter was, the larger was the saturation magnetization. This can
be attributed to the soft magnetic phase which reduces the mean atomic magnetic moment. Therefore
the samples with lower ordering parameter had less saturation magnetization [29]. It can also be
deduced that the FePt/MgO nanocomposite film with almost equal Fe-Pt ratio had larger saturation
magnetization than those with unequal Fe-Pt ratio. Moreover the saturation magnetizations of Pt-rich
FePt/MgO nanocomposite films were larger than those of Fe-rich samples. This was because to that a
small quantity of Pt-rich sample improved the ordering of FePt [11].

Figure 6. The squareness and saturation magnetization (Ms) of FePt/MgO nanocomposite films.

The squareness ratio (Mr/Ms) of FePt/MgO nanocomposite films is shown in Figure 6. It can be
seen that the squareness ratios of samples 2# and 3# were larger than 0.8, and were higher compared
to other samples. This demonstrates that the equal Fe-Pt ratio was beneficial with improving the
squareness ratio. It is worth noting that sample 2# exhibited large squareness ratio and small saturation
magnetization. This was possibly because the Pt content in sample 2# was less than that in sample 3#,
which made the ordering process incomplete. Adjusting the squareness ratio is helpful for reduction
of media noise in magnetic recording media [27].

The magnetic properties of FePt/MgO nanocomposite films indicated that the method used in
this study was feasible. By adjusting the ratio of Fe and Pt in the nanocomposite films, the saturation
magnetization and coercivity can be tuned at high values. Thus the saturation magnetization values
can be controlled without sacrificing much coercivity, which can provide advanced magnets for future
applications in high density power and date storage [30–32].

4. Conclusions

In conclusion, PLD was used to fabricate FePt alloy films with different contents of Fe and Pt.
The proportion of components was controlled between Fe67Pt33 to Fe37Pt63 by adjusting the pulsed
laser energy density. When the ratio of Fe and Pt was almost 1, the ordering parameter reached 0.9.
Furthermore, with the increase in the content of Fe and Pt, the characteristic diffraction peak (001)
of FePt shifted to lower and higher angles, respectively. The films with Fe to Pt ratio of almost
showed large squareness ratio, while the slightly Pt-rich film had the largest saturation magnetization.
Modifying the magnetic properties by tuning the proportion of components via PLD would be helpful
for reduction of media noise in magnetic recording media.
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Abstract: InPBi thin film has shown ultra-broad room temperature photoluminescence, which is
promising for applications in super-luminescent diodes (SLDs) but met problems with low light
emission efficiency. In this paper, InPBi quantum dot (QD) is proposed to serve as the active
material for future InPBi SLDs. The quantum confinement for carriers and reduced spatial size of
QD structure can improve light emission efficiently. We employ finite element method to simulate
strain distribution inside QDs and use the result as input for calculating electronic properties. We
systematically investigate different transitions involving carriers on the band edges and the deep
levels as a function of Bi composition and InPBi QD geometry embedded in InAlAs lattice matched to
InP. A flat QD shape with a moderate Bi content of a few percent over 3.2% would provide the optimal
performance of SLDs with a bright and wide spectrum at a short center wavelength, promising for
future optical coherence tomography applications.

Keywords: InPBi; quantum dot; finite element method; super-luminescent diode; emission spectrum

1. Introduction

Dilute bismide is a new member of the group III-V compound semiconductors and has drawn
extensive attention for its potential applications in infrared lasers, solar cells and spintronic devices [1–4].
Bismuth (Bi) incorporation can introduce bandgap reduction [5–9], increase the spin orbit splitting
energy and reduce the temperature sensitivity of the bandgap [10,11]. As one member of the dilute
bismides, InPBi was first theoretically predicted in 1988 [12] and experimentally realized in 2013 [13].
InPBi exhibits broad and strong photoluminescence (PL) at room temperature, ranging between 1.4
and 2.7 μm, making it a potential candidate for fabricating super-luminescent diodes (SLDs) applied
in optical coherence tomography (OCT). Deep level transient spectroscopy (DLTS) has confirmed that
there are two deep levels in InPBi thin film, a PIn antisite donor-like level and a Bi-related acceptor-like
level [14]. The multiple PL peaks forming a broad spectrum originate from transitions between
carriers in conduction and valence bands and the aforementioned deep levels [14]. Attempts to make
SLDs out of InPBi thin film and quantum wells were carried out in our group but revealed weak
electroluminescence. One probable reason is that the InPBi grown at low temperature was n-type with
the electron concentration in the order of 1017–1018 cm−3 [15]. For the fabricated p-n junction, only a
small portion of the depletion region lies in the InPBi layer, subsequently, most of the electron-hole
recombination happens out of the InPBi region. Another reason is the weak carrier confinement,
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in particular for electrons. Recent work has shown that Bi atoms distribute inhomogeneously in the
InPBi thin films [16]. There are Bi-rich V-shape nanoscale features at the bottom of the InPBi layer
close to the InPBi/InP interface and the PL intensity per thickness varies in the InPBi thin film with
the maximum value obtained close to the interface where the nanoscale features are observed. This
fact indicates that the major contribution to PL in the InPBi thin film is from the bottom part and it is
essential to control this part of InPBi epitaxy with Bi-rich nanostructures.

Quantum dot (QD) is one of the most utilized semiconductor nanostructures which confine
both electrons and holes and possess discrete energy levels and density of states. Furthermore, the
carrier confinement effect can dramatically enhance the radiative recombination efficiency. Due to the
outstanding optical properties, semiconductor QDs have been successfully commercialized in telecom
lasers [17], visible wavelength LEDs [18] and so forth. In this work, we propose to use InPBi QDs
as the active region for InPBi based SLDs. Thanks to the improved carrier confinement and QD size
engineering, the InPBi QD device is expected to outperform the similar device made of InPBi thin layer
or quantum wells.

III-V QDs are usually grown by the Stranski-Krastanov (SK) mode, triggered by lattice
mismatch [19,20]. However, for the InP1-xBix/InP system with Bi concentration of a few percent,
the lattice mismatch is too small to initiate the SK mode growth. Droplet epitaxy was first realized
by Koguchi et al. in the early 1990s [21]. It was introduced to grow III-Vs on II-VIs with almost no
lattice mismatch. It usually contains two steps: first, deposit of the group III atoms with the absence
of the group V atoms, forming group III metal droplets on the surface and second, exposure of the
droplets to the group V atoms and crystallization. Droplet epitaxy provides an effective method to
experimentally realize InPBi QDs on materials lattice matched to InP substrate.

In this paper, finite element method (FEM) was employed to simulate the strain distribution in
InPBi QDs/InAlAs/InP system and calculate energy levels of electrons and holes. First, the strain
distribution in InPBi QDs/InP is simulated. The in-plane strain component is then calculated with
different Bi contents and geometries of InPBi QDs. Afterwards, In0.52Al0.48As, lattice matched to InP
is used to introduce additional potential barrier for InPBi QDs. The strain distribution of the InPBi
QDs/InAlAs structure is simulated and utilized as the input for calculations of the ground states of the
electrons and holes. Through controlling the size and composition of InPBi QDs, the ground states of
the electrons and holes can be engineered. This work provides a feasible way to fabricate SLDs based
on InPBi QDs for the potential application in OCT.

2. Methods

Figure 1a shows the schematic of the proposed InPBi QD structure. The InP1-xBix QD is assumed
to be in a spherical crown shape with the height varied from 3 to 20 nm and the diameter varied from
20 to 60 nm, according to the typical III-V QDs grown by droplet epitaxy method. The QD is buried
in InP or InAlAs for different calculations. The Bi content (x) is varied from 1% to 12%. FEM was
employed to simulate the strain distribution in the InPBi QDs/InP system and calculate the energy
levels of electrons and holes in the InPBi QDs/InAlAs structure. The lattice constants of InP (aInP) and
InBi (aInBi) are 5.87 Å [22] and 6.52 Å [13], respectively, and the lattice constant of InP1–xBix (aInPBi) is
(1 – x)aInP + xaInBi based on Vegard’s law assumption. The lattice mismatch between InP1–xBix and
InP is:

mis =
aInPBi − aInP

aInPBi
=

x
9 + x

(1)

The elastic coefficients C11, C12 and C44 of InP and InBi are 1011 GPa, 561 GPa, 456 GPa [22] and
60.31 GPa, 32.52 GPa [12], 26.1 GPa [23], respectively. The elastic coefficient of InP1−xBix is assumed as:

Cij(InP1−xBix) = (1 − x)Cij(InP) + xCij(InBi) (2)

The elastic coefficients C11, C12 and C44 of In0.52Al0.48As is assumed to be the linear combination
of that of InAs and AlAs, which is deduced to be 1033 GPa, 492 GPa and 466 GPa [22], respectively.
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The conduction band hydrostatic deformation potential ac and valence band hydrostatic deformation
potential av of InP and In0.52Al0.48As are −6.0 eV and −0.6 eV [22] and −6.7 eV and −0.8 eV [24],
respectively. Due to the lack of available data, the ac and av of InPBi are assumed to be equal to that of
InP with the consideration that the Bi content is small. Then the ground states of electrons, heavy holes
and light holes are calculated by Schrödinger equation with the simulated strain distribution as an input.

[−�2

2m∗∇
2 + V(r)

]
Ψ(r) = EΨ(r) (3)

V(r) = Ve(r) + Vs(r) (4)

Vs(r) = ac,v
(
εxx + εyy + εzz

)
(5)

where h̄ is the reduced Planck constant and m* is the effective mass of the carriers. For In0.52Al0.48As, the
effective mass of electron (m∗

e) heavy hole (m∗
hh) and light hole (m∗

lh) is 0.069m0, 0.4m0 and 0.103m0 [22],
respectively, where m0 is the mass of electron. For InPBi, the effective mass of InP is used instead,
that is 0.0795m0, 0.6m0 and 0.089m0 for electron, heavy hole and light hole [22], respectively. V(r) is the
potential, including the potential Ve(r) caused by intrinsic band offset and the potential Vs(r) introduced
by strain. The energy of the InP conduction band minima is set to be 0. Without consideration of strain,
the potential Ve(r) of the electrons and holes of In0.52Al0.48As are 0.34 eV and −1.17 eV, respectively.
Because the bandgap reduction rate of conduction band and valence band of InPBi is −27 meV/%Bi
and 79 meV/%Bi [9], respectively, the potential Ve(r) of the electrons and holes of InP1–xBix is −0.027x
eV and (−1.42 + 0.079x) eV, respectively. The parameters used for the calculations are summarized
in Table 1.

Table 1. Summary of the parameters used for the calculations.

Parameters InP [22] InBi In0.52Al0.48As

C11 (GPa) 1011 60.31 [12] 1033 [22]
C12 (GPa) 561 32.52 [12] 492 [22]
C44 (GPa) 456 26.1 [23] 466 [22]

ac (eV) −6 −6.7 [24]
av (eV) −0.6 −0.8 [24]

m∗
e 0.0795m0 0.069m0 [22]

m∗
hh 0.6m0 0.4m0 [22]

m∗
lh 0.089m0 0.103m0 [22]

3. Results and Discussions

3.1. Strain Analysis

At first, strain analysis is carried out for the most simplified prototype model, an InPBi QD buried
in InP, as shown in Figure 1a. The simulated InPBi QD has a Bi content of 6%, a diameter of 40 nm
and a height of 6 nm. Figure 1b–e shows the distribution of various strain components, εxx(b) and
εzz(c) in the yz plane cross the center of the QD and εxy(d) and εxz(e) in the xy plane cross the bottom,
respectively. The deformation is exaggerated by 100 times. Because the lattice constant of InPBi is
larger than that of InP, the InPBi QD tends to expand, as seen in Figure 1b–e. The εxx in the yz plane is
negative, indicating compressive in-plane strain in the InPBi QD. The εxx distributes quite uniformly
within the QD with an average value of −5.82 × 10−3. The strain in InP around the InPBi QD is tensile
and gradually decreases to 0 when it is about 10 nm away from the QD. The εzz in the yz plane is
positive in the InPBi QD, indicating tensile strain in the z direction. εzz in the InP above and below the
InPBi QD is negative but the strain around the edge of the QD is positive. The shear strain components
εxy (d) and εxz (e) are asymmetric in the xy plane. The in-plane strain εxx, the vertical strain εzz and the
shear strain εxz are larger than the shear strain εxy for about one order of magnitude.
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Figure 1. (a) Three-dimensional schematic of the proposed InPBi QD structure. The strain distribution
of (b) εxx and (c) εzz in the yz plane; (d) εxy and (e) εxz in the xy plane for the InPBi QDs in InP with Bi
content of 6%, diameter of 40 nm and height of 6 nm. The deformation is exaggerated by 100 times.

Afterwards, the influence of Bi content and geometric parameters on strain distribution is
systemically investigated. Figure 2 shows the variation of the in-plane strain εxx versus the Bi content
(x) (a) and the aspect ratio (D/H) (b) of the InPBi QD. The εxx shown in Figure 2a is averaged over
the whole InPBi QD with a fixed diameter of 40 nm and height of 6 nm, while in Figure 2b the εxx is
calculated with Bi content fixed at 6%. The D and H designate the diameter and height of the InPBi
QDs, respectively. It can be found in Figure 2a that the average in-plane strain εxx is almost linear to
the Bi content with a slope of −0.097. Thus

εxx = −0.097x (6)

Figure 2. (a) The simulated average in-plane strain εxx in the InPBi QDs versus the Bi content with
fixed diameter and height of the QDs of 40 nm and 6 nm, respectively; (b) contour map of the average
εxx versus the diameter and height of the InPBi QDs with the Bi content of 6%. The black lines represent
the aspect ratio of 2, 3, 4 and 6, respectively, with the diagrammatic sketch of the shape of the QD next
to each line.

The average in-plane strain εxx is compressive and its amplitude increases with the Bi content.
Figure 2b is a contour map of the average εxx versus the diameter and height of the InPBi QDs

together with a few representative lines on which the aspect ratio is the same. The average in-plane
strain εxx is found proportional to the aspect ratio of the InPBi QDs. The diameter and height of the
InPBi QDs vary from 20 nm to 60 nm and 3 nm to 20 nm, respectively, thus, the aspect ratio varies
from 1 to 20. The average in-plane strain εxx then varies from −2.95 × 10−3 to −6.37 × 10−3. For InPBi
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QDs with different diameters and heights, as long as the aspect ratio is the same, the in-plane strain
εxx is also the same. The higher D/H ratio, or in another word, the flatter the QD is, the larger the
average εxx.

3.2. Band Structure

In order to enhance the carrier confinement, In0.52Al0.48As lattice matched to InP is chosen to
replace the InP around the InPBi QDs to provide potential barriers for both conduction band and
valence band. Thus, the hetero-structure becomes InAlAs/InPBi QDs/InAlAs.

Figure 3a shows the calculated band structure of an InAlAs/InPBi QD/InAlAs hetero-structure,
with the diameter, the height and the Bi content of the InPBi QD of 40 nm, 6 nm and 6%, respectively.
The bottom of the conduction band and the top of the valence band of InP0.94Bi0.06 QD lies at −0.12 eV
and −0.94 eV, respectively. The blue, red and green lines represent the ground state of the electrons
(−0.017 eV), the heavy holes (−1.00 eV) and the light holes (−1.01 eV), respectively. The magenta
and purple dashed lines represent the PIn antisite level and the Bi-cluster-related level, respectively.
According to our former DLTS measurements, there are two deep levels in InPBi thin films. The PIn

antisite level lies at 0.31 eV below the conduction band of InPBi and the Bi-cluster-related level lies at
0.11 eV above the valence band of InPBi for the InPBi thin film with Bi content of 2.49% [14]. Three
radiative recombination processes involving the deep levels were identified from PL measurements.
The first is the recombination between the electrons in the conduction band and the holes at the
Bi-cluster-related level, marked as HE, the second is between the electrons at the PIn antisite level and
the holes in the valence band, marked as ME and the third is the recombination between the two deep
levels, marked as LE. These three carrier recombination processes together result in very broad PL
spectra of InPBi thin films. In the InPBi QD case, due to the quantum confinement, the energy levels of
electrons and holes are split into discrete energy levels. Consequently, the recombination with the deep
levels will involve the energy levels instead of the band edges of InPBi. The arrows labeled HE, ME
and LE in Figure 3a indicate the expected recombination processes in the InPBi QDs. Since the ground
state of the heavy holes has lower energy than that of the light holes, the ME process is expected to be
between the PIn antisite level and the ground state of the heavy holes. The ΔEHE and the ΔEME are the
energy difference between the electron ground state and the conduction band edge of InP0.94Bi0.06 and
between the valence band edge and the heavy hole ground state, respectively.

The variation of the ground state of the electrons, the heavy holes and the light holes and the energy
difference ΔEHE and ΔEME with the Bi content and the height of the InPBi QDs are further investigated,
as shown in Figure 3b–e. In Figure 3b,c, the diameter and the height of the InPBi QDs are fixed at 40 nm
and 6 nm, respectively, while In Figure 3d,e, the diameter and the Bi content of the InPBi QDs are fixed
at 40 nm and 6%, respectively. The blue, red, green, magenta and purple curves represent the ground
state of electrons, heavy holes and light holes and the energy difference ΔEHE and ΔEME, respectively.
The ground state energy of the electrons is found monotonically decrease with the Bi content varying
from 1% to 12%. The absolute value of the ground state energies of the heavy holes and the light holes
also monotonically decrease with the Bi content varying from 3.2% to 12%. The difference between the
ground state energy of the heavy holes and the light holes increases with the Bi content. When the Bi
content is below 3.2%, the valence band edge of InPBi is lower than that of In0.52Al0.48As and thus there
is no potential well for the holes in InPBi, neither the ground states. The dependence of the ground
state energies on Bi content is dominant by the bandgap reduction of InPBi. The energy difference ΔEHE

and ΔEME are found also monotonically increase with the Bi content. The slope of the ΔEHE–Bi content
curve is almost uniform when the Bi content varies from 1% to 12%. However, the ΔEME changes merely
when the Bi content is between 4% and 12% and sharply drops when the Bi content decreases below 4%.
The dependence of ΔEHE and ΔEME on Bi content is mainly caused by the fact that when the Bi content
increases, both the conduction and valence band offset increase and the ground states of the carriers are
elevated relative to the band edges. The valence band offset is more influenced by the Bi content, even
changing from type-I to type-II band alignment at about 3.2%.
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Figure 3. (a) the band alignment and carrier recombination processes of an InAlAs/InPBi QD structure
plotted along the z axis across the center of the InPBi QD with the Bi content, the diameter and the
height of 6%, 40 nm and 6 nm, respectively. The zero in Energy is set as the bottom of the conduction
band of InP. The blue, red and green line are the ground state of the electrons, heavy holes and light
holes, respectively. ΔEHE and ΔEME are the energy difference between the electron ground state and
the conduction band edge of InP0.94Bi0.06 and between the valence band edge and the heavy hole
ground state, respectively; (b,c) show the dependence of the ground state energy of the electrons (blue),
the heavy holes (red) and the light holes (green) (b) and the energy difference ΔEHE (magenta) and
ΔEME (purple) (c) on the Bi content of the InPBi QD with fixed diameter and height of 40 nm and 6 nm,
respectively; (d,e) show the dependence of the ground state energy of the electrons (blue), the heavy
holes (red) and the light holes (green) (d) and the energy difference ΔEHE (magenta) and ΔEME (purple)
(e) on the height of the InPBi QDs with fixed diameter and Bi content of 40 nm and 6%, respectively.
The markers indicate the simulated data points; (f) diagrammatic sketch of the PL spectrum broadening
with the energy increase of the ME and HE transitions. The solid lines represent the LE (purple), ME
(magenta), HE (blue) and PL (black) of the InPBi thin films. The dash lines are the ME transition, ME
transition and PL (black) of the InAlAs/InPBi QD structure.

Next, the influence of the geometric shape of the QDs on the ground states of the carriers is
investigated. The ground state energy levels of the electrons, the heavy holes and the light holes
are found to decrease with increasing the height of the InPBi QDs from 3 nm to 20 nm, as shown in
Figure 3d. The ground state energy of the electrons remarkably drops when the height of the InPBi
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QDs increases from 3 nm to 8 nm, resulted from strong quantum confinement when the potential
well is thin and then slowly decreases as the height increases from 8 nm to 12 nm. The absolute value
of the ground state energy of the heavy holes and the light holes behaves similarly as the electrons.
The difference in slopes originates from the difference in effective masses. The energy differences ΔEHE

and ΔEME in (e) have the same trend as the electron and the heavy hole ground states in (d) since the
band edges are fixed in this group of simulations.

Figure 3f is the diagrammatic sketch of the PL spectra of InPBi thin films and QDs. The solid
curves represent PL contributions of the LE (purple), ME (magenta), HE (blue) and the overall PL
(black) of InPBi thin films, while the dashed curves represent the case of the InAlAs/InPBi QD structure,
respectively. Compared to InPBi thin films, the energies of the emitted photons from InPBi QDs are
increased with the value of ΔEHE and ΔEME for the HE and ME transitions and the center energy of
the spectra will also be increased. The high spatial resolution of OCT requires a spectrum with large
linewidth and short center wavelength. Based on the above results, InPBi QDs with a low height can
increase the ΔEHE and ΔEME and thus lead to a wide linewidth as well as a short center wavelength of
the emission spectrum, subsequently improving the spatial resolution of OCT.

The ultimate aim of the proposal using InPBi QDs is to produce high performance SLDs with a
bright, flat and broad spectrum. The brightness requires a high Bi content to provide large quantum
confinement for the carriers. Use of a high Bi content will decrease the bandgap and subsequently
decrease the transition energy of HE and ME, leading to a reduced linewidth of the emission spectrum.
This can be compensated by controlling the shape of the QDs. Finally, a moderate Bi content of a few
percent over 3.2% and a flat QD shape would provide the optimal performance.

Furthermore, unlike the InAs QDs on GaAs platform with large lattice mismatch, the InPBi QDs
on InP lattice has limited strain and can thus be stacked for many periods without the risk of strain
relaxation. The stacked structure can not only increase the overall intensity but also further engineer
the shape and linewidth of the emission spectrum by manipulating the shape and Bi content of the
InPBi QDs in each period.

4. Conclusions

In this paper, we propose to use InPBi QD as the active region for high performance SLDs. FEM
was employed to calculate the strain distribution of the InP/InPBi QDs/InP structure. The in-plane
strain components are found larger than the shear strain components in the InPBi QD. The average
in-plane strain εxx is linear to the Bi content and proportional to the aspect ratio of the InPBi QDs.
In0.52Al0.53As lattice matched to InP is chosen to form potential barriers for the carriers in InPBi QDs.
The band alignment and the ground state of electrons, heavy holes and light holes are calculated
with different Bi contents and heights of the InPBi QDs. High Bi content can reduce the bandgap and
deepen the band offset leading to improved quantum confinement and optical property. Low height
can increase both the ΔEHE and ΔEME, especially the ΔEHE and consequently increase the linewidth
of the emission spectrum. A moderate Bi content of a few percent over 3.2% and a flat QD shape
would provide the optimal performance of SLDs with high light emission efficiency, wide spectrum
and shortened center wavelength for future OCT applications.
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Abstract: Hierarchical CeO2 particles were synthesized by a hydrothermal method based on the
reaction between CeCl3·7H2O and PVP at 270 ◦C. The flower-like CeO2 with an average diameter of
about 1 μm is composed of compact nanosheets with thicknesses of about 15 nm and have a surface
area of 36.8 m2/g, a large pore volume of 0.109 cm3/g, and a narrow pore size distribution (14.9 nm
in diameter). The possible formation mechanism of the hierarchical CeO2 nanoparticles has been
illustrated. The 3D hierarchical structured CeO2 exhibited a higher catalytic activity toward CO
oxidation compared with commercial CeO2.

Keywords: ceria; catalytic activity; hierarchical structure

1. Introduction

CeO2 is playing important roles in various fields such as promoters for three-way catalysts [1],
fuel cells [2], hydrogen storage materials [3], and oxygen sensors [4]. Although the utilization of ceria
is based on its intrinsic chemical properties, the structures and morphologies of CeO2 also have a
significant influence on its properties and applications [5,6].

So far, CeO2 with different sizes and morphologies such as nanorods [7], nanospheres [8],
nanotubes [9], and nanocubes [10] have been synthesized in the last decade. It was proved that
CeO2 nanoparticles with different sizes and morphologies have better properties than general CeO2

does. CeO2 nanoparticles afford more active sites because of their high specific surface areas and novel
structures [11].

Preparation of CeO2 with different structures and morphologies provides the basic groundwork
for its advanced applications. Hierarchical structured CeO2 with unique properties and novel functionalities
has attracted the attention of many researchers in recent years.

Zhong et al. synthesized a three-dimensional (3D) flower-like CeO2 micro/nanocomposite
structure using cerium chloride as a reactant by a simple and economical route based on an ethylene
glycol-mediated process [12]. Li et al. synthesized mesoporous Ce(OH)CO3 microspheres with
flower-like 3D hierarchical structures via different hydrothermal systems, including glucose/acylic
acid, fructose/acrylic acid, glucose/propanoic acid, and glucose/n-butylamine systems. Calcination
of the Ce(OH)CO3 microspheres yielded mesoporous CeO2 microspheres with the same flower-like
morphology as that of Ce(OH)CO3 microspheres [13]. Ouyang et al. reported a facile electrochemical
method to prepare hierarchical porous CeO2 nanospheres and applied them as highly efficient
absorbents to remove organic dyes [14]. However, 3D hierarchical structured CeO2 is commonly
synthesized with relatively miscellaneous process, which limited the extensive usage of the prepared
ceria. In this paper, we report a facile one-pot hydrothermal route to synthesize 3D hierarchical
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structured CeO2. The present hydrothermal route is low cost and can be easily scaled-up. The
fabricated 3D hierarchical structured CeO2 could be used as a catalyst for CO oxidation and a support
for noble metal catalysts.

2. Materials and Methods

2.1. Preparation of Hierarchical Structured CeO2

Cerium (III) chloride heptahydrate (CeCl3·7H2O), polyvinyl pyrrolidone (PVP), and ethanol were
purchased from Beijing Yili Chemical Reagent Co. Ltd. (Beijing, China). All materials were used
without any further purification. In a typical synthetic procedure of the hierarchical structured CeO2,
0.5 mmol CeCl3·7H2O was dissolved in 30 mL deionized water, and then 1 mmol PVP and 20 mL
deionized water were added to the solution. After 15 min of magnetic stirring, the homogenous
solution was transferred into the Teflon vessel of a hydrothermal bomb, which was then placed in an
oven and maintained at 270 ◦C for 24 h. Then, the solution was cooled to room temperature, and the
products were separated by centrifugation and washed with absolute ethanol and distilled water.

2.2. Characterization Techniques

The crystal phases of the products were characterized by X-ray diffraction (XRD) using Philips
X’pert PRO analyzer (Philips, Amsterdam, The Netherlands) equipped with a Cu Kα radiation source
(λ = 0.154187 nm) and operated at an X-ray tube (Philips, Amsterdam, The Netherlands) voltage and
current of 40 KV and 30 mA, respectively. The morphology of the products was examined by scanning
electron microscopy (SEM) using a JEOL JSM 67OOF system (JEOL, Tokyo, Japan) and transmission
electron microscopy (TEM) using a JEM-2100 system (JEOL, Tokyo, Japan) operated at 200 kV. Surface
composition was determined by X-ray photoelectron spectroscopy (XPS) using an ESCALab220i-XL
electron spectrometer (VG Scientific, Waltham, MA, USA) with monochromatic Al Kα radiation.
Nitrogen adsorption-desorption isotherms were analyzed using an automatic adsorption system
(Autosorb-1, Quantachrome, Boynton Beach, FL, USA) at the temperature of liquid nitrogen.

3. Results

3.1. 3D Hierarchical Structured CeO2 Prepared via Hydrothermal Method

The powder XRD pattern of the as-prepared sample is shown in Figure 1. As can be seen,
the as-prepared sample can be indexed to the cubic phase of CeO2 (JCPDS No. 34-0394). The average
crystallite size calculated by the Scherrer equation is 26.8 nm.

The SEM images of the as-synthesized CeO2 particles are shown in Figure 2. It can be seen from
Figure 2a that the as-synthesized CeO2 microspheres have diameters of about 1 μm. These CeO2

microspheres consist of many nanosheets with thicknesses of about 15 nm. The mesopores with
about 20-nm pore sizes are spread over the nanosheets. The lattice fringes in the high-resolution TEM
(HRTEM) image (Figure 2c) show a spacing of 0.31 nm, corresponding to the (1 1 1) plane of cubic
CeO2. The selected area electron diffraction (SAED) pattern (Figure 2d) indicates that the microspheres
are composed of low-crystalline CeO2 nanocrystals.
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Figure 1. XRD pattern of as-prepared 3D hierarchical structured CeO2.

 
Figure 2. (a,b) SEM images, (c) HRTEM image, and (d) SAED pattern of the 3D hierarchical
structured CeO2.

The nitrogen adsorption and desorption isotherms of the as-prepared samples and the
corresponding pore size distribution curve calculated by the Barret-Joyner-Halenda (BJH) method are
shown in Figure 3. The nitrogen adsorption and desorption isotherms exhibit a slim hysteresis loop at
a relative pressure of >0.2, which is the type-II curve. The calculated Brunauer-Emmett-Teller (BET)
surface area of the as-synthesized CeO2 is about 36.8 m2g–1. The average pore size calculated by the
BJH method is 14.9 nm.
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Figure 3. Nitrogen adsorption-desorption isotherm of 3D hierarchical structured CeO2. The inset
shows the pore size distribution curve obtained from the desorption data.

3.2. Effects of Synthesis Conditions on the Formation of 3D Hierarchical Structured CeO2 and the Possible
Formation Mechanism

To investigate the evolution of flower-like CeO2 particles, the samples obtained after different
reaction times were characterized by SEM (Figure 4). The reaction temperature and the dosages of
CeCl3·7H2O and PVP were kept constant (270 ◦C, 0.01 M, and 0.02 M, respectively). As we can see in
Figure 4a, spherical particles were obtained in the early stage. After 12 h of hydrothermal treatment,
the sample (Figure 4b) evolved into spheres on which many scrappy grains grew. We speculate that
PVP at the surface of the spheres decomposed gradually at such a high temperature and pressure,
and simultaneously, tiny nanoparticles on the surface of the spheres began to grow into nanosheets.
As seen in Figure 4c, all spheres have transformed into flower-like CeO2 particles. Based on these
observations, the possible formation mechanism of the 3D hierarchical structured CeO2 can be
speculated. The schematic mechanism for the 3D hierarchical structured CeO2 obtained during
different hydrothermal stages is illustrated in Figure 5. At an early stage, Ce3+ ions were oxidized
gradually by O2 present in the aqueous solution to form small CeO2 nanocrystals. Then, the small CeO2

nanocrystals interacted with PVP and self-assembled as building blocks into spherical particles. As the
temperature of the hydrothermal system increased, the PVP at the surface of the spherical particles
began to decompose and small nanoparticles began to grow into nanosheets via Ostwald ripening.
Due to Ostwald ripening, more were nanosheets formed, and after 24 h of hydrothermal treatment,
the PVP completely decomposed and 3D hierarchical structured CeO2 particles were formed.

 

Figure 4. SEM images of CeO2 samples prepared at 270 ◦C for different reaction times: (a) 6 h; (b) 12 h;
and (c) 24 h.
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Figure 5. Schematic illustrating the formation of 3D hierarchical structured CeO2.

3.3. Catalytic Performance of 3D Hierarchical Structured CeO2 for CO Combustion

Catalytic application is an important direction for CeO2 researches because the oxygen storage
capacity of CeO2 is associated with its ability to undergo a facile conversion between Ce(III) and Ce(IV).
Therefore, the catalytic activity of the as-prepared 3D hierarchical structured CeO2 was tested by CO
oxidation. As shown in Figure 6, the 3D hierarchical structured CeO2 exhibits better activity toward
CO oxidation than commercial CeO2 (purchased from Beijing Yili Chemical Reagent Co. Ltd., Beijing,
China) does. The 50% conversion temperature of the 3D hierarchical structured CeO2 is about 320 ◦C,
while that of the commercial CeO2 is higher than 380 ◦C.

Figure 6. CO conversion rate in the presence of (a) as-prepared 3D hierarchical structured CeO2, and
(b) commercial CeO2.

The sample was further characterized by XPS and the Ce 3d electron core level spectra are shown
in Figure 7. The four main 3d5/2 features at 882.7, 885.2, 888.5, and 898.3 eV correspond to V, V’, V”,
and V”’ components, respectively. The 3d3/2 features at 901.3, 903.4, 907.3, and 916.9 eV correspond to
U, U’, U”, and U”’ components [15], respectively. The signals V’ and U’ are characteristic of Ce(III) [16].
According to the ratio of the area for Ce3+ peaks to the whole peak area in Ce 3d region, the amount
of Ce3+ of 3D hierarchical structured CeO2 is 51.8%. The amount of Ce3+ of commercial CeO2 is
13.2%. The 3D hierarchical structured CeO2 has a much higher Ce3+ concentration, which implies a
much higher concentration of oxygen defects compared with commercial CeO2. A large amount of
oxygen defects enhances the conversion between Ce(III) and Ce(IV), thereby supplying more reactive
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oxygen. Thus, the special structure of 3D hierarchical structured CeO2 provides more active sites for
CO oxidation.

(a) 

 
(b) 

Figure 7. X-ray photoelectron spectra of Ce 3D regions of 3D (a) hierarchical structured CeO2 and
(b) commercial CeO2.

4. Conclusions

In summary, a simple and economical hydrothermal route was presented to synthesize 3D
hierarchical structured CeO2 using CeCl3·7H2O and PVP. The 3D hierarchical structured CeO2 has
a beautiful flower-like structure, which consists of many nanosheets. A two-stage growth process
was identified for the formation of 3D hierarchical structured CeO2, and Ostwald ripening was
found to play an important role in the transformation of the nanoparticles into nanosheets. The 3D
hierarchical structured CeO2 exhibited a higher catalytic activity toward CO oxidation compared with
commercial CeO2.
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Abstract: Improving the thermoelectric efficiency of a material requires a suitable ratio between
electrical and thermal conductivity. Nanostructured graphene provides a possible route to improving
thermoelectric efficiency. Bi-layer graphene was successfully prepared using pulsed laser deposition
in this study. The size of graphene grains was controlled by adjusting the number of pulses.
Raman spectra indicated that the graphene was bi-layer. Scanning electron microscopy (SEM)
images clearly show that graphene changes from nanostructured to continuous films when more
pulses are used during fabrication. Those results indicate that the size of the grains can be controlled
between 39 and 182 nm. A detailed analysis of X-ray photoelectron spectra reveals that the sp2

hybrid state is the main chemical state in carbon. The mobility is significantly affected by the
grain size in graphene, and there exists a relatively stable region between 500 and 800 pulses.
The observed phenomena originate from competition between decreasing resistance and increasing
carrier concentration. These studies should be valuable for regulating grains sizes for thermoelectric
applications of graphene.

Keywords: graphene; PLD; mobility

1. Introduction

With increasingly serious environmental pollution and an energy crisis, it is very important to
reduce environmental pollution and convert waste heat into electrical energy. For this reason, it is
necessary to find efficient thermoelectric conversion materials. Excellent thermoelectric efficiency
requires high electrical conductivity and low thermal conductivity. Nanostructured materials [1]
limit the mean free path of electrons while restricting heat conduction. This shows that the electrical
properties of nanomaterials are related to their special structures [2–4]. Nanostructured graphene
has special electrical transport properties and is expected to have high thermoelectric efficiency [5–8].
Previous studies show that nanostructured graphene can provide significantly reduced thermal
conductivity with little effect on electrical conductivity [9]. Thus, nanostructured graphene with
controllable grain size can greatly improve the thermoelectric efficiency. Currently, the mainstream
method for preparing graphene is chemical vapor deposition (CVD) [10–13]. Most researchers focus on
the properties of single grain graphene, but the influence of crystal grain size on electrical conductivity
of graphene is still unclear at the macroscopic scale [14–17]. The primary reasons for those observed
phenomena originate from the fact that it is difficult to use CVD methods to adjust the size of graphene
nanograins. Therefore, the preparation of graphene with controllable grain size is the key to expanding
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the applications of graphene, especially thermoelectric applications [18,19]. Because pulsed laser
deposition (PLD) can be used to controllably generate highly energetic carbon species [18–22], it has
natural advantages in controlling graphene crystal grains. This method is suitable for adjusting the
size of graphene grains. Early experiments examined the effects of laser energy, substrate temperature,
ablation time, and cooling rate [23–27]. However, research on the control of graphene crystal grains by
PLD is still deficient.

Bi-layer graphene was prepared using PLD in this study. The effect of pulse numbers on the size
of graphene grains was studied. In this case, the growth process of bi-layer graphene grains could be
sufficiently controlled.

2. Experimental

Graphene grains were deposited on single crystal Cu (111) substrates by PLD. An excimer KrF
laser was used for ablation. The specific experimental parameters are listed in Table 1. The number
of pulses was set to 300, 500, 700, 800, and 900, and the corresponding samples are labeled in Table 2.
Raman spectra from the graphene samples were gathered using a 514-nm laser in backscattering
geometry at room temperature (Invia, Renishaw, London, UK). A field emission scanning electron
microscopy (FE-SEM) (Quanta 250, FEI, Hillsboro, OR, USA) operated at 15 kV was used to examine
the surface morphology of graphene and view the graphene grains. The working distance was 5 mm.
The grain size distribution and average grain size of graphene were calculated using Nano Measurer
software (Nano Measurer v1.2.5). We measured graphene grains with different sizes and in different
regions in the SEM images in order to ensure accurate results. X-ray photoelectron spectra (XPS)
spectra were gathered with an ESCALAB 250Xi XPS while the samples were excited with Al Kα

radiation. The electrical properties of graphene were determined from Hall measurements.

Table 1. Experimental fabrication parameters.

Experiment Conditions Experimental Parameters

Background vacuum 2.0 × 10−6 Pa
Working vacuum 4.5 × 10−5 Pa

Target highly oriented pyrolytic graphite (HOPG) (purity > 99.99%)
Substrate single crystal Cu (111)

Laser pulse frequency 1 Hz
Energy density 4 J/cm2

Distance between the target and the substrate 10 cm
Annealing condition 1000 ◦C

Table 2. Sample numbers and their corresponding pulse numbers.

Samples 1# 2# 3# 4# 5#

Number of pulses 300 500 700 800 900

3. Results and Discussion

Figure 1 shows the Raman spectra from the graphene films deposited on the single crystal Cu (111)
surface. Four peaks are present in the Raman spectra. The strong D peak at 1350 cm−1 was induced
by disorder in the atomic arrangement, the edge effect of graphene, or ripples and charge puddles.
This means a significant number of defects appeared in the graphene thin films. The G peak at
approximately 1580 cm−1 originates from highly oriented graphite induced by the doubly degenerate
zone center E2g mode. The 2D peak at approximately 2700 cm−1 originates from the double resonance
Raman excitation of two-photon near two mutually nonequivalent K points at the center of the first
Brillouin zone. The intensities of IG, I2D, and their ratios are useful indicators of the quality and
number of layers in the graphene samples. The specific peak information, ID/IG, and I2D/IG ratios are
shown in Table 3. As the number of pulses increases, the peak intensity of the D, G, and 2D peaks in
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the Raman spectra constantly increased. The ratio of I2D/IG fell in between 0.79 and 0.94, implying
the graphene layers have a bi-layer structure [28–31]. This means that the number of graphene layers
remains constant as the number of pulses increases. One possible reason is that single crystal Cu (111)
may play a role in limiting or preventing precipitation altogether at 1000 ◦C [32]. Another peak in
Figure 1 at approximately 2960 cm−1 (called D + D’) is a dual-phonon process peak originating from
one intravalley and one intervalley phonon scattering [33]. This peak is closely related to the defect
state. The peak intensity increased significantly as the defect density increased. Interestingly, the D + D’
peak is only observed in graphene prepared by PLD, and the peak has not been observed in graphene
films prepared with other methods.

 
Figure 1. Raman spectra of graphene from samples of 1#–5#.

Table 3. Raman intensity for ID, IG, I2D, and the ratio of ID/IG and I2D/IG from Figure 1.

Samples
D-Band
Position

D-Band
Intensity

G-Band
Position

G-Band
Intensity

2D-Band
Position

2D-Band
Intensity

ID/IG I2D/IG

1# 1349 cm−1 3240 1598 cm−1 2103 2688 cm−1 1728 1.54 0.82
2# 1354 cm−1 5922 1595 cm−1 4333 2690 cm−1 3426 1.37 0.79
3# 1350 cm−1 7572 1592 cm−1 5262 2693 cm−1 4683 1.44 0.89
4# 1354 cm−1 6913 1595 cm−1 4834 2693 cm−1 4528 1.43 0.94
5# 1350 cm−1 8143 1595 cm−1 5849 2704 cm−1 5359 1.39 0.92

The morphology of graphene is clearly shown in the SEM image in Figure 2. Figure 2a–e show SEM
images of graphene from samples of 1#–5#, respectively. Sample 1# contains small and discontinuous
graphene grains. The corresponding grain size distribution is shown in Figure 3a, where the average
graphene grain size is 39 nm. The formation of graphene nanocrystals is caused by multiple nucleation
sites on the surface of the Cu (111) substrate at a small number of pulses. The step on the Cu (111)
surface results from high temperature. As shown in sample 2#, it was found that graphene nanograins
are connected to each other to form graphene grains with an average size of 66 nm when the number
of pulses increased to 500. Although the small grains are connected to each other to form larger
graphene grains, it can be seen from the figure that there are still many discontinuities. Sample 3#

was grown using 700 pulses, resulting in large graphene grains with an average size of approximately
182 nm. In sample 4#, the number of pulses increased to 800. It can be seen that the graphene grains are
almost all connected together to form a continuous film in Figure 3e, but there are still discontinuities
shown in the white dotted ellipse. In sample 5#, full coverage is achieved, indicating that a completely
continuous graphene film was formed. The size of bi-layer graphene grains was controlled by adjusting
the number of pulses. Nanostructured graphene prepared by PLD growth gives hope that one would
have a much better control of the thermal properties of supported bi-layer graphene since the grain size
has an effect on K (T) of graphene. Recently, studies [34–36] show that acoustic flexure (ZA) modes are
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the dominant heat transport in graphene based on the dependence of K (T) ~T1.4 or ~T1.5. That means
K can be adjusted within a certain range by controlling the graphene structure.

Figure 2. Scanning electron microscopy (SEM) image of (a) sample 1#, (b) sample 2#, (c) sample 3#, (d)
sample 4#, and (e) sample 5#. The inset in (a–c) show the corresponding grain size distribution. The
white dotted ellipse in (d) shows the discontinuous part.

XPS measurements [37] can provide direct evidence of the chemical states in graphene. Figure 3
shows the XPS spectra from graphene grown using different numbers of pulses. Figure 3a shows XPS
spectra from each sample, which indicate the existence of C, O, and Cu. The main features correspond
to C 1s, O 1s, and Cu 2p3. The major species remaining were C=C (284.7 eV). The C 1s spectra from all
samples are shown in Figure 3b–f, respectively. Peak A at 284.7 eV (C 1s) is attributed to sp2 carbon
bonds, which agrees with the component of graphene [38]. It is well known that graphene formation
occurs due to the surface graphitization of carbon films. Peak B at 285.50.1 eV corresponds to sp3

carbon atoms. Peak C exhibits much smaller intensity at about 286.3 eV and is attributed to some C–O
contamination at the surface of the films due to exposure to air [39]. The XPS results show that the
growth kinetic energy provided by the PLD system cannot induce a complete transformation of all
sp3 bonds into sp2 bonds in graphene. These results indicate the presence of growth defects during
graphene preparation using PLD.
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Figure 3. (a) X-ray photoelectron spectra (XPS) spectra from graphene grown using different number
of pulses. (b–f) C 1s peaks in graphene from samples 1#–5#, respectively.

Figure 4a shows the room-temperature mobility of graphene with different numbers of pulses
measured by the Hall effect. This clearly implies that the measured graphene mobility is very low in
the experiment. The low mobility of graphene occurs due to grain boundaries and defects. Meanwhile,
the mobility of graphene is basically stable, especially when grown using between 500 and 800 pulses.
The mobility increases as the number of pulses used during growth decreases. The mobility of graphene
is determined using the formula μ = σ/ne, where σ is the electrical conductivity [40]. σ = 1/ρ, where ρ

is the resistivity. Therefore, the graphene mobility formula can be simplified as μ = 1/RΩ · n · e, where
RΩ is the sheet resistance and n is the carrier concentration. The relationship between RΩ and n and the
number of pulses used during growth was studied in order to better understand its effect on mobility.
Figure 4b shows that the carrier concentration n is ~1013, which is one to two orders of magnitude
higher than graphene with good mobility [41]. The measured resistance of the graphene samples is
several kΩ. The two factors result in low mobility. With the increasing number of pulses, it can be
seen from the previous Raman spectra results that the defect peak D gradually increased, indicating
that the defect state density in graphene increased. As the density of the defect state increased, n also
increased. However, RΩ decreases with increasing grain size. The mobility μ becomes relatively stable
when the competition between RΩ and n is balanced. This is the reason why the mobility of graphene
is basically stable when grown using 500 to 800 pulses.
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Figure 4. (a) Room-temperature mobility of graphene with different number of pulses; (b) n and RΩ of
graphene with the samples of 1#, 2#, 3#, 4#, and 5#, respectively.

4. Conclusions

In conclusion, we prepared bi-layer graphene from a solid carbon source using PLD. The grain
size of graphene can be controlled between 39 and 182 nm by varying the number of pulses from 300
to 900. Regarding the chemical structure, sp3 bonds exist in graphene, which lead to many defects
during graphene growth. Electronic mobility can be affected by grain size and becomes relatively
stable between 500 and 800 pulses. These results may occur due to competition between resistance and
carrier concentration. These findings can be used to tune the grain size of graphene, and the results are
beneficial for thermoelectric applications.
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Abstract: Due to the poor thermal stability of egg white protein (EWP), important challenges
remain regarding preparation of nanoparticles for EWP above the denaturation temperature
at neutral conditions. In this study, nanoparticles were fabricated from conjugates of EWP
and isomalto-oligosaccharide (IMO) after heating at 90 ◦C for 30 min. Meanwhile, the effects of
protein concentration, temperature, pH, ionic strength and degree of glycation (DG) on the formation
of nanoparticles from IMO-EWP were investigated. To further reveal the formation mechanism
of the nanoparticles, structures, thermal denaturation properties and surface properties were
compared between EWP and IMO-EWP conjugates. Furthermore, the emulsifying activity index (EAI)
and the emulsifying stability index (ESI) of nanoparticles were determined. The results indicated
that glycation enhanced thermal stability and net surface charge of EWP due to changes in the EWP
structure. The thermal aggregation of EWP was inhibited significantly by glycation, and enhanced
with a higher degree of glycation. Meanwhile, the nanoparticles (<200 nm in size) were obtained at
pH 3.0, 7.0 and 9.0 in the presence of NaCl. The increased thermal stability and surface net negative
charge after glycation contributed to the inhibition. The EAI and ESI of nanoparticles were increased
nearly 3-fold and 2-fold respectively, as compared to unheated EWP.

Keywords: egg white protein; isomalto-oligosaccharide; glycation; thermal aggregation; nanoparticle;
emulsifying property

1. Introduction

Egg white protein (EWP) is an important ingredient in food processing, because of its abundant
nutritive value and various functional properties. The main components of EWP are ovalbumin
(OVA, 54%), ovotransferrin (OT, 12%), ovomucoid (OM, 11%) and lysozyme (LY, 3.4%) [1]. These proteins
mainly show a globular structure. However, its industrial application is limited by its poor thermal
stability and emulsifying properties. It was reported that heat-induced nanoparticles formed from
globular proteins could increase their emulsifying capacity and binding ability to hydrophobic bioactive
compounds [2–4]. Although half of the amino acid residues in OVA are hydrophobic, EWP presents good
water-solubility, since most hydrophobic amino acid residues are embedded into protein molecules under
natural conditions. Heating promotes EWP unfolding, in which hydrophobic amino acids are exposed,
conferring an increase in protein surface hydrophobicity [5]. However, considering the thermolability
of EWP, and in particular the OT (denaturation temperature TD = 62 ◦C, pI = 6.1) [6], the aggregation
of which occurs easily under neutral conditions, the application of thermal modification technology in
improving the functional properties of EWP is limited. Attempts in fabrication of EWP nanoparticles by
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heat treatment under extremely acidic [7] or alkaline conditions [8] have been successful. This proves
that the heat-induced EWP nanoparticles exhibit excellent potential to be a type of delivery system for
hydrophobic compounds. However, the application systems for extremely acidic or alkaline conditions
are limited. Therefore, the preparation of nanoparticles suitable for neutral systems is very important.
However, the stable heat-induced nanoparticle prepared by commercial EWP at neutral condition was
not reported.

Glycation by Maillard reaction (MR) between reducing sugar and free amino group in proteins
to form cross-links are one of the few chemical modification methods applicable to food production.
Many studies have succeeded in suppressing thermal aggregation of proteins using glycation, such
as whey protein [9], soy protein [10], peanut protein [11] and superoxide dismutase [12]. In addition,
the MR would partially unfold the EWP molecules and expose the hydrophobic group to the surface,
further improving the oil-in-water emulsifying ability [13]. Therefore, preparation of heat-induced
nanoparticles from glycated EWP may be more beneficial for the emulsion system.

In this study, the isomalto-oligosaccharide (IMO) and EWP conjugates (IMO-EWP) were prepared
by dry-heating MR. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and Fourier transform infrared spectroscopy (FTIR) were first used to characterize the structural
changes of EWP after glycation. Then, a comparative study of thermal denaturation properties,
surface hydrophobicity and ζ-potential were conducted at neutral conditions. The effects of
temperature, pH and ionic strength on the thermal aggregation of IMO-EWP dispersions were further
investigated. Finally, emulsifying properties were examined to verify the functional properties of
fabricated nanoparticles. This study is expected to provide useful information for the preparation of
EWP nanoparticles and expand the application of EWP in emulsion systems.

2. Materials and Methods

2.1. Materials

Hen EWP powder was provided by Rongda Co., Ltd. (Xuancheng, China). The EWP
powder was manufactured from fresh egg white after removing glucose, followed by spray-drying
Isomalto-oligosaccharide-900 (IMO) with an average molecular weight of 564 Da and reducing
sugar content of 21.52% was purchased from Baiyou Bio-Technology Co., Ltd. (Langfang, China).
The composition of IMO (Figure S1 and Table S1) is shown in Supplementary Materials. Other reagents
were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Preparation of IMO-EWP Conjugates

IMO and EWP were separately mixed together at weight ratios of 1:2, 1:10 and 1:40 (the IMO
ratios were also indicated as the weight ratio of IMO to protein of 2.5%, 10% and 50%) and dissolved
in distilled water, then adjusted to pH 7.0 with 0.1 M NaOH and 0.1 M HCl. After centrifuging
(6000× g, 30 min) and filtering, the supernatant was collected and freeze-dried. The freeze-dried
EWP without IMO addition was prepared the same as the mixtures. The resulting freeze-dried EWP
and mixtures were then placed at 60 ◦C for 3 days at a relative humidity of 79%. As a control, EWP
and IMO were individually maintained for 3 days under the same conditions. The samples were
dissolved and dialyzed (molecular mass cut off 3.5 kDa) against distilled water for 3 days at 4 ◦C
to remove the unreacted IMOs. After freeze-drying, the samples were stored at 4◦C before further
experimentation. The heated conjugates were designated as 2.5% IMO-EWP, 10% IMO-EWP and 50%
IMO-EWP, respectively. The protein content of freeze-dried EWP and conjugates were measured
via Kjeldahl method.

2.3. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Reducing SDS-PAGE was performed on slab gels (12% separating gel and 5% stacking
gel) [13]. Samples were dissolved or diluted to a protein concentration of 2.5 mg/mL. The sample
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supernatants after centrifugation were added into each lane after mixing with sample loading
buffer. 0.2% Coomassie Brilliant Blue G-250 and 0.5% periodic acid fuchsin (PAS) were used to stain
the protein and carbohydrates in the gel, respectively. Bovine albumin was used as negative control for
PSA glycoprotein staining test.

2.4. Grafting Degree (DG) of the IMO-EWP Conjugates

O-phthalaldehyde (OPA) method [14] was employed to measure the free amino groups of proteins.
Two hundred microlitres of sample were mixed with 4 mL of OPA solution. Distilled water was used
as blank. The absorbances were measured at 340 nm.

The DG of native EWP and IMO-EWP conjugates were calculated as follows [13]:

DG% = (A0 − Ac)/A0 (1)

where A0 and Ac are free amino groups content of native EWP and conjugates, respectively.

2.5. Fourier Transform Infrared Spectroscopy (FTIR)

The secondary structural changes of conjugates were analyzed by FTIR. An FTIR IS10 spectrometer
(Nicolet Co., Madison, WI, USA) was used to determine the FTIR spectra of native and glycated
EWPs that were previously deposited on infrared-transparent sodium bromide (KBr) windows.
The FTIR spectra were measured from 4000 to 400 cm−1 for 16 scans. After being baseline corrected,
and the area was normalized between 1600 and 1710 cm−1 using the PeakFit v4.12 (SeaSolve,
Framingham, MA, USA). Quantitative estimation of secondary structure components was performed
using Gaussian peaks and curve-fitting models [15].

2.6. Differential Scanning Calorimetry (DSC)

The thermal property was measured on a TA Q2000-DSC thermal analyzer (TA Instruments,
New Castle, PA, USA) according to the method previously described by Liu [11] with some
modification. Samples (protein concentration of 35%, w/v; pH 7.0) were heated from 30–100 ◦C
at a linear rate of 5 ◦C/min. TA Universal Analysis 2000 was used to calculate enthalpy changes of
denaturation (ΔH) and the denaturation temperature (Td).

2.7. Measurement of Surface Hydrophobicity (Ho)

Samples were dissolved in distilled water to a soluble protein concentration of 10 mg/mL.
Then the filtered protein solutions were diluted with 10 mM phosphate buffer (pH 7.0) to a series of
five protein concentrations ranging from 0.005–0.02% w/w. The surface hydrophobicity of treated
samples was determined using the fluorescence probe of 1-anilino-8-naphthalenesulfonate (ANS) [16].
The fluorescence intensity (FI) was measured with an F-7000 spectrofluorometer (Hitachi, Tokyo, Japan).
The initial slope of the FI-protein concentration (mg/mL) plots was used as an index of Ho.

2.8. Preparation of Heat-Induced Aggregate Particles

EWP and IMO-EWP conjugates were separately dissolved in distilled water to
corresponding soluble protein concentrations (1–5%, w/v). Then the solutions were adjusted
to pH 3.0–9.0 with 0.5 M NaOH and HCl, and 0–150 mM NaCl was added. All protein solutions were
filtered before heating. Five-milliliter aliquots of protein dispersions were added to a capped glass vial
(10 mL). For the temperature test, samples were incubated at 60–90 ◦C for 30 min; for the test of protein
concentration, pH and ionic strength, samples were incubated at 90 ◦C for 30 min in a water bath.
After heating, the vials were immediately transferred to an ice-water bath, in which the heat-induced
particle dispersions were maintained at 4 ◦C.
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2.9. Turbidity Measurement

Particle dispersions (1%, w/v) were diluted with distilled water at a ratio of 1:10. The absorbances
of sample solutions at 500 nm were measured with a UH5300 spectrophotometer (Hitachi, Tokyo, Japan).
Turbidity was expressed by light transmittance.

2.10. Determination of Z-Average Hydrodynamic Diameters and ζ-Potentials

A Zetasizer Nano ZS instrument (Malvern Instruments, Worcestershire, UK) was employed
to measure diameters of particles and the ζ-potential [17]. For Z-average hydrodynamic
diameter measurement, the protein dispersion/emulsion was diluted with double-distilled water
(1:200, v/v). After equilibrating for 120 s, samples were measured with 15 sequential readings.
For ζ-potential measurement, the protein dispersions/ emulsions were diluted at a ratio of 1:200 (v/v)
using double-distilled water with equivalent pHs. Samples were measured in triplicate, 12 sequential
readings per measurement.

2.11. Atomic Force Microscope (AFM)

The surface morphology of particles was measured using AFM [7]. The protein solutions were
diluted to a protein concentration of 5 μg/mL. A droplet (1–3 μL) of prepared sample was spread on
a freshly cleaved mica disk and air dried naturally at room temperature. The images were obtained
using a Dimension ICON microscope (Bruker Corporation, Jena, Germany).

2.12. Emulsifying Activity Indexe (EAI) and Emulsifying Stability Index (ESI)

EAI and ESI were determined by turbidimetric method [18]. Samples were dissolved or diluted
with distilled water and adjusted to pH 7.0 with 0.1 M NaOH and HCl to obtain 0.1% (w/v)
aqueous solutions. 10 mL of corn oil in 30 mL of sample solution was emulsified by an Ultra-Turrax
blender (IKA T25 Basic, Staufen, Germany) at 11,000 rpm for one minute at room temperature.
One hundred microlitres of the emulsions were pipetted from the bottom of the tube into 5 mL of
SDS solutions (0.1%, w/v) immediately (0 min) and 10 min after homogenization. The turbidity of
the diluted solutions was then determined at 500 nm. The EAI was the absorbance taken immediately
after emulsification. The ESI values were calculated using the following equations:

ESI (min) = A0 × 10/(A0 − A10) (2)

where A0 and A10 are the absorbances of diluted emulsions at 0 and 10 min, respectively.

2.13. Statistical Analysis

To check reproducibility, tests were carried out in triplicate. Results were expressed as the mean
value ± standard deviation (SD) of three independent treatments. Analysis of variance was used to
calculate the significance of the samples, and sample means were separated using the Student’s paired
t-test. Differences were considered significant at p < 0.05.

3. Results and Discussion

3.1. Structure Characteristics of IMO-EWP Conjugates

The degree of glycation (DG) of 2.5%, 10% and 50% IMO-EWP were 62.73, 68.17 and 71.05,
respectively, which indicated that the higher IMO ratios resulted in higher DG of glycated EWP.
Electrophoretic patterns of EWP and its conjugates with IMO were shown in Figure 1. Native EWP was
mainly composed of three major bands approximately at 14, 45 and 76 kDa, which correspond
to lysozyme (LZ), ovalbumin (OVA) and ovotransferrin (OT), respectively [19]. After the MR,
changes happened in the MW as seen by the densities of the bands (lanes 3–5). The bands of LZ,
OVA and OT shifted to higher MW, and a large number of continuous bands appeared on the top of

98



Nanomaterials 2018, 8, 943

the conjugate electrophoretic patterns, indicating the formation of protein polymers in glycated EWP.
The results were consistent with previous studies [13,20]. The MW (Figure 1a) and saccharide moieties
(Figure 1b) of LZ, OVA and OT gradually increased with the increase of DG, which further confirmed
the formation of conjugates (Table 1).

Figure 1. SDS-PAGE profiles of egg white protein (EWP) and isomalto-oligosaccharide (IMO)-EWP
conjugates stained for proteins (a) or saccharides (b). Lane 1: Bovine albumin (negative control); Lane 2:
marker proteins; Lane 3: EWP; Lanes 4: EWP incubated at glycation condition for 3 days; Lane 5–7:
IMO-EWP conjugates with sugar-protein weight ratios of 2.5%, 10% and 50%, respectively.

FTIR was employed to analyze the secondary structure of EWP and 50% IMO-EWP conjugate
(Figure 2). The hydroxyl stretching bands (~3300 cm−1) of IMO-EWP sample showed stronger
absorption, indicating that the conjugation of IMO could increase the hydroxyl content of EWP.
Meanwhile, the absorption peaks of EWP at 1652 and 1538 cm−1 shifted to 1664 and 1547 cm−1

after glycation. A previous study reported that the amide I absorption band at 1664 cm−1 represent
the structure formation of Schiff bases with spectral overlap of the C=O group, coupled with in-plane
–NH bending and C=N linkage [21], and the absorption band at 1538 cm−1 was attributed to the primary
amino group [22]. The above results suggested that the condensation reaction of primary amino groups
of protein with carbonyl groups of reducing sugar was happened to form Schiff base products with
the release of water and consumption of amino groups.

Figure 2. Fourier transform infrared spectroscopy (FTIR) spectra of EWP and 50% IMO-EWP conjugate
at pH 7.0.

3.2. Thermal Denaturation Properties of IMO-EWP Conjugates

The DSC curves of EWP and IMO-EWP conjugates during programmed heating at pH 7.0
are shown in Figure 3. The EWP exhibited two major endothermic transitions: the first peak
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at 66.56 ± 0.03 ◦C, which mainly raised from the denaturation of OT, and the second peak
at 84.11 ± 0.05 ◦C indicated the denaturation of OVA. These results are similar to previous studies [23].
Notably, the endothermic peak of OT in IMO-EWP conjugates disappeared and the endothermic peak
of OVA broadened with an increase of IMO ratio during glycation. It is reported that the broadening
of the peak indicates the existence of denatured intermediates different from the native form [24].
This intermediate state, referred to as ‘molten globule’ state [25], maintained a native like secondary
structure but tends to lose some of its tertiary structure. Because the temperature of MR was near
the denaturation temperatures (Td) of OT, the OT turned to ‘molten globule’ during glycation.
In addition, glycation partially denatured the OVA to ‘molten globule’ state and increasing IMO
ratios could significantly promote the conformation changes. The DSC characteristic changes for
heat denaturation of EWP and IMO-EWP conjugates are summarized in Table 1. The Td of OVA in
the conjugates was significantly higher than that of EWP, and Td which elevated with an increase in
IMO ratios. Generally, for a globular protein, a higher Td is related to higher thermal stability [11].
Thus, the thermal stability of EWP was remarkably improved by glycation, in agreement with
previous studies [11,13]. Conversely, the enthalpy changes (ΔH) of OVA in the conjugates were
lower, as compared to EWP. With an increase of IMO ratio, the ΔH value of OVA gradually decreased.
The lower ΔH values of OVA in the conjugates were attributed to the partial unfolding of OVA during
glycation [11]. In conclusion, glycation could change the conformation of EWP and significantly
improve its thermal stability.

Figure 3. Differential Scanning Calorimetry (DSC) thermograms of EWP and IMO-EWP conjugates
at pH 7.0.

Table 1. DSC assessment of denaturation temperature (Td) and the associated enthalpy change (ΔH)
of EWP and IMO-EWP conjugates at pH 7.0.

Samples
Peak 1 Peak 2

Td (◦C) ΔH (J/g) Td (◦C) ΔH (J/g)

EWP 66.56 ± 0.04 0.67 ± 0.03 84.11 ± 0.05 a 3.94 ± 0.02 a

2.5% IMO-EWP - - 84.06 ± 0.12 a 3.07 ± 0.04 b

10% IMO-EWP - - 87.19 ± 0.02 b 2.84 ± 0.05 c

50% IMO-EWP - - 89.17 ± 0.06 c 2.74 ± 0.02 c

Different letters (a–c) in the same column indicate significant differences (p < 0.05).

3.3. Surface Hydrophobicity (Ho) and ζ-Potential of IMO-EWP Conjugates

Hydrophobic interaction is a major attractive intermolecular force to facilitate protein aggregation,
and therefore, the Ho of proteins was measured using the ANS method. The Ho of 2.5%, 10%
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and 50% IMO-EWP were 8742 ± 236, 6074 ± 101 and 3102 ± 1391, respectively, while that of
EWP was 1313 ± 955. The increased Ho of the conjugates was much higher than that of the EWP.
Previous studies suggest that denaturation of OVA during glycation would unfold the native tertiary
structure and expose the buried hydrophobic groups [13,24]. The changes in structure of EWP may
relate to the decrease of ΔH values and the improvement of thermal stability after glycation (Table 1).
In addition, the Ho is highest for 2.5% IMO-EWP and gradually decreased with the increase of DG,
which was due to that the increased attachment of sugar chains decreasing the hydrophobicity of
proteins [26].

As shown in Figure 4, the ζ-potentials of conjugates were consistently lower compared to
EWP. When pH was above pI, the absolute values of ζ-potentials for the conjugates were much
higher than EWP, which means more electrostatic repulsion among the IMO-EWP molecules. It has
been reported that the reducing end carbonyl groups of saccharides were mainly attached to
the lysine and arginine residues (positively charged) of proteins during glycation, which would
reduce the positive electrical charges [27]. On the other hand, more charged amino acids would be
exposed to the exterior due to the protein unfolding caused by the dry-heating process of glycation.

Figure 4. ζ-potentials of EWP and IMO-EWP conjugates at pH 3.0–9.0.

3.4. Effects of Temperature, Protein Concentration, pH and Ionic Strength on the Formation of Nanoparticles

Heating temperature has a significant influence on particle size. Changes in turbidity could
reflect the sizes of the heat-induced particles. As shown in Figure 5a, the turbidity of the heat-induced
particles formed from the EWP were significantly increased when the heating temperatures were
above 60 ◦C, whereas the heat-induced particles formed from the IMO-EWP conjugates scarcely
changed their turbidity and remained transparent with the increase of heating temperatures.
Because the hydrophobic interactions were strengthened after glycation (Table 1), the inhibition
of conjugate aggregation after heating may be attributed to the increased thermal stability of OT
(Figure 3) and electrostatic repulsion (Figure 4). Sponton et al. also found that the electrostatic
repulsions among EWP anionic charges at extremely alkaline pH were the dominating mechanism
responsible for the suppression of thermal aggregation [8].
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Figure 5. Turbidity of the heat-induced particles formed from EWP and IMO-EWP conjugates at
different temperatures (a). Z-average hydrodynamic diameters of heat-induced particles formed at
different protein concentrations (b) and pHs (c) from EWPs and conjugates. Different letters (a–l)
indicate significant differences (p < 0.05).

As shown in Figure 5b, the particle size of aggregates increased with protein concentration.
This could be explained by a rise in the number of protein macromolecules increasing the molecular
collision, promoting heat-induced aggregation [28]. Besides, the diameters of the particles produced
from conjugates were <200 nm, and considered “nanoparticles”. The effects of pH and ionic strength on
the formation of heat-induced particles were also considered (Figures 5 and 6). The particle dispersions
of the conjugates were yellowish and the colors were deepened with increased of DG, which was
a characteristic of nonenzymatic browning due to MR. It can be seen that the overall particle dispersions
showed turbid appearance (Figure 6) and large particle size at pH 5.0 (the sizes of EWP aggregates
at pH 5.0 were too large to be determined by DLS), which would indicate the presence of protein
aggregates [1]. This was a result of the electrostatic repulsion being weakened as pH approaches
pI [29]. Without the addition of NaCl, the heat-induced particles formed from the IMO-EWP conjugates
maintained their clarity at pH 3.0, 7.0, and 9.0, while the particles from the EWP samples were
transparent only at pH 3.0. This was consistent with the diameter results (Figure 5c). The increased
electrostatic repulsion induced by glycation was responsible for the transparency of nanoparticles at
pH 7.0–9.0. However, the transparent particle dispersions became turbid when NaCl was added,
and the turbidity became more severe with the increased addition of NaCl. This was due to
the reduction in electrostatic repulsion among the protein molecules caused by binding or shielding
of NaCl [30]. Besides, the particles formed from the conjugates with higher DG showed more clarity
appearance at the same pH and NaCl conditions (Figure 7c,d). These results again agreed with
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the decreased particle size with the increase of DG (Figure 5c). In conclusion, the heat-induced particles
tended to lower sizes with the increase of DG, pH and ionic strength at lower protein concentrations.

Figure 6. Photographs of EWP and IMO-EWP heat-induced particles prepared at different pHs
and NaCl concentrations. EWP (a), 2.5% IMO-EWP (b), 10% IMO-EWP (c) and 50% IMO-EWP (d).
Samples were adjusted to pH 3.0, 5.0, 7.0, 9.0 (vials from left to right in each image) and 0–150 mM
NaCl was added as appropriate before heating.

Figure 7. Atomic force microscope (AFM) images and particle diameter distributions of heat-induced
particles from EWP and 50% IMO-EWP conjugate. 2D images and particle diameter distributions (a);
3D images (b).

To confirm the micromorphology properties, the heat-induced particles fabricated by EWP
and conjugate at pH 7.0 were observed under AFM (Figure 7). The dimension of the conjugate particle
was much smaller than EWP particle, which agreed with the hydrodynamic diameter determined by
DLS (Figure 5).
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3.5. Emulsifying Activity Index (EAI) and Emulsifying Stability Index (ESI) of Nanoparticles

Proteins can be adsorbed at the oil-water interface to form a coherent viscoelastic layer to stabilize
the oil. As shown in Figure 8, EAI and ESI of the conjugates (B–D) and their nanoparticles (F–H)
were remarkably higher than EWP (A). Moreover, the EAI and ESI of the nanoparticles from conjugates
were increased about 3-folds and 2-folds, respectively, as compared with EWP. This can be explained by
the increased Ho induced by MR and heat treatment [5] which could promote the adsorption of protein
on oil-water interface and shielded the oil droplets of emulsions against aggregation [31]. This agrees
with previous reports that the emulsifying properties of EWP or its constituent proteins were improved
through MR or heat treatment [13,32]. In addition, the ESI of conjugates and their nanoparticles were
enhanced with the increase of DG, which was likely related to the increased electrostatic repulsion
(Figure 4). In conclusion, the heat-induced nanoparticles formed from EWP conjugates showed the best
emulsifying activity and stability.

Figure 8. Emulsifying activity and stability of the unheated and heat-induced EWPs at
pH 7.0. A–D: unheated EWP, 2.5% IMO-EWP, 10% IMO-EWP and 50% IMO-EWP, respectively;
E–H: heat-induced EWP, 2.5% IMO-EWP, 10% IMO-EWP and 50% IMO-EWP, respectively. Different letters
(a–d) on the column indicate significant differences (p < 0.05).

4. Conclusions

Glycation of EWP with IMO changed the conformation of EWP and improved its thermal
stability and surface hydrophobicity. Moreover, the increased absolute values of ζ-potential after
glycation would enhance the electrostatic repulsion among the IMO-EWP molecules when pH was
above pI. As a result, thermal aggregation of IMO-EWP conjugates was significantly suppressed
and transparent nanoparticle dispersions (with particle diameter <200 nm) were obtained after
heating at pH 7.0–9.0. This demonstrated that the heat-induced nanoparticles showed the highest
emulsifying activity and stability. The present study made a successful attempt in fabrication of
heat-induced nanoparticles with improved emulsifying activity and stability at mild pH and salt
conditions. It provided the supplement for EWP nanoparticle application on neutral conditions,
compared to the aggregates fabricated at extremely acid and alkaline conditions. Further investigation
on the storage stability and encapsulation of bioactive compounds using nanoparticles will expand its
application in many food systems, such as EWP beverages or stabilizers for emulsions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/11/943/s1,
Figure S1: High performance liquid chromatography (HPLC) of IMO, Table S1: Composition of IMO determined
by HPLC (Figure S1).
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Abstract: In this paper, the plasmon resonance effects of gold nanorods was used to achieve rapid
photothermal therapy for malignant melanoma cells (A375 cells). After incubation with A375 cells
for 24 h, gold nanorods were taken up by the cells and gold nanorod clusters were formed naturally
in the organelles of A375 cells. After analyzing the angle and space between the nanorods in clusters,
a series of numerical simulations were performed and the results show that the plasmon resonance
coupling between the gold nanorods can lead to a field enhancement of up to 60 times. Such high
energy localization causes the temperature around the nanorods to rise rapidly and induce cell death.
In this treatment, a laser as low as 9.3 mW was used to irradiate a single cell for 20 s and the cell
died two h later. The cell death time can also be controlled by changing the power of laser which
is focused on the cells. The advantage of this therapy is low laser treatment power, short treatment
time, and small treatment range. As a result, the damage of the normal tissue by the photothermal
effect can be greatly avoided.

Keywords: gold nanorods; A375 cells; plasmonic coupling; photothermal therapy; hot spot

1. Introduction

Gold nanorods (GNRs) are increasingly receiving academic attention due to their special,
unique chemical and optical properties in addition to their high biocompatibility [1–6]. The size
of the GNRs is easily controlled, and by adjusting the size of the GNRs, the absorption peaks are
modulated in the near-infrared (NIR) region. Nano-sized particles are also easily taken up by cells.
Therefore, GNRs show more and more application potential in photothermal therapy. The longitudinal
localized surface plasmon resonance in the infrared region of GNRs renders them good materials for
cancer photothermal therapy under NIR excitation. For optics applied in biology, NIR excitation first
offers low scattering and energy absorption, secondly offering maximum irradiation penetration into
deeper tissue. Moreover, the autofluorescence emitted from nontargeted tissue can be partially or
totally inhibited under NIR excitation. The stability and biocompatibility of GNRs also make them
suitable be used in biological medicine. The conduction electrons of GNRs can be excited by coherent
light to induce surface plasmon oscillations, which can be used for photothermal therapy [7–12].
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The rapid global economic development has caused major environmental degradation and the
destruction of ozone in the atmosphere. More UV penetration increases the incidents of skin cancer.
As the largest organ of the human body, the skin is a physical barrier against various infections and
environments. Skin cancer is a type of cancer that accounts for almost 40% of the world’s cancer
population [13]. Melanoma is one of the most common types of skin cancer. Melanoma (cancer
caused in melanocytes, which are the pigment-containing cells) has a highly tendency to metastasize
to other organs of the body. Plasmonic photothermal therapy for the treatment of cancer has received a
great deal of attention in recent years. Specifically, in the past decade, there has been much progress
in the development of GNRs for photothermal therapy applications due to their localized surface
plasmon resonance [14–16] as well as their inherently low toxicities [17–19]. Compared to other
cancers, melanoma is mostly located on the surface of the body, making it easy to treat directly with a
laser. However, reports of plasmon resonance photothermal therapy for skin cancer cells are lacking.
For photothermal therapy, it can be seen that many works focus on the design and modification of
photothermal materials. These materials have better properties (such as cell targeting, photothermal
conversion efficiency, etc.) and can improve the efficiency of photothermal therapy [20,21]. Some works
are focused the effects of photothermal therapy on cells [22]. These studies have led to the further
development of photothermal therapy. After summarizing the previous research work, it was found
that the range of the traditional photothermal therapy laser action reaches the 2-cm level, the time is
generally several minutes to 10 min, and the light source is generally provided by a continuous-wave
diode laser. However, there is a lack of research on low-power photothermal therapy on a small scale
and in a short period of time. For clinical applications, the energy of the input laser should be as low as
possible, the laser treatment range should be as small as possible, and the laser and the biological action
time should be as short as possible to avoid damage to healthy tissues. Research on photothermal
therapy has been trying to achieving these goals.

In this study, we investigated a low-power rapid photothermal therapy for individual cancer cells
by using the plasmonic coupling between GNRs. The cell viability of human malignant melanoma cells
(A375) cells still exceeded 80% after incubation with GNRs for 24 h by controlling the concentration of
GNRs in the culture medium. This result indicates that the cytotoxicity of GNRs is negligible in the
doses used in this work. The transmission electron microscopy (TEM) image of A375 cells shows that
the GNR clusters form naturally in the organelles of cells. The simulation results show that the plasma
coupling between GNRs can effectively enhance the electromagnetic field in interparticle gap space,
known as the hot spot. Therefore, a low-power femtosecond laser can result in rapid acute damage to
individual cancer cells by using the hot spot. Necrosis can be induced in A75 cells immediately after
they are irradiated by a femtosecond laser as low as 14.6 mW in 20 s. The cell’s death time can also be
controlled by changing the power of the laser which is focused on the cells. In this therapy, the laser
can directly illuminate the skin cancer cells. The power of the irradiation is very low, the irradiation
time is very short, the treatment is small in scope, and it can be controlled to treat only individual
cells. As a result, the damage of the normal tissue by the photothermal effect can be greatly avoided.
This work represents a big step forward in the efforts to employ the plasma photothermal effect in the
actual treatment of disease.

2. Materials and Methods

2.1. Synthesis of PEG-Coated GNRs

In this work, the modified seedless method, which is described in detail in Reference [23], was used
to synthesize GNRs. The as-prepared GNRs were then stabilized by polyethylene glycol (PEG) [24].
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2.2. UV-Vis-NIR Absorption Spectroscopy

The absorption spectra of the GNRs were obtained using an ECAN microplate reader (Tecan,
Durham, CA, USA). The solution was put into a quartz cuvette. The absorption spectrum of deionized
water or PEG was detected, to be used as a baseline to calibrate the spectra of all the samples.

2.3. Transmission Electron Microscopy

The morphology of the GNRs was examined using transmission electron microscopy (TEM).
The TEM images were taken by using a high-resolution TEM (JEOL-JEM-2100HR, JEOL Company,
Akishima, Tokyo, Japan) operating at an accelerating voltage of 200 kV. The samples were prepared on
200-mesh copper grids.

2.4. Cell Culture and Cell Viability

The cancer cells used in the photothermal therapy were human malignant melanoma (A375).
They were obtained from the Cell Lab of the Cell Resource Center of the Chinese Academy of Sciences.
The cell culture methods are very similar to those described in Reference [25].

Cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. This method is similar to those described in Reference 25. The 96-well plate
was then put into an iMark Microplate (BioRad) to measure optical densities (OD) at 490 nm. The cell
morphology of A375 cells incubated with GNRs at different concentrations are shown in Figure S2.

2.5. Cellular Uptake of Gold Nanorods

The concentration of Au was measured by inductively coupled plasma-mass spectrometry
(ICP-MS) (ICAP-qc, Thermo Fisher, Boschstr, Kleve, Germany) [26]]. The number of gold nanorods in
a single cell can be obtained by dividing the ICP-MS result by the cell density in the ICP-MS sample
and then dividing by the mass of a single gold nanorod. The cellular uptake images were examined
using TEM observation. After incubation with the GNRs for 24 h in a humidified incubator (37 ◦C,
5% CO2), the cells were washed three times with Phosphate Buffered Solution (PBS) and pelleted by
centrifugation. Finally, they were fixed in glutaraldehyde (2.5%), embedded in resin, cut to ultra-thin
sections, stained by osmic acids, and finally imaged using TEM at an acceleration voltage of 120 kV.
The samples were prepared on Ni mesh with a carbon support film.

2.6. Photothermal Therapy Experiments

The schematic diagram of the experimental setup is shown in Figure S3. In the photothermal
therapy experiment, a Ti:sapphire oscillator (Mira 900 S, Coherent, Santa Clara, CA, USA) with a
repetition rate of 76 MHz was reflected into an inverted microscope (Axio Observer A1, Zeiss, Santa
Clara, CA, USA) and was focused on the targeted cell using a 60× objective lens. The diameter of the
laser spot was estimated to be ~1 μm. The photothermal therapy experiment was also carried out using
a confocal laser scanning microscope (TCS-SP5, Leica Oberkochen, Germany,). For the photothermal
therapy experiment, the cells were incubated with the culture medium containing 78 pM GNRs for
24 h. After that, the culture medium containing GNRs was removed and the new culture medium
containing no GNRs was added into the dish. The laser power used for the photothermal therapy
ranged from 0 to 30 mW.

2.7. Numerical Simulations

The finite-difference time-domain (FDTD) software developed by Lumerical Solutions, Inc.
(Thurlow Street, Vancouver, BC, Canada, http://www.lumerical.com) was employed to simulate
the distribution of electric field of GNRs [27,28]. In the FDTD simulations, non-uniform grids with the
smallest grid of 0.2 nm and perfectly matched layer conditions were employed.
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3. Results and Discussion

3.1. Characteristic of GNRs

It is known from References [29–31] that plasmon resonance coupling between gold nanorods
can generate large amounts of heat. In order to apply the plasmon resonance characteristics of gold
nanorods to cell photothermal therapy, the optical properties and cytotoxicity of gold nanorods were
studied. The modified seedless method described in Reference [21] was used to synthesize the GNRs
employed in this paper. The short diameter of the GNRs was 7 ± 1.3 nm and the long diameter
was 27 ± 6.1 nm. The aspect ratio (ratio of the long diameter to the short diameter) was 3.75 ± 0.73.
Figure 1a shows the transmission electron microscopy (TEM) images of the GNRs. It can be seen from
Figure 1a that the GNRs are regular in shape and uniform in size. Figure S1 show the GNRs average
aspect ratio is 3.75, the standard deviation is 0.73. Figure 1b depicts the absorption spectra of the GNRs.
The absorption peaks show that the longitudinal surface plasmon resonance (LSPR) of GNRs was
located at 800 nm. Based on the plasmon resonance peak with GNRs at 800 nm, an 800-nm laser was
used as excitation light in the photothermal experiment below. The cytotoxicity of GNRs to A375 cells
was examined by MTT assay. In this case, the A375 cells were incubated with the GNRs of different
concentrations ranging from 26 to 130 pM. The highest cell viability was 98%, corresponding to the
concentration of GNRs at 26 pM; the lowest cell viability was 81%, corresponding to the concentration
of GNRs at 130 pM. From Figure 1c, it can be seen that the GNRs can be considered to be nontoxic
to A375 cells, as the viability of the A375 cells still exceeds 80% at the highest concentration of the
GNRs after being incubated with the GNRs for 24 h. The uptake of the GNRs for A375 cells was
also studied in order to realize efficient photothermal therapy. As shown in Figure 1d, it was found
that the uptake of the GNRs and the concentration of the GNRs do not exhibit a linear relationship.
When the culture concentration of GNRs was 78 pM, the cellular uptake of GNRs was 1360, which was
the highest among the numerous culture concentrations. In order to achieve effective photothermal
therapy, a culture medium with a concentration of 76 pM GNRs was used in the following experiments,
because of the high viability and high uptake at this concentration.

Figure 1. (a) TEM image of the synthesized gold nanorods (GNRs); (b) absorption spectrum of the
GNRs dispersed in water; (c) cytotoxicity of GNRs against A375 cells; (d) uptake of the GNRs measured
for A375 cells. Error bars represent the standard deviation of three experiments.
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3.2. Interaction between the GNRs and A375 Cells

In order to observe the cellular uptake and localization of GNRs in A375 cells, the TEM
measurements of cells were preformed after incubating the cells with GNRs for 24 h. As shown
in Figure 2a, some nanoparticles were found in intracellular vesicular organelles such as lysosomes.
Figure 2b–d show the TEM images of the cells incubated with GNRs for 24 h at different resolutions.
The energy dispersive X-ray spectroscopy (EDX) results revealed that these nanoparticles in the cells
were GNRs (see Figure S4). The other element peaks observed in the EDX spectrum come from the Ni
mesh with a carbon support film and from the dyes used in the cell. Combined with information from
TEM images and EDX results, it was confirmed that after 24 h of co-culture with A375 cells, GNRs were
taken up by cells and accumulated in vesicular organelles after entering into cells. The GNR clusters
formed naturally in lysosomes. From the TEM image of the cells, it can be seen that the gold nanorods
in the vesicular organelles are at various angles with each other. Some dimers of GNRs are labeled in
Figure 2c,d, and the enlarged view of these dimers of GNRs show that the angles between the gold
nanorods vary from 0◦ to 180◦.

 

Figure 2. (a) and (b) are TEM images of an A375 cell that has been cultured with GNRs for 24 h (c) and
(d) are TEM images of GNRs cluster naturally created in the lysosome of the A375 cell.

3.3. The Field Enhancement of GNRs

If the GNRs are excited by an NIR laser, upon surface plasmon formation, nonradiative relaxation
occurs through electron–phonon and phonon–phonon coupling, efficiently generating localized heat
that can be transferred to the surrounding environment. The photothermal conversion heat in the
experiment may correspond to the field enhancement around the particles. Based on the spacing
and angles of the gold nanorods in the organelles labeled in Figure 2, we performed a numerical
simulation to clarify the electric field enhancement around the GNRs. Figure 3 shows the near-field
intensity map of two gold nanorod systems (LSPR 800 nm) at 800 nm laser excitation. An interparticle
separation of 1 nm was considered for the calculation, which is in agreement with the length of the
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TEM image. The field enhancement (|E|/|E0|) surrounding the GNRs for both z and x polarization
was studied. In the case where the incident light is polarized in the z-direction, when the two gold
rods are at a 180-degree angle and the pitch is 1 nm, the field-strength between the gold nanorods is as
high as 60 times. This means that the laser intensity |E|2 at this position will increase by 3600 times.
If the angle between the two GNRs changes, the field enhancement value will vary from 50 to 58.
For the case where the incident light is polarized in the x-direction, when the two gold nanorods are
at 0 degrees, the field enhancement will reach a maximum of 5 times, and at 120 degrees, it will be
a minimum of about 1.4 times. The minimum field enhancement of 1.4 times corresponds to a laser
intensity enhancement of 1.96 times. Thus, no matter which polarization direction of incident light,
after interacting with the gold nanorods, it will cause field enhancement due to the plasmon resonance
coupling, which will generate heat to increase the temperature of the cells and cause necrosis. It can be
seen that if the laser can be aimed at the GNR clusters naturally formed in the organelles, the generated
heat can achieve single-cell ultra-low energy photothermal therapy.

Figure 3. The near-field intensity map of two gold nanorods systems (LSPR 800 nm) at 800 nm laser
excitation; the interparticle separation is 1 nm and the angle between the two nanorods varies from
0 degrees to 180 degrees. Both z and x polarization are studied. Images (a–g) show the z polarization;
images (h–n) show the x polarization.
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3.4. The Photothermal Therapy of GNRs

After analyzing the numerical simulation results, we conducted a series of experiments to study
the interaction between the laser and the cells incubated with the GNRs. After incubating A375 cells
with the GNRs for 24 h, the GNRs entered into cells and accumulated in the organelles (such as
lysosomes) of the cells and formed GNR clusters. The position of the gold nanorod cluster in the cell
could be obtained by scanning the cell with an 800-nm laser and observing the two-photon-absorption
induced luminescence (TPL) emission image of the cell. The power of the laser used to scan the cells
was below the cell’s damage threshold. After determining the location of the GNR cluster, a high-power
femtosecond laser could be used to simply excite the GNR clusters. In this way, an accurate and rapid
injury to a single A375 cell can be easily achieved.

Figure 4 shows the process of laser treatment to a single A375 cell. Figure 4a is the bright field
image of an A375 cell incubated with GNRs for 24 h. This cell was scanned with a laser with a power
of 4 mW, and a two-photon emission image of the cell was obtained. Figure 4b shows the combination
of the image of the bright field and the TPL emission image. The location of GNR clusters can be
found by confirming the TPL emission area (indicated by the arrow in Figure 4b). Then, a high-power
laser (30 mW) was use to illuminate the point indicated by the arrow in Figure 5b. The laser does not
scan when it hits this point. After the laser lasts for 0.1 s, a 4-mW laser was used to rapidly scan the
cell to obtain its morphology and two-photon fluorescence images. This makes it easier to study the
series of changes that occur after the laser is applied to the gold nanorod clusters. From Figure 4c–l,
the morphological changes of cells under different laser irradiation times are shown. From Figure 4,
it can be seen that the laser light is applied to the cells for the first treatment period (0.1 s), and relatively
small bubbles appear near the point of action. With the accumulation of action time, up until the ninth
treatment period (0.9 s), the bubbles in the cells became larger. According to the theoretical calculation,
the plasma-resonant coupling of the gold nanorods at different angles to each other can enhance the
photoelectric field by 1.5–60 times. GNR ensembles act as nano-lenses that are able to confine light
at subwavelength dimensions, giving rise to electromagnetic field enhancements that are dozens of
times of magnitude larger than those of the incident field, known as hot spots. The temperature near a
hot spot rapidly rises. The organelles in the cells are expanded by the inflation gas generated by the
increasing temperature to form bubbles. The intensity and distribution of the TPL changes during
the laser irradiation treatment of cells, which will be discussed in detail the following sections. If the
laser light is blocked from reaching the cells at this time, the bubbles will gradually disappear, but this
process of generating bubbles can damage the organelles and cause the cells to become apoptotic
within a certain period of time.

For comparison, a two-photon fluorescence scan at low power on cells that had not been incubated
with GNRs was performed (Figure 5), and no two-photon fluorescence was found. Then, a randomly
selected position in the cell was irradiated with a high-power (30 mW) laser for 1 s (Figure 5c–l).
There was no change in cell morphology, indicating that the optical power acting on the cells was
not sufficient to cause damage to the cells. Comparing Figure 4 with Figure 5, we found that the
hot spots generated by the coupling of intracellular gold nanorod clusters are the key factors for the
photothermal treatment of a single cell within a short period of time.

In order to further study the interaction between the laser and gold rods in cell culture, the cell
luminescence spectra of the entire process of intracellular photothermal therapy were recorded.
Figure 6c shows a single cell before laser irradiation. Figure 6d is a photograph of a cell with a
laser focused onto the gold nanorod clusters. Figure 6e is an image of the cells after laser irradiation
and it can be seen that the cell morphology has changed. In this process, the laser focused on the
GNR clusters in the cell for 22 s, and the spectral changes in this process were recorded. Figure 6a
is the two-photon fluorescence emission spectra of the cells irradiated by an 800-nm laser for 22 s.
The spectral shape was similar to that of the GNRs. Figure 6b is the integration result of the spectra
of Figure 6a, showing a graph of the intensity of the spectrum of a cell as a function of time during
the bubble-forming process of a cell by laser excitation. It can be seen from Figure 6b that, when the
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laser just started irradiating the organelles containing GNR clusters in the cells, the bubble appeared.
This is due to the increasing temperature inside the organelles. The field enhancement caused by
the coupling of plasmon resonances between the GNRs led to this temperature increase. With the
generation of the bubble, the intensity of the spectrum was greatly enhanced. As the bubble volume
increased first and then decreased, the spectral intensity also decreased from strong to weak. This is
a complex biophysical process. There are some possible reasons for this increase in TPL strength:
first, the plasma coupling effect between the gold nanorods makes the fluorescence intensity increase;
second, the organelle is thermally expanded to make the cell scattering cross-section larger; third,
during the laser action process, some of the organelles change due to the heat.

 

Figure 4. The image of an A375 cell incubated with GNRs for 24 h. (a) The bright field image
before the laser treatment; (b) the combination of the bright field image and two-photon-absorption
induced luminescence (TPL) emission image of the cell before laser treatment; (c–l) evolution of the
cell morphology and TPL image of the excited GNR cluster when the cell was exposed to the fs laser
light for different time periods of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 s, respectively. It can be
seen that afer laser treatment bubbles appears near the point of action ,with the accumulation of action
time the bubbles in the cells became larger. The length of the scale bar is 20 μm.
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Figure 5. The image of an A375 cell not incubated with GNRs for 24 h. (a) The bright field image before
the laser treatment; (b) the combination of the bright field image and TPL emission image of the cell
before laser treatment; (c–l) evolution of the cell morphology and TPL image of the excited GNR cluster
when the cell was exposed to the fs laser light for different time periods of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
0.8, 0.9, and 1.0 s, respectively. The length of the scale bar is 20 μm.

 
Figure 6. (a) Evolution of the TPL spectrum of the excited GNR cluster during laser treatment;
(b) spectral integral intensity evolution of the TPL spectrum of the excited GNR cluster during laser
treatment; A75 cells morphology before (c), during (d), and after (e) laser treatment. The length of the
scale bar is 20 μm.

The above experimental results demonstrate that the photothermal treatment of cells can be
achieved with low power using the plasma resonance coupling effect of GNR clusters. In order to
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further study the photothermal effect of GNRs in cells, different laser intensities were used to excite
the GNRs in cells to achieve the purpose of regulating the death time of cells. Figure 7 shows the
excitation of gold nanorods with different power lasers. As can be seen from Figure 7, with the
14.6-mW, laser-focused irradiation of organelles containing GNR clusters for 20 s, cells can immediately
undergo necrosis. If the cells are irradiated by a 10.6-mW laser for 20 s, they do not undergo necrosis
immediately, but will die after 60 min. If the cells are irradiated by a power of 9.3 mW laser for 20 s,
they will die after 120 min. The results of Figure 7 are summarized in Table 1.

 

Figure 7. Bright field images of the cells on which the laser treatment was carried out. The color images
show the cells dyed with Trypan Blue after the laser treatment. Laser light with different laser powers
was employed in the laser treatment experiments. The cells after the irradiation of the laser light were
dyed with Trypan Blue after different intervals of time of 0, 30, 60, 90, and 120 min. The blue color
appearing in some areas without dead cells is caused by Trypan Blue, which did not diffuse uniformly
in the experiment. The length of the scale bar is 20 μm.

Table 1. Summary of the information about the laser power and cell death time.

Power 14.6 mW 10.6 mW 9.3 mW

Cell Death Time after 0 min after 60 min after 120 min

4. Conclusions

In conclusion, a fast photothermal therapy of single A375 cells was investigated in this paper.
After incubation with GNRs for 24 h, the cell viability of A375 cells exceeded 80%. The cellular
uptake of gold nanorods reached as high as 1360 GNRs per cell. These two conditions make gold
nanorod photothermal therapy easier to develop for A375 cells. From the theoretical calculation
results, it was revealed that the plasmon resonance coupling between the gold nanorods can lead
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to a field enhancement up to 60 times. This field enhancement leads to a larger temperature rise,
which can be used to induce the death of single cells in a short time and under low laser power
excitation. The position of the GNR clusters can be identified by observing the TPL images of A375
cells. Laser excitation of GNR clusters leads to changes in cell morphology and bubble generation,
leading to necrosis in irradiated cells. The deaths time can be controlled by changing the input laser
power. Our results help to achieve a small range of low-energy photothermal therapy, which will open
up a new path for the application of nanoparticles in biomedicine.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/11/880/s1.
Figure S1: (a) The TEM image of the GNRs; (b) the statistical analysis of the GNRs, the average aspect ratio is 3.75,
the standard deviation is 0.73; Figure S2: Shapes of A375 cells observed using an inverted light microscope after
exposure to GNRs at a concentration of (a) 78 pM, (b) 104 pM, and (c) 0 pM (without GNRs) for 24 h; Figure S3:
Experimental setup of photothermal therapy; Figure S4: The energy dispersive spectroscopy measurements of
GNPs found in the TEM image of the vesicle, verifying the existence of Au element; Inset: The mass ratio of
each element.
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Abstract: The present study reports for the first time the efficacy of bioactive compounds from
Ligustrum ovalifolium L. fruit extract as reducing and capping agents of silver nanoparticles
(AgNPs), developing a green, zero energetic, cost effective and simple synthesis method of AgNPs.
The obtained nanoparticles were characterized by UV-Vis spectroscopy, transmission electron
microscopy (TEM), X-ray diffraction (XRD) and Fourier Transform Infrared spectroscopy (FTIR),
confirming that nanoparticles were crystalline in nature, spherical in shape, with an average size of
7 nm. The FTIR spectroscopy analysis demonstrated that the AgNPs were capped and stabilized
by bioactive molecules from the fruit extract. The cytotoxicity of the biosynthesized AgNPs was
in vitro evaluated against ovarian carcinoma cells and there were found to be effective at low
concentration levels.

Keywords: phytosynthesis; silver nanoparticles; Ligustrum ovalifolium L.; cytotoxic activity;
ovarian carcinoma cells

1. Introduction

Nanostructures of noble metals were lately immensely investigated due to their remarkable
physical and chemical properties. The beneficial effects of silver salts have been noticed since
antiquity. Reducing the particle size of materials is an efficient and reliable tool to improve their
biocompatibility. Nanoparticles can be synthesized by several ways, such as physical, chemical or
biological methods. Silver nanoparticles can be obtained by various chemical and photochemical
reduction reactions, by thermal decomposition, by electrochemical methods, radiation or sonochemical
assisted synthesis [1]. All these processes are efficient techniques to synthesize silver nanoparticles
but they also have some drawbacks. The physical and chemical processes are expensive and use
hazardous chemicals which may generate important environmental problems and can require a
great deal of energy [2]. The as synthesized silver nanoparticles are chemically contaminated
and require an advanced purification especially when they are intended to be used for medical
applications. The biological methods are environmental friendly, cost effective and easily scaled
up for large scale synthesis of nanoparticles and involve microorganisms, enzymes or plant
extracts [3–5]. Various recent studies demonstrated the efficacy of fruit extracts such as Acacia nilotica,
Phoenix dactylifera, Tamarindus indica, Sambucus nigra, Licium barbarum in the synthesis of silver
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nanoparticles [6–9]. The phytochemical compounds present in fruits such as flavonoids, carotenoids,
aldehydes, ketones, proteins and carboxylic acids may act as bioreducing agents for Ag ions to silver
nanoparticles. Metal nanoparticles obtained by phytomediated green synthetic methods combine the
biological effects of metal and bioactive molecules present in the plant extract which are responsible
for the reduction and stabilization of the nanoparticles, so they can be used as reliable tools in the field
of nanomedicine [7,10–12]. Plant mediated synthesized nanoparticles have also the advantage of being
safer for biomedical purposes as microbe or chemical mediated synthesized nanoparticles [13,14].

In the recent years, several biomedical applications have been reported for silver nanoparticles [15–17].
Since the ancient times, silver has been used in wound healing and in the 19th century its antimicrobial
activity was established, this being the most well-known and exploited biological application of silver
nanoparticles. Apart their antibacterial activity, AgNPs have been also proved as efficient antifungal
and antivirucidal agents (inhibit HIV, Takaribe virus, hepatitis B, A/H1N1 virus) [16,18]. Recent
publications reported the potential therapeutic applications of silver nanoparticles in cancer and
inflammatory diseases [4,6,10,16].

Ligustrum ovalifolium L. is commonly called California privet or garden privet, is an ornamental
semi-evergreen shrub original from East Asia, widely cultivated as ornamental plant. Ligustrum
(privet) fruits are known to contain phenolic acids, flavonoids and triterpenoids, responsible for their
antihyperglycemic, anticarcinogenic effect and immunomodulatory activity [3,19–21].

Traditional Chinese medicine uses privet fruits as tonic for liver and kidneys [17]. Modern
medicine recorded the extract of these fruits to possess immunomodulatory, anti-inflammatory,
antitumor and anti-ageing effects [22]. Ligustrum lucidum fruits exhibit antiproliferative activity
against lung, breast, liver, pancreatic and colorectal carcinoma cells [23–25].

Ovarian carcinoma is one of the leading primary causes of cancer-related fatality in women [26].
Therefore, finding new therapeutic agents to fight against the proliferation of these carcinoma cells is
of great concern.

The objective of the present work was to develop a phytomediated green synthesis method
of silver nanoparticles, without using any environmental deleterious chemical reducing or capping
agents such as sodium borohydride, Tollens reagent, N,N-dimethyl formamide and polyvinyl alcohol
(PVA) [27], by exploiting the antioxidant effects of compounds present in the Ligustrum ovalifolium L.
fruit extract and to investigate their cytotoxicity against A2780 ovarian carcinoma cells.

2. Materials and Methods

2.1. Reagents

Cell titre blue reagent was purchased from Promega (Darmstadt, Germany). Cell lines and all
other chemicals and reagents were purchased from Sigma-Aldrich (Darmstadt, Germany) and were of
analytical purity.

2.2. Preparation of the Extract

Garden privet fruits were harvested in September 2017 from Cluj-Napoca, Romania. To 2.5 g of
fresh milled fruits, 50 mL of distilled water were added and the mixture was stirred for 1 h at room
temperature and then filtered.

2.3. Determination of Total Phenolic Content

The total phenolic content of the garden privet fruits extract was colorimetrically determined
using the Folin-Ciocalteu method [28]. Aliquots of 250 μL extract were transferred into a test
tube (each analysis was conducted in triplicate) and then mixed with 1.5 mL of Folin-Ciocalteu
reagent. The samples were incubated in the dark for 5 minutes and then 1.2 mL of sodium carbonate
solution (0.7 M) was added and thoroughly mixed. After standing 2 hours at room temperature in
the dark, the absorbance of the resulting blue solutions was measured at 765 nm, using a double
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beam UV-Vis spectrophotometer (Perkin-Elmer Lambda 25, PerkinElmer Inc., Waltham, MA, USA).
The total phenolic content was calculated and expressed as gallic acid equivalents (mg GAE/L) using
a calibration curve of the gallic acid standard solution (0–100 μg/mL).

2.4. Determination of Antioxidant Activity

The free radical scavenging activity was determined using the ABTS (2,2′-azinobis-3-ethyl-
benzthiazino-6-sulphonic acid) method [29]. The ABTS+· stock solution was obtained by mixing
equal volumes of 7mM ABTS solution with an oxidant agent (2.45 mM potassium persulfate solution).
The stock solution was diluted to give an absorbance between 0.6–0.8 at 734 nm. Aliquots of 50 μL
fruit extract were added to 3 mL diluted ABTS+· solution and the absorbencies of the samples were
red at 734 nm exactly after 15 minutes. The antioxidant activity was calculated using a calibration
curve of Trolox standard (0–400 μmol/L Trolox) and expressed as μM Trolox equivalents.

2.5. Synthesis of AgNPs

The green synthesis of silver nanoparticles was achieved by adding 5 mL of Ligustrum ovalifolium
L. fruit extract to 25 mL 1 mM aqueous silver nitrate solution under stirring at room temperature for the
bioreduction of Ag+ ions to Ag0. The effect of the pH of the reaction medium on the silver nanoparticles
formation and characteristics was investigated over a pH range from 6 to 10. The influence of
the pH value on the formation of AgNPs was spectrophotometrically monitored. The pH of the
resulting solution was adjusted by adding 1% aqueous NaOH solution. The rapid formation of a
yellowish-brown colour indicated the reduction of the silver ions. After 3 hours under constant stirring,
the resulting solutions were centrifuged at 10,000 rpm for 15 minutes. The separated nanoparticles
were washed with double distilled water and dried. Three mg solid AgNPs were obtained.

The influence of the ratio of silver ions to the fruits extract which act as reducing agent was
investigated at optimized pH value. Different amounts of plant extract were added to 25 mL 1mM
silver nitrate solution in order to achieve the desired ratios (1:1; 1:3; 1:7; 1:10; 1:12 and 1:15 respectively).

2.6. Characterization of the AgNPs

The formation and the stability of silver nanoparticles were spectrophotometrically monitored,
using a Perkin Elmer Lambda 25 UV-Vis spectrophotometer. The morphological characteristics of the
synthesized nanoparticles were carried out using transmission electron microscopy (H-7650 120 kV
Automatic transmission electron microscopy (TEM), Hitachi, Tokyo, Japan). In order to identify the
biomolecules responsible for capping and stabilizing the silver nanoparticles, these were analysed by
Fourier transform infrared spectroscopy (FTIR) using a Bruker Vector 22 FT-IR spectrometer, Bruker,
Dresden, Germany). The obtained AgNPs were subjected to X-Ray diffraction analysis, data being
recorded on a D8 Advance X-ray diffractometer with CuKα1 radiation.

The thermogravimetric analysis (TGA) of the biosynthesized AgNPs obtained using Ligustrum
fruit extract was realised in nitrogen atmosphere using a thermogravimetric analyser (SDT Q600,
TA Instruments, New Castle, DE, USA) in a temperature range 40–1000 ◦C, at a heating rate of 10◦/min.

A Malvern Zetasizer Nanoseries compact scattering spectrometer (Malvern instruments Ltd.,
Worcestershire, UK) was used to determine the zeta potential of the synthesized silver nanoparticles.
The hydrodynamic diameter of particles was determined in aqueous solution also by the Zetasizer.

2.7. Cytotoxic Activity

The synthesized AgNPs were tested on two cell lines: A2780 and A2780-Cis (cisplatin resistant),
two human ovarian carcinoma cell lines. The cells were maintained in specific media: Roswell Park
Memorial Institute (RPMI), supplemented with 10% foetal calf serum, glutamine and antibiotics.
The cells were kept at 37 ◦C in a humid incubator with 5% CO2.

The AgNPs cytotoxicity was evaluate by a fluorometric method, using cell titre blue. This is a
homogeneous fluorometric method which estimates the number of viable cells which maintain their
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metabolic capacity to reduce resazurin (dark blue colour) to resofurin (pink-purple). Resofurin is
highly fluorescent and can be quantified with a fluorescence plate reader at 579 nm extinction and
584 nm emission.

Cells were plated in 96-well plates at a density of 20,000 cells/well. The cells were treated
with different concentrations of AgNPs solutions: 180; 90; 45; 22.5; 9; 4.5; 2.25; 0.9; 0.01 μg/mL.
The cells were also treated with serial dilutions of the Ligustrum ovalifolium L. extract. From the initial
concentration of the extract: 190 μg GAE/mL, the following concentrations were obtained: 170; 142.5;
95; 47.5; 19; 9.5; 4.75; 1.9 μg/mL. As a positive control, the cytotoxicity of cisplatin on the ovarian
carcinoma cell lines was tested. After 24h incubation, 20 μL cell titre blue reagent was added to
100 μL culture medium in each well. After 1h incubation the fluorescence was recorded. At each
concentration, the surviving fraction was calculated as fluorescence of the sample/fluorescence of
control (non-treated cells) × 100. Each experiment was done in triplicate.

Statistical analysis was performed using GraphPad Prism 5 software (San Diego, CA, USA).
Inhibitory concentration (IC50) values were calculated using the non-linear regression. Comparisons
were made using one-way ANOVA, considering p < 0.05 as criteria of significance.

3. Results and Discussion

3.1. Synthesis and Characterization of Silver Nanoparticles

Oleuropein, luteolin and ligstroside are the main flavonoids present in privet fruits [30],
compounds which confer these fruits a high antioxidant capacity and make them suitable candidates
for the reduction of metallic ions to metallic nanoparticles. The antioxidant capacity of the privet fruit
extract was determined using the ABTS assay and was found to be 340 μM Trolox. The total phenolic
content of the extract, assessed by the Folin Ciocalteu method, was 190 μg GAE/mL.

The bioactive molecules present in the Ligustrum ovalifolium L. fruit extract served as reducing
and capping agents for the synthesis and stabilization of silver nanoparticles. The colour change of
the synthesis mixture to a yellowish brown colour, due to the surface plasmon resonance (SPR) of
the silver nanoparticles in the solution, indicated the bioreduction of the silver ions [31]. The UV-Vis
spectra of the silver nanoparticles obtained at different pH values are presented in Figure 1. The SPR
peaks of AgNPs appeared between 402 and 413 nm, in accordance to the characteristic SPR band
of silver nanoparticles, typically in the range of 400–500 nm [32]. The absorption peak appeared at
413 nm in acidic conditions (pH = 6). Increasing the pH value of the reaction media, the SPR band of
silver nanoparticles was shifted to lower wavelengths (402 nm at pH = 7) suggesting the formation of
smaller in diameter AgNPs [33].

Figure 1. UV-Vis spectra of silver nanoparticles at different pH values.

The size and shape of the phytosynthesized silver nanoparticles were monitored by TEM analysis.
In acidic conditions, silver nanoparticles trend to aggregate whereas alkaline pH of the reaction
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medium led to formation of a large number of silver nanoparticles with smaller diameter. The TEM
images (Figure 2) indicate the formation AgNPs, due to the stabilization by the biomolecules present
in the Ligustrum ovalifolium L. fruit extract. In acidic conditions (pH = 6) the synthesized silver
nanoparticles show irregular but mostly spherical shape morphology (Figure 2a) with sizes in the
range of 25 nm. In order to realize the histograms for size determination of silver nanoparticles over
100 particles in random field of TEM images were measured. The particles obtained at pH = 7 are
smaller in size (in the range of 10 nm Figure 2b) with more regular shape but they seem agglomerated.
In alkaline conditions (pH = 8 to 10) the influence of the pH value on the size and morphology of
the phytosynthesized silver nanoparticles was not significant (Figure 2c–e). The size of the spherical
AgNPs obtained in these conditions was in the range of 6–13 nm with an average diameter of 7 nm
(at pH = 10). Taking all these facts into account, the optimum pH value for the synthesis of Ligustrum
ovalifolium fruit extract mediated silver nanoparticles is 10, value at which highly dispersed, spherical,
regular in shape and small in diameter AgNPs were obtained.

 
 

  

  

Figure 2. Cont.
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Figure 2. Transmission electron microscopy (TEM) images and corresponding histograms of silver
nanoparticles at different pH values: (a) pH = 6; (b) pH = 7; (c) pH = 8; (d) pH = 9 and (e) pH = 10.

The size, the shape and the yield of nanoparticles synthesis is also affected by the ratio of reducing
agent to the metal ions. Various ratios: 1:1; 1:3; 1:7; 1:10; 1:12 and 1:15 respectively were investigated
at the previously optimized pH value (pH = 10), in order to enhance the yield of AgNPs formation.
The maximum absorbance in the UV-Vis spectra (Figure 3) was obtained for a 1:3 ratio fruit extract to
silver nitrate solution.

Figure 3. UV-Vis spectra of silver nanoparticles at different ratios fruit extract: silver nitrate solution.

Moreover, the AgNPs obtained at this ratio exhibited surface plasmon resonance on a narrow
absorption range, fact that indicates the monodispersity of the silver nanoparticles. By increasing the
ratio to 1:15, the absorption maximum was shifted to a higher λmax value, indicating a larger size of
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the formed nanoparticles and also a reduction in the absorption was observed, which may be due to
aggregation of the AgNPs. The optimum ratio required for the synthesis of AgNPs with privet fruit
extract was found to be 1:3.

The crystalline nature of the AgNPs was confirmed by the X-ray diffraction pattern (Figure 4).
The X-ray diffractogram presents four prominent peaks at 2θ values of 37.59◦, 44.07◦, 64.17◦ and 77.22◦

corresponding to the (111), (200), (220) and (311) Bragg’s reflections assigned to lattice planes of face
centred cubic (FCC) structure of metallic silver, in good agreement to reference of FCC structure of
Joint Committee of Powder Diffraction Standard (JCPDS) file No. 04-0783.

Figure 4. X-Ray Diffraction (XRD) pattern of silver nanoparticles.

Fourier transform infrared spectroscopy (FTIR) analysis was accomplished in order to identify
the biomolecules from the fruit extract responsible for the reduction of silver ions and for the efficient
stabilization of the silver nanoparticles. Figure 5 presents the FTIR spectra of the Ligustrum ovalifolium
fruit extract and of the green synthesized AgNPs. The FTIR spectra of the fruit extract and silver
nanoparticles present similar absorption bands. The FTIR analysis confirmed the dual role of the fruit
extract as reducing and capping agent. The broad band at 3296 cm−1 is due to the O-H stretching
vibration attributed to the polyphenols from the fruit extract. The FTIR spectrum of the silver
nanoparticles shows several shifts of the absorption bands and also some intensity changes of these
bands, compared to the spectrum of the fruit extract. The bands appearing at 2933, 1560 and 1383 and
1078 cm−1 indicate the presence of different functional groups and were assigned to C-H stretching
vibration, C=C stretching vibration from aromatic rings and C-O stretching or O-H deformation
vibration, respectively [34]. Most of the IR bands probably arise from the flavonoids anthocyanins
and phenolic compounds from the fruit extract, indicating that the phytosynthesized AgNPs were
stabilized by these biomolecules [35,36].

Figure 5. Fourier transform infrared (FTIR) spectra of fruit extract and silver nanoparticles.

127



Nanomaterials 2018, 8, 627

The observed peaks in the FTIR spectrum clearly indicate that the bioactive compounds from
Ligustrum ovalifolium L. fruit extract are present as coating/capping agents at the surface of the
silver nanoparticles.

The presence of the capping organic biomolecules on the surface of the privet extract synthesized
silver nanoparticles was also confirmed by the thermogravimetric analysis (TGA). Figure 6 presents the
TGA pattern of the green synthesized silver nanoparticles. The TGA curve clearly indicates an initial
weight loss observed at around 100 ◦C, due to the loss of bound and unbound water molecules present
in the obtained silver nanoparticles. A second weight loss appeared while temperature increases at
150–340 ◦C which accounted a 27% of the total AgNPs weight. This weight loss can be attributed
to the degradation of organic compounds such as phenolic acids, flavonoids and carbohydrates [37].
A steady loss of weight appeared until 1000 ◦C which accounted for 29%, probably determined by
the thermal degradation of resistant aromatic compounds. The observed behaviour in the TGA is a
consequence of the thermal degradation of organic compounds from the fruit extract present in the
nanoparticles powder which can be estimated to be 56% from the phytosynthesized AgNPs.

Figure 6. Thermogravimetric analysis (TGA) of silver nanoparticles.

The zeta potential of the green synthesized AgNPs was also determined using dynamic light
scattering (DLS). The value of zeta potential gives important information about the surface of the silver
nanoparticles and their stability. Generally, values of zeta potential of a colloidal suspension indicate
the stability of the nanoparticles from solution [38]. Figure 7 presents the zeta potential (Figure 7a)
and the DLS size distribution (Figure 7b) of the aqueous suspension of privet fruit extract mediated
synthesized silver nanoparticles.

Figure 7. (a) Zeta potential. (b) hydrodynamic diameter of the obtained AgNPs.

The value of the determined zeta potential was −31.8 mV, suggesting a high stability of the
silver suspension. The negative value of the zeta potential once more confirms that the organic
phytocomponents from the fruit extract, eventually with a phenolic structure, acted as capping agent
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and stabilized the AgNPs. The determined average particle hydrodynamic size was 91.8 nm, similar to
that reported by other studies in which also phytosynthesized silver nanoparticles were obtained [39].
As expected, the particles size, in aqueous solution, obtained by DLS was larger than that obtained
from TEM, due to the different principles used for analysis.

3.2. Cytotoxic Activity

The silver nanoparticles are known to inhibit cancer cells growth and thus could be potential
anti-cancer therapeutic agents. Previous studies report the ability of AgNPs to inhibit growth of
various cancer cell lines such as breast, ovarian, lung, glioblastoma, hepatic [40].

In vitro cytotoxicity of the biologically synthesized silver nanoparticles was investigated
against two human ovarian cancer cell lines, A2780 and A2780Cis (cisplatin resistant) at different
concentrations. The cells viability gradually decreased by increasing the concentration of AgNPs
from 0.01 to 180 μg/mL (Figure 8) indicating a dose-dependent cytotoxic effect of the nanoparticles.
IC50 values at 24 h incubation were calculated using nonlinear regression and four-parameter sigmoidal
curve fit, with each point representing mean ±SEM in three separate measurements. The concentrations
of the nanoparticles that reduced cell viability by 50% (IC50) were: 7 μg/mL for A2780 and 14.04 μg/mL
for A2780-Cis, respectively.

Figure 8. Dose-dependent toxicity of AgNPs on ovary carcinoma cell lines: (a) A2780; (c) A2780-Cis.
The concentration of AgNPs for the significant reduction of cells viability: (b) A2780 (9 μg/mL);
(d) A2780-Cis (2.25 μg/mL).

Our results are in agreement with those obtained in previous studies. Fahrenholtz et al. [41]
determined IC50 value of cca. 7.2 μg/mL against A2780 cells when exposed to polyvinylpyrrolidone
(PVP) coated silver nanoparticles but the advantage of using green synthesized nanoparticles
could be the absence of a potential toxic synthetic capping agent. Young and co-workers [42]
evaluated the influence of surface coating on the toxicity of silver nanoparticles in model organism
Caenorhabditis elegans. They investigated citrate-coated, PVP-coated and gum arabic-coated AgNPs
and demonstrated that the capping agent affects the degree of toxicity of silver nanoparticles. Gum
arabic-coated (EC50 = 0.9 μM) have been proved to be 9-fold more toxic than PVP-coated (EC50 = 8 μM)
which in turn were 3-fold more toxic than citrate-coated AgNPs (EC50 = 31 μM), all these differences
being attributed to differences in toxicity of the surface coating agent.
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Lakshmanan and co-workers [43] also tested the cytotoxicity of phytosynthesized AgNPs on
ovarian cancer cell lines but the obtained IC50 value was 30 μg/mL which is cca. 4-fold higher than
the IC50 concentration of Ligustrum ovalifolium fruit extract mediated synthesized silver nanoparticles
obtained in this study.

The extract showed low toxicity against the ovarian carcinoma cell lines, their viability being
reduced significantly starting with the 95 μg/mL concentration for A2780 cells (p < 0.001) and
9.5 μg/mL (p < 0.5) and 47.5 (p < 0.001) for the cisplatin resistant cells (one-way ANOVA, Dunnett’s
multiple comparisons test). The viability of both cell lines was reduced with 50% only when they were
treated with the undiluted extract (no growth media) (Figure 9a,b). These results show that the extract
has no/reduced toxicity towards the ovarian carcinoma cell lines.

Figure 9. The viability of ovarian carcinoma cell lines treated with Ligustrum ovalifolium fruit extract:
(a) A2780 and (b) A2780-Cis.

The inhibitory effect on cancer cell growth enabled us to anticipate the promising anticancer
potential of the obtained silver nanoparticles against ovarian cancer.

4. Conclusions

The present study presents for the first time an eco-friendly, cost effective, efficient and simple
method for the biosynthesis of AgNPs using bioactive compounds from the aqueous extract of
Ligustrum ovalifolium L. fruits as reducing and capping agents. The synthesized nanoparticles
proved potential cytotoxic effect against ovarian carcinoma cells and may be suitable for biomedical
applications as promising alternative therapeutic agents for cancer.
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