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Over the past decade, nanoceramics have received significant
attention as candidate materials due to their capability to
demonstrate improved and unique properties in comparison
with conventional bulk ceramic materials. Nanoceramics
exhibit unique processing, mechanical, and surface char-
acteristics such as superplasticity, machinability, strength,
toughness, and bioactivity due to the fine grain size, abundant
grain boundaries, and controllable crystallinity.

This issue compiles five exciting manuscripts, which
address recent trends and development in nanoceramics.

The optical properties of nanoceramics are addressed
in three manuscripts. Optical nonlinear performance of
silicon nanoparticles at different doping concentrations has
been investigated by L. Chen et al. Their results show
silicon nanoparticles generated by femtosecond laser ablation
exhibit better saturable absorption performance at higher
doping concentrations. Their results reveal the possibility
to tune the optical nonlinearity of silicon nanoparticles by
changing the doping concentration.

In recent times, there are great interests in luminescent
materials for efficient frequency conversion from infrared to
visible radiation; oxyfluoride glass ceramics are ambivalent
materials which can exhibit optical properties of fluoride
single-crystals when they are doped with rare-earth ions. M.
H. Imanieh et al.’s manuscript focuses on improvement of
Er3+ emissions in two series of oxyfluoride glass ceramics
(SiO
2
/Al
2
O
3
and SiO

2
/Al
2
O) containing CaF

2
nanocrystals

doped with a fixed amount of Er3+ and Yb3+ through the

heat treatment at different temperatures.They showed in their
study that increasing the temperature of the heat treatment
leads to a rise in the red and green emissions in the upcon-
version luminescence of the treated samples. Also, increasing
the heat treatment temperature leads to the incorporation
of Er3+ ions into CaF

2
crystals and can increase the Yb3+

concentration. Increased Yb+3 concentration improves the
energy transfer and back transfer process between Er3+ and
Yb3+ ions and as a result upconversion intensity can be
increased.

Polymers have attracted a lot of attention as excellent host
materials for encapsulation of metal nanoparticles like silver,
gold, copper, and so forth.Many reports in the literature show
attempts for synthesis of metal-polymer nanocomposites
based on polymers, with the possibility of variation in their
optical, mechanical, and electrical properties for the applica-
tion in photovoltaic and biomedical devices fabrication. M.
Ghanipour et al. investigated the effect of silver nanoparticles
doped in PVA on the structural and optical properties of
composite films. Their results show that by embedding silver
nanoparticles inside the polymer, a number of Bragg’s planes
in the structure of polymer and its crystallinity are increased
noticeably. Ag–O bonds are formed in the films and the
bandgap energy, refractive index, and dielectric constant of
samples are decreased by increasing the concentrations of
silver nanoparticles.

Two of themanuscripts deal with fabricationmethods for
high performance nanoceramics and nanomaterials; Q. Liu et
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al. reported the newmethod for fabrication of highly ordered
Ti-Nb-Zr-O nanotube arrays through pulse anodic oxidation
of Ti-Nb-Zr alloy in monosodium phosphate containing
0.5 wt%HF electrolytes.The effect of anodization parameters
and Zr content on the microstructure and composition of Ti-
Nb-Zr-O nanotubes have been studied using experimental
analysis and it has been found that length of the Ti-Nb-Zr-
O nanotubes increased with increase of Zr contents.

Y. Qiang et al. investigated the materials and chem-
ical properties of BCFN dense ceramic membrane with
submicron-CYDC porous layer by the partial oxidation of
coke oven gas (COG) in hydrogen production. The results of
their study show that this structure exhibits higher stability
and no chemical reaction at high temperature environment.
Also, the influences of YDC modification on the surface
kinetics and oxygen permeation rates of BCFN membranes
have been analyzed.

By compiling these papers, we hope to enrich our readers
and researchers with respect to synthesis, characterization,
and applications of nanoceramics.
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Highly ordered Ti-Nb-Zr-O nanotube arrays were fabricated through pulse anodic oxidation of Ti-Nb-Zr alloy in 1 M NaH
2
PO
4

containing 0.5 wt% HF electrolytes. The effect of anodization parameters and Zr content on the microstructure and composition
of Ti-Nb-Zr-O nanotubes was investigated using a scanning electron microscope equipped with energy dispersive X-ray analysis.
It was found that length of the Ti-Nb-Zr-O nanotubes increased with increase of Zr contents. The diameter and the length of Ti-
Nb-Zr-O nanotubes could be controlled by pulse voltage. XRD analysis of Ti-Nb-Zr-O samples annealed at 500∘C in air indicated
that the (101) diffraction peaks shifted from 25.78∘ to 25.05∘ for annealed Ti-Nb-Zr-O samples with different Zr contents because
of larger lattice parameter of Ti-Nb-Zr-O compared to that of undoped TiO

2
.

1. Introduction

Nanostructures of different metals or semiconductors have
received much attention due to the wide application of these
materials in photocatalysts, solar energy conversion, gas sens-
ing, and biomedical applications [1–4]. TiO

2
nanotubes have

been widely investigated due to their excellent biomedical
application and photocatalytic effect since 1972 [5]. However,
TiO
2
can be only excited by UV light which only occupies 5%

of the solar spectrum because of its wide band gap (3.2 eV).
Therefore, many approaches were used to extend the spectral
response of the titaniumdioxide to the visible light region and
impurity doping is one of the typical and effective approaches.
Many metal elements (Fe, Mo, Cr, Nb, etc.) and nonmetal
elements (B, C, N, S, and F) have been used to dope TiO

2
to

broaden its application fields [6–8]. Zr and Nb doping could
affect the optical absorption ability of TiO

2
oxide. Hirano et

al. reported that the onset of absorption of TiO
2
shifted to

longer wavelengths by Zr and Nb doping [9, 10].
One-dimensional nanostructures have advantages over

films and powder because the former can provide large sur-
face-to-volume ratio and unidirectional electrical chan-
nel. Several research groups have reported the anodic

formation of oxide nanostructures on the surfaces of titanium
alloys to achieve good photocatalysts, solar energy conver-
sion, gas sensing, and biomedical applications. Numerous
methods have been reported for fabricating TiO

2
nanotubes

including template-assisted process [11], hydrothermal reac-
tion [12], seed growth [13], and anodization methods [14].

Anodic oxidation technique is relatively a simple method
to fabricate one-dimensional nanotubes in comparison with
other methods. Allam et al. reported the fabrication of Ti-
Pd mixed oxynitride nanotube arrays through anodization
of Ti-Pd alloy [15]. Berger et al. reported on the fabrication
of Ti-Al-O nanotubes through anodization of Ti-Al alloys
[16]. Nb- and Zr-doped TiO

2
nanotubes were also investi-

gated recently. Liu et al. fabricated Ti-Nb-O nanotubes on
Ti35Nb alloy and found that Nb-doped TiO

2
nanostructures

had excellent hydrogen sensing capability [17]. Allam et
al. fabricated Ti-Nb-Zr-O nanotubes through anodization
of Ti35Nb5Zr alloy for enhanced hydrogen generation by
water photoelectrolysis [18]. Li et al. found that the Nb-
and Zr-doped TiO

2
nanostructures showed good biological

properties [19].
To date, rare work has been reported on the effect of

Zr content on the formation of Ti-Nb-Zr-O nanotubes. In
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the present work, we fabricated highly ordered Ti-Nb-Zr-O
nanotube arrays on Ti-Nb-Zr alloy substrate with different Zr
contents by pulse anodic oxidation. The effect of Zr content
and anodization parameters on themicrostructures of Ti-Nb-
Zr-O oxides was investigated.

2. Experiment Section

2.1. Synthesis of Ti-Nb-Zr-O Nanotubes. Prior to anodization,
all of the Ti-Nb-Zr alloy samples (Ti35Nb5Zr, Ti35Nb10Zr,
Ti35Nb15Zr) were ground and polished with number 2000
SiC emery papers and then ultrasonically cleaned with
absolute alcohol. Finally, they were rinsed with deionized
water and dried in N

2
stream. Electrochemical anodization

was carried outwith a pulse voltage stabilizer. Anodic samples
were fabricated with pulse voltages of 20V, 30V, and 40V
with a constant frequency of 4000Hz and duty cycle of 20%
for 90 minutes in electrolytes of 1M NaH

2
PO
4
containing

0.5 wt% HF. The pulse frequency varied from 2000Hz to
4000Hz. The effects of anodization voltage and pulse fre-
quency on the microstructures and composition of Ti-Nb-
Zr-O samples with different Zr contents were investigated.

2.2. Microstructural Characterization. The structure mor-
phology and composition of Ti-Nb-Zr-O samples were inves-
tigated using a scanning electron microscope (SEM; FEI
SIRION 200, USA) equipped with energy dispersive X-ray
analysis (EDXA; OXFORD INCA, USA). The as-anodized
Ti-Nb-Zr-O samples grown on different Ti-Nb-Zr alloy sub-
strates were annealed at 500∘C in air. Phase structures of the
as-annealed Ti-Nb-Zr-O samples were characterized with X-
ray diffraction (XRD,D/max 2550V). For reference, undoped
TiO
2
nanotubes were also fabricated through anodization of

pure Ti substrate.

3. Results and Discussion

Figure 1 shows top and cross-section views of Ti-Nb-Zr-O
nanotubes grown on Ti35Nb5Zr alloy substrate at different
voltages. The oxide sample prepared at 20V showed a web-
like structure rather than a nanotubular array morphology.
When the anodization voltage increased to 30V, the nanotube
arrays could form. The average diameter and length of the
nanotubes were 170 nm and 4.75 𝜇m, respectively. When the
anodization voltage increased to 40V, the average diameter
and length of the nanotubes were 220 nm and 4.8 𝜇m,
respectively.The slight increase in length from about 4.75 𝜇m
to 4.8 𝜇mwas attributed to a competition between an electro-
chemical oxide formation and chemical dissolution of oxide
by fluoride ions. The formation rate of the nanotube bottom
and the dissolution rate of the nanotube top at an anodization
voltage of 30V were almost equivalent. Therefore, the length
of the nanotubes almost remained unchanged when the
anodization voltage increased to 40V.

Figure 2 shows top and cross-section views of Ti-Nb-Zr-
O nanotubes grown on Ti35Nb10Zr alloy substrate at differ-
ent voltages. When the anodization voltage was 20V, the as-
grown Ti-Nb-Zr-O nanotube arrays had a clear nanotubular

Table 1: Summary of average length and diameter of the nanotubes
grown at different anodization voltages.

Samples Anodization
voltage

Average length
(𝜇𝑚)

Average
diameter (nm)

Ti35Nb5Zr
20V — —
30V 4.75 170
40V 4.80 220

Ti35Nb10Zr
20V 2.26 98
30V 5.23 150
40V 6.12 206

Ti35Nb15Zr
20V 3.25 103
30V 5.84 153
40V 8.13 210

morphology.When the anodization voltage increased to 30V,
the average diameter and length were 150 nm and 5.25𝜇m,
respectively. At 40V, Ti-Nb-Zr-O nanotube arrays grown
on the Ti35Nb10Zr alloy substrate had an average diameter
of 206 nm and average length of 6.12 𝜇m. The diameter
was slightly smaller than that of the nanotubes grown on
Ti35Nb5Zr alloy substrate.

Figure 3 shows top and cross-section views of Ti-Nb-
Zr-O nanotubes grown on Ti35Nb15Zr alloy substrate at
different voltages. The average length of the Ti-Nb-Zr-O
nanotubes was 8.13 𝜇m when the anodic voltage was 40V.
Summary of the nanotube length and diameter of the three
kinds of nanotubes is shown in Table 1.

During the anodization process, many factors such as
oxidation electrolyte, anodization voltage, and time could
affect the formation of Ti-Nb-Zr-O nanotubes. There is a
competition between the electrochemical oxide formation
and chemical dissolution of oxide by fluoride ions. The
nanotube growth could reach a steady state in which the
formation rate at the bottomanddissolution rate at the top are
equal [20].The growth of Ti-Nb-Zr-O nanotubes remarkably
depended on local electric field and solution diffusion rate
and took place preferentially at some locations on the Ti-Nb-
Zr alloy substrate. The anodic formation mechanism of the
Ti-Nb-Zr-O nanotubes can be represented as follows [21, 22]:

X + 2H
2
O → XO

2
+ 4H+ + 4e− [X = Ti,Zr] (1)

XO
2
+ 4H+ + 6F− → [XF

6
]
2−
+ 2H
2
O (2)

2Nb + 5H
2
O → Nb

2
O
5
+ 10H+ + 10e− (3)

Nb
2
O
5
+ 10H+ + 14F− → 2[NbF

7
]
2−
+ 5H
2
O (4)

At first, oxidized metal species react with O2− ions (from
H
2
O) to form an oxide layer growth on the metal surface.

In contrast, due to the presence of F− ions, dissolution and
breakdown of oxide layer occur along random path through
this layer and form disordered wormlike structure. The
oxide layer will be finally removed by chemical dissolution
and water-soluble [XF

6
]2− or [NbF

7
]2− formed, making the

underneath highly ordered tube structure observable from
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Figure 1: Top and cross-section views of Ti-Nb-Zr-O nanotubes grown on Ti35Nb5Zr alloy substrate at different voltages with a constant
frequency of 4000Hz and duty cycle of 20% for 90 minutes, (a)-(b) 20V, (c)-(d) 30V, and (e)-(f) 40V.

Table 2: EDS analysis of the Ti-Nb-Zr-O nanotubes grown on different Ti-Nb-Zr alloy substrates at 40V with a constant frequency of
4000Hz and duty cycle of 20% for 90 minutes.

Samples Ti (wt%)/(at%) O (wt%)/(at%) Nb (wt%)/(at%) Zr (wt%)/(at%)
Ti35Nb5Zr 28.94/16.05 46.27/76.84 21.54/6.16 3.25/0.95
Ti35Nb10Zr 28.25/16.13 44.30/75.75 21.00/6.19 6.45/1.94
Ti35Nb15Zr 26.25/15.58 42.92/74.66 21.89/6.70 9.85/3.07

the top. Meanwhile, oxidized metal species could react with
O2− ions to form a new oxide layer. When the formation
rate of the nanotube bottom and the dissolution rate of the
nanotube top are equivalent, the length of nanotube remains
unchanged. For the Ti-Nb-Zr alloy an increase in anodization
voltage could increase the nanotube length since the driving
force for ionic transport through the barrier layer at the
pore bottom could be enhanced, which will result in faster

migration of cations and/or anions and thusmovement of the
Ti-Nb-Zr/Ti-Nb-Zr-O interface into the Ti-Nb-Zr alloy.

Our experimental results revealed that Zr content in the
Ti-Nb-Zr alloy played an important role in formation of
Ti-Nb-Zr-O nanotubes because of different electrochemical
properties of Ti and Zr elements.The solubility of the fluoride
complex for [ZrF

6
]2− is larger than that for [TiF

6
]2−. This

could result in a larger anodic current for the Ti-Nb-Zr alloy
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Figure 2: Top and cross-section views of Ti-Nb-Zr-O nanotubes grown on Ti35Nb10Zr alloy substrate at different voltages with a constant
frequency of 4000Hz and duty cycle of 20% for 90minutes, (a)-(b) 20V, (c)-(d) 30V, and (e)-(f) 40V.

with higher Zr content than that with lower Zr content at
the same potential [21, 23]. The dissolution rate of the as-
formed oxide layers by fluoride ion should be another factor
in determining the length of the Ti-Nb-Zr-O nanotubes [24].
As shown above, the formation of Ti-Nb-Zr-O nanotubes
with a high Zr content was easier than that with a low Zr
content.

EDS analyses of the as-anodized Ti-Nb-Zr-O samples
with different Zr contents were carried out to investigate
the composition of the Ti-Nb-Zr-O samples. As shown in
Table 2, each sample was mainly composed of Ti, Nb, Zr,
and O elements. With the increase of Zr content of original
alloys, contents of the Ti and Zr elements in the Ti-Nb-Zr-
O oxide layer also changed correspondingly. The contents of
Nb and Zr elements in the Ti-Nb-Zr-O samples were smaller
than those of the original alloys. This phenomenon may be
explained by considering the difference in the dissolution
rate for different oxide systems since previous reports have

shown that the nanotube formation on different pure metals
had different chemical dissolution rates in the dilute HF
electrolytes [25].

The effect of pulse frequency on the formation of Ti-
Nb-Zr-O nanotubes was also investigated. Figure 4 shows
SEM images of the Ti-Nb-Zr-O samples fabricated at 40V
with a constant frequency of 2000Hz and duty cycle of 20%
for 90 minutes on different Ti-Nb-Zr alloy substrates. As
shown in Figure 4(a), the top surface of the oxide layer had
a lot of irregular nanoporous structures and high aligned
nanotube arrays did not form due to a low electrical field.
However, the nanotube structure grown on Ti35Nb10Zr alloy
substrate became denser and more vertically oriented at
the same condition. Furthermore, the nanotubes grown on
Ti35Nb15Zr alloy substrate presented a much more regular,
well-alignednanotube array architecture.This proved that the
Ti35Nb15Zr system was easier for nanotube growth than the
Ti35Nb5Zr system did.
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Figure 3: Top and cross-section views of Ti-Nb-Zr-O nanotubes grown on Ti35Nb15Zr alloy substrate at different voltages with a constant
frequency of 4000Hz and duty cycle of 20% for 90minutes, (a)-(b) 20V, (c)-(d) 30V, and (e)-(f) 40V.

XRD analyses were conducted to characterize the crystal
structure of the as-annealed Ti-Nb-Zr-O oxides with dif-
ferent Zr contents. As shown in Figure 5, diffraction peaks
corresponding to the anatase TiO

2
phase in the as-annealed

Ti-Nb-Zr-O samples could be found. The (101) diffraction
peak of undoped TiO

2
appeared at 2𝜃 value of 25.78∘.

However, after Nb- and Zr-doping the (101) diffraction peaks
of the Ti-Nb-Zr-O samples gradually shifted from 25.78∘
to 25.05∘ with increase of the Zr content. This performance
should be mainly attributed to the change of TiO

2
lattice

parameter because of the larger radius of Zr4+ (0.72 Å)
compared to that of Ti4+ (0.61 Å) [26].

4. Conclusions

In summary, anodic Ti-Nb-Zr-O nanotube arrays were
grown on Ti-Nb-Zr alloy substrates in 1M NaH

2
PO
4

containing 0.5 wt% HF electrolytes. The average length of
the Ti-Nb-Zr-O nanotubes increased with increase of the
Zr content. The anodic current for the Ti-Nb-Zr alloy with
higher Zr content was larger than that with lower Zr content
at the same anodization voltage. XRD analysis indicated
that the Ti-Nb-Zr-O oxides annealed at 500∘C were anatase
phase. The diffraction peaks shifted to lower 2𝜃 values with
increase of the Zr content because of the larger radius of
Zr4+ compared to that of Ti4+. The formation of Ti-Nb-Zr-
O nanotubes for the system with a higher Zr content was
relatively easier.
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(a) (b)

(c)

Figure 4: SEM images of Ti-Nb-Zr-O nanotubes grown on different Ti-Nb-Zr alloy substrates at 40V with a constant frequency of 2000Hz
and duty cycle of 20% for 90minutes, (a) Ti35Nb5Zr, (b) Ti35Nb10Zr, and (c) Ti35Nb15Zr.
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Figure 5: XRD patterns of Ti-Nb-Zr-O nanotubes grown on
different Ti-Nb-Zr alloy substrates at 40Vwith a constant frequency
of 4000Hz and duty cycle of 20% for 90 minutes.
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Silicon nanoparticles at different doping concentrations are investigated for tuning their optical nonlinear performance.The silicon
nanoparticles are synthesized from doped silicon wafers by pulsed laser ablation. Their dispersions in water are studied for both
nonlinear absorption and nonlinear refraction properties. It is found that the optical nonlinear performance can be modified by
the doping concentration. Nanoparticles at a higher doping concentration exhibit better saturable absorption performance for
femtosecond laser pulse, which is ascribed to the free carrier absorption mechanism.

1. Introduction

The optical nonlinear properties of nanomaterials have been
extensively studied for the applications in high power laser
devices. Among all these materials, silicon materials have
triggered particularly high research interests because of their
potential to be integrated with microelectronics [1, 2]. One
of the primary arguments in favor of silicon optical materials
is the possibility to build chip-scale photonic devices, which
motivates intensive investigations on optical nonlinear prop-
erties of silicon materials in nanoscale [3–6].

In addition to its compatibility with the industry, sili-
con nanomaterials have many other advantages. Traditional
materials like gold and silver are not cost efficient. Comparing
to them, silicon has a rich source of supply and low process-
ing cost. Different from most of organic optical nonlinear
materials, silicon is promising for the biomedical applications
due to its minimum toxicity. Synthesis methods have been
reported to produce pure siliconmaterials with little chemical
precursors [7, 8]. Meanwhile, the flourishing silicon industry
andmature processing techniquemake it possible to precisely
fabricate silicon nanoscale structures with modified intrinsic
properties. Therefore, silicon emerges as a good candidate

to be a cheap and environmental friendly optical nonlinear
material.

In the past decades, various silicon nanostructures were
studied for their unique optical properties, such as porous
siliconmaterials, silicon nanofibers, silicon nanoclusters, and
nanoparticles [3, 9–14]. In these studies, silicon morphology
was reported to be an important factor affecting the optical
nonlinearity. Meanwhile, researchers also studied the silicon
in different surrounding matrices, which was crucial for the
optical nonlinear performance [14]. Other key factors include
the density of free carriers. Since free carrier absorption is
a nonlinear process, better optical nonlinearity is expected
for silicon material with a large number of free carriers [12].
However, insufficient experiment data on the effect of the free
carrier concentration have been reported. In this paper, a set
of experiments are designed and presented to provide a better
understanding on how the optical nonlinearity is affected by
the density of free carriers.

The change of free carrier density is achieved by the
tuning of the doping concentration in silicon.The dispersions
of the silicon nanoparticles in water are synthesized and
studied for the optical nonlinearity. These Si nanoparticles
are produced by pulsed laser ablation in deionized (DI) water
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Table 1: Surface resistivity and doping concenration of silicon
wafers.

Number Surface resistivity Doping concentration
(Ω⋅cm) (cm−3)

P1 0.01 8.1𝐸18

P2 1.50 1.0𝐸16

P3 4.90 2.8𝐸15

P4 10.50 1.3𝐸15

P5 16.50 8.3𝐸14

N1 0.80 8.4𝐸16

N2 0.10 8.2𝐸16

N3 4.50 1.0𝐸15

N4 8.00 5.6𝐸14

N5 19.0 2.3𝐸14

to form a stable dispersion. Nonlinear optical properties are
characterized by the open and close aperture𝑍-sanmethods.
It is found that the increase of doping concentration enhances
the optical nonlinear response, which opens a new way to
tune the optical nonlinearity. Different from themodification
of the morphology and environment, it is more flexible to
tune the optical nonlinearity by simply varying the doping
concentration.

2. Synthesis of Nanoparticle Dispersion

One-side polished silicon wafers were bought from the
LiJingKeJi Ltd. N-type samples were doped with phosphorus
and P-type samples were doped with boron. For each sample,
the average sheet resistivity was recorded. The doping con-
centrations were calculated from the sheet resistance [15]. All
these data are summarized in Table 1.

Pulsed laser ablation was applied to synthesize the silicon
nanoparticles [16, 17]. In each experiment, a clean silicon
wafer in the dimension of 1 cm × 1 cm was positioned at the
center of a 25mL glass beaker, with the unpolished side facing
towards the incident laser beam. The beaker was then put
into a sample holder on the processing stage. The diagram
of the experimental setup is shown in Figure 1(a), which was
discussed in the previous work [18, 19]. The Nd:YAG fiber
laser at the wavelength of 1064 nm (IDI Laser Service) was
used for the laser ablation. The pulse duration (full width at
halfmaximum)was 1.5 ns.The repetition rate was 60 kHz and
the focal length used was 10 cm.

The laser beam was programmed to scan over a 1 cm ×
1 cm area for 900 times. A rectangular scanning pattern was
chosen and the scanning speed was set at 1mm/s. The laser
fluence for the synthesis of silicon nanoparticles was kept
at 0.8 J/cm2 at the focal point throughout the process. The
entire process took about 6 minutes. After the laser ablation
was completed, the color of the solvent changed into light
brown, which resulted from the dispersion of the silicon
nanoparticles inside the water.

Same parameters for the laser ablation were applied to
synthesize silicon nanoparticles at different doping concen-
trations. The dispersions were collected and sonicated for 30

minutes to ensure the silicon nanoparticles are being well-
dispersed in water. All the silicon nanoparticles’ dispersions
were placed at rest for one day to test the stability and no
aggregations were observed. To calculate the nanoparticles’
concentration, 30 cycles of the laser ablation were repeated
on one silicon wafer and the average weight change per cycle
was calculated.Themass loss of the siliconwafer in each cycle
equals the total mass of the silicon nanoparticles synthesized
and the nanoparticles’ concentration can be estimated to be
5mM.

3. Results and Discussion

3.1. Silicon Nanoparticles’ Morphology and Size Distribution.
SEM images were taken to characterize the morphology
and size distribution of the silicon nanoparticles synthesized
by the laser ablation. The dispersion was dropped onto an
undoped silicon substrate and then observed under a high
resolution Jeol JSM7001F SEM. The image of the silicon
nanoparticles’ morphology is shown in Figure 1(b). It is clear
that most silicon nanoparticles are in sphere shape. The sizes
of 100 nanoparticles were measured and the size distribution
is shown in Figure 1(c). It can be seen that the size distribution
ranges broadly from 0 to 400 nm, while the distribution peak
locates at 100–200 nm. It is found in our experiment that,
regardless of the doping concentration, the size distribution is
similar to different samples. A schematic diagram of the laser
ablation mechanism for the silicon nanoparticles’ synthesis is
shown in Figure 1(d). In the synthesis process, a rapid transfer
of the energy from photons to the lattice causes the silicon
materials to evaporate, which results in the generation of
expanding plasma. This plasma is made of energetic species
including atoms, molecules, ions, clusters, and dopants.
During the expanding process, the plasma is confined by
the surrounding water molecules under high pressure. The
energetic species in the plasma collide with the surrounding
watermolecules and the kinetic energy is reduced.This strong
hyperthermal reaction between the ablated energetic species
and the surrounding water molecules promotes the nucle-
ation and aggregation to form the nanoparticles. The silicon
doping concentrations in our experiments are from 2.3 × 1014
to 8.1 × 1018 cm−3. The number of dopants is much smaller
compared to that of silicon atoms. Therefore, the generation
of energetic species is similar to silicon materials at different
doping concentrations. In the same conditions, the plasma
expansion and nucleation process are identical. As a result,
silicon nanoparticles synthesized exhibit similar morphology
and size distribution at different doping concentrations.

3.2. Absorption Spectrum of Silicon Nanoparticles. The
absorption spectra of the silicon nanoparticles’ dispersions
were characterized by a Shimadzu UV-3600 UV-VIS-NIR
spectrophotometer. The dispersions were heated on a hot
plate to increase the nanoparticles’ concentration in order
to enhance the absorption features of silicon nanoparticles.
The concentrated dispersions were sonicated for 10 minutes
and transferred into a quartz cell with 1 cm light path length
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Figure 1: (a) Diagram of the laser ablation for silicon nanoparticles’ synthesis. (b) SEM images of the silicon nanoparticles; inset: zoom-in
image. (c) Particle size distribution of the silicon nanoparticles. (d) Laser plasma plume formation induced by laser ablation at different stages
of (1) initial, (2) expansion, and (3) saturation.

for characterization. The absorption spectra from 350 to
1200 nm are shown in Figure 2. Inset of Figure 2 is the
optical image of the silicon nanoparticles’ dispersions to
show their colors. The absorption spectra are similar to
both P-type and N-type silicon nanoparticles’ dispersions.
The absorption increases at a short wavelength and reaches
its peak at around 420 nm, which is in good agreement
with the previous reported results [14, 20]. This absorption
peak corresponds to the energy level of singularities in the
electron density function [20].

3.3. Silicon Nanoparticles’ Nonlinear Absorption and Non-
linear Refraction Properties. To characterize the nonlinear
optical response, both open and close aperture 𝑍-scan
experiments were conducted. The 𝑍-scan measurement was
performed by using a regenerative Ti:Sapphire amplifier
(Libra, Coherent), which gave output laser pulses with a
central wavelength of 800 nm, pulse duration of around
100 fs, and repetition rate of 1 kHz. In our previous research,
the same setup was applied to study the optical nonlinearity
of graphene oxide [21].

The sample was sonicated for 30 minutes before the
experiment to avoid aggregation. After sonication, the disper-
sion was transferred into a quartz cuvette with 1mm optical
path length, which was then placed at the starting location of
the stage (𝑍 = −8mm). The 𝑍-scan range was set from −8 to
8mm.The aperture was adjusted to be fully open for the open
aperture 𝑍-scan measurement and 30% transmittance of the
initial beam for the close aperture 𝑍-scan experiment. Three
cycles were repeated to reduce the experimental error and the
average was calculated to plot the 𝑍-scan curves.

The nonlinear absorption of the P-type silicon nanopar-
ticles was examined by open aperture 𝑍-scan method at
the wavelength of 800 nm. The incident laser fluence is
40mJ/cm2 at the focal point. Results are shown in Figure 3(a).
As a comparison, the transmittance curve of water was also
plotted. It can be seen that thewater does not showany change
in the transmittance at different 𝑍 positions, which indicates
that it does not have any observable nonlinear effect under
our experiment conditions. Meanwhile, all the P-type silicon
nanoparticles show clear features of the saturable absorp-
tion. Comparing the curves for samples at different doping
concentrations, it can be found that the peak transmittance
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Figure 2: Absorption spectra for (a) P-type and (b) N-type silicon nanoparticles dispersions; inset: optical image of the dispersions.
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Figure 3: (a) Open aperture 𝑍-scan curves for P-type silicon nanoparticle dispersions; inset: peak transmittance at different doping
concentrations. (b) Close aperture 𝑍-scan curves for P-type silicon nanoparticles’ dispersions.

increases as the doping concentration increases, which indi-
cates that the saturated nonlinear absorption is enhanced by
the dopants. Among all the samples, the sample at the dop-
ing concentration of 8.1× 1018 cm−3 presented a significant
enhancement of the nonlinear absorption. Comparing to the
silicon nanoparticles at the doping concentration of 8.3 ×
1014 cm−3, the peak transmission was enhanced by 10%.

These different optical nonlinear responses related to the
doping concentration can be explained by the mechanism
of free carrier absorption [12]. Once generated, the free
carriers can be promoted to a higher energy level by the
absorption of photons. The probability for one free carrier
to jump into a certain level is defined as the cross section.
The saturated absorption is caused by the different cross
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Figure 4: (a) Open aperture𝑍-scan curves at different incident laser fluences at the focal point. (b) Open aperture𝑍-scan curves at the laser
excitation wavelengths of 600, 700, and 900 nm.

sections of the excitation levels. When the cross section for
a higher excitation level is small, free carriers are not likely
to jump up to the higher level and fail to absorb the laser
energy, which causes the absorption to be “saturated” and
the transmission to increase. The free carrier absorption is
clearly an accumulative process, which relies on the buildup
of the free carrier population. The nonlinear effect is in
positive correlationwith the density of the free carriers.When
more free carriers fail to jump up to a higher level, the
absorption becomes saturatedmore readily; thus, the increase
of the free carriers can enhance the optical nonlinearity. A
heavily doped sample has a larger number of free carriers,
which is consistent with our observation that the sample with
the highest doping concentration shows the most significant
enhancement of the saturable absorption [12].

Close aperture 𝑍-scan was conducted to verify whether
the doping concentration influences the optical nonlinear
refraction of the silicon nanoparticles. The transmittance
curves are summarized in Figure 3(b). Experimental con-
ditions were the same as those in the open aperture 𝑍-
scan measurement except that the aperture was set to 30%
transmittance of the initial beam.The transmittance of water
was also plotted as a reference, which exhibits the features
of the self-focusing. The curves for the silicon nanoparticles’
dispersions and water are very similar. The reason can be
explained as follows. The refractive index variation at differ-
ent laser intensities is responsible for the nonlinear optical
effect. Since the concentration of the silicon nanoparticles
is low in water, refractive index variation is mainly affected
by water. As a consequence, little enhancement of nonlinear
refraction can be observed.

To build up a comprehensive understanding of the optical
nonlinear response, the open aperture𝑍-scan measurements

with different excitation fluences and wavelengths were per-
formed. The results on the P-type silicon nanoparticles with
the doping concentration of 8.1×1018 cm−3 were chosen to be
presented for illustration purpose.The results for laser fluence
dependence at the excitationwavelength of 800 nmare shown
in Figure 4(a). It is clear that the peak transmittance increases
with the incident laser fluence. This observation can be
ascribed to more free carriers generated at the higher laser
fluence. Furthermore, comparing to other samples, a less
intensive laser excitation is required to reach an identical
peak transmittance. At the incident laser fluence of 11mJ/cm2,
the peak transmittance is 1.06 (Note: the transmittance is
normalized to the linear transmittance at the initial 𝑍-scan
position, where there is no nonlinear absorption. 1.06 means
the peak transmittance is 106% of the linear transmittance
at the initial 𝑍-scan position). For sample at the doping
concentration of 8.3 × 1014 cm−3, the incident laser fluence
needs to be increased to 40mJ/cm2 to have a comparable peak
transmittance around 1.06, which is shown in Figure 3(a).
As the identical peak transmittance means the same level of
nonlinear absorption, it can be concluded that, in order to
achieve an identical level of saturated nonlinear absorption,
samples at high doping concentrations need a less intense
laser than the samples at low doping concentrations. For the
highly doped samples, its high free carrier density enables
electrons to be more readily excited by laser pulses, which
explains why they need lower laser fluence to achieve the
same nonlinear response.

The broadband performance was also characterized at
the laser excitation wavelength of 600, 700, and 900 nm
using an optical parametric amplifier (Topas C).The incident
laser fluence was set at 11mJ/cm2 at all these wavelengths.
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The transmittance curves of the open aperture 𝑍-scan mea-
surement are shown in Figure 4(b). It can be seen that
silicon nanoparticles exhibit optical nonlinear responses at all
these excitation laser wavelengths and the optical nonlinear
response is the strongest at the wavelength of 600 nm.
This can be explained by the higher absorptions of silicon
nanoparticles at a short wavelength, as shown in Figure 2.
A larger absorption results in a larger amount of energy
transferred to the silicon nanoparticles upon excitation. As
a consequence, more free carriers are generated and excited.
As these free carriers are hindered to jump up to a higher level
due to the small cross section, the absorption becomes more
saturated, which explains the enhancement of the optical
nonlinearity.

The optical nonlinear response of N-type silicon sam-
ples was also characterized using the same 𝑍-scan setups
in our experiments. It was discovered that the increase
of the doping concentration can enhance the nonlinear
absorption, which can be explained similarly using the free
carrier absorption mechanism. However, at same doping
concentration, P-type silicon nanoparticles show stronger
saturable absorption behavior than N-type silicon nanopar-
ticles, which indicates that P-type silicon nanoparticles have
better nonlinear response. This difference is due to their
different cross sections of the excitation levels in two cases.
The free carriers for P-type and N-type silicon materials
are holes and electrons, respectively. Holes and electrons
have different effective masses andmomentum relaxing time,
which influence the cross sections of the excitation levels [22].

4. Conclusions

Silicon nanoparticles’ dispersions were synthesized by the
pulsed laser ablation and their optical nonlinear responses
were investigated. Under the same synthesis conditions,
these silicon nanoparticles have similar morphology and
size distribution. It is shown that the increase of the dop-
ing concentration leads to a stronger nonlinear absorption,
while the nonlinear refraction is not changed much. This
enhancement can be explained by the free carrier absorption
mechanism. The characterization at different wavelengths
proves that the silicon nanoparticles have a broadband
nonlinear response and the optical nonlinearity is stronger
at a shorter wavelength. This research reveals the possibility
to tune the optical nonlinearity of silicon nanoparticles via
doping concentration.
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The effects of alumina content and heat treatment on upconversion properties of codoped (ErF
3
-YbF
3
) oxyfluoride glass ceramics

were investigated. Results showed that alumina content had an effect on phase separation and viscosity of the glass. Due to the high
viscosity of low alumina content glass, the phase separated areas were smaller in these specimens. Increasing the heat treatment
temperature led to the incorporation of Er3+ ions into CaF

2
crystals and also increased the Yb3+ concentration in them. This

increase improved the energy transfer and back transfer process between Er3+ and Yb3+ ions and as result upconversion intensity
was increased.

1. Introduction

At present, there is great interest in luminescent materials
for efficient frequency conversion from infrared to visible
radiation, mainly because a visible source pumped by a near
infrared laser is useful for high-capacity data storage optical
devices [1]. This process can be obtained by upconversion
mechanisms, where several infrared photons can be absorbed
by the material doped with rare earth ions (RE) in order
to populate more energetic levels. Therefore, both the fluo-
rescence lifetime and the stimulated emission cross-section
of the RE excited level should be maximized, whereas the
nonradiative decay mechanisms should be minimized [2].

Oxyfluoride glass ceramics are ambivalent materials.
Despite the fact that they are mainly oxide glasses, they can
exhibit optical properties of fluoride single crystals when they
are doped with rare earth ions. They are often called nano-
composite materials. Their weird character is obtained by a

classical melting and quenching preparation in air followed
by an adapted thermal treatment during which fluoride
phases are crystallized.The size, size distribution, and volume
concentration of fluoride crystallites are crucial for photonic
applications. For example, to be a promising optical func-
tional material, the size of the crystallites should be smaller
than at least half of the wavelength of the light used while
the size distribution should be narrow and the crystallites
should possess a homogeneous spatial distribution. In this
way, according to the scattering theory developed by Rayleigh
[3], complete transparency of a light transmitting material
can be attained [4]. A refractive index difference between
the amorphous and crystalline phases of less than 0.1 is
also required. However, according to Beall and Pinckney [5],
based on Hopper’s model, crystal sizes of 30 nm and differ-
ences in refractive index of 0.3 may be acceptable, provided
that the crystal spacing is not larger than six times the average
crystal size. Transparent Glass Ceramic (TGC) can also be
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Table 1: Composition (mol%), fluorine content (Wt%), and characteristic temperatures (𝑇
𝑔
,𝑇
𝑚
, and crystallization temperatures of CaF2 and

Ca2Al3O6F in ∘C) of the precursor glass samples.

Sample code SiO2 Al2O3 CaF2 ErF3 YbF3 Fluorine content 𝑇
𝑔
/𝑇
𝑚

CaF2 Ca2Al3O6F
SA1.8 45 25 35 — — 11.5 ± 0.01 583/969 720 867
SA2.18 48 22 35 — — 11.00 ± 0.01 570/984 705 861
SA1.8EY 45 25 35 0.5 2 12.4 ± 0.01 500, 605/1009 675 871
SA2.18EY 48 22 35 0.5 2 12.2 ± 0.01 461/1018 660 865

obtained with even larger crystal sizes if optical isotropy
is achieved within the glass ceramic [6]. Consequently, the
selection of the oxide glass composition and the fluoride
phase composition is the key factor in obtaining the desired
glass ceramic materials [7–9]. The Er3+ ions are specially
interesting due to their emission at 1.5𝜇m and the green
upconversion obtained under near infrared excitation [10–
12]. In order to improve these emissions, the sensitization
of this nanocomposite with Yb3+ ions may be a good choice
because of the efficient energy transfer process from Yb3+ to
Er3+ ions [10, 11].

Recently upconversion luminescence properties of Er3+/
Yb3+ codoped glass ceramics containing CaF

2
nanocrystals

were investigated by Chen et al. [11] and Kishi et al. [13]. In
these researches the authors analyzed the infrared and the
upconversion fluorescence produced by Er3+ and Yb3+ ions.
In addition, Perez-Rodriguez et al. [14] studied the upcon-
version emission properties of Er3+-Yb3+ codoped glass and
glass ceramic samples with different Si/Al ratios were ana-
lyzed by covering their surfaces with silica microspheres
(3.8 𝜇m diameter). However, it is necessary to analyze the
effect of base glass composition on optical properties and
crystallization mechanism of oxyfluoride glass ceramics in
order to improve their optical properties.

In this paper, two series SiO
2
/Al
2
O
3
= 2.18 and SiO

2
/

Al
2
O
3
= 1.8 of oxyfluoride glass ceramics containing CaF

2

nanocrystals doped with a fixed amount of Er3+ and Yb3+
(0.5mol% ErF

3
and 2mol% YbF

3
) heat treated at four dif-

ferent temperatures (630, 660, 675, and 690∘C) for 48 h were
studied in order to improve Er3+ emissions. Based on emis-
sion spectra and luminescence lifetimes, the behavior of Er3+
and Yb3+ ions during heat treatment was evaluated.

2. Experimental

Reagent-Grade Chemicals. (opti pure), SiO
2
(Alfa-aesar-

89709), Al
2
O
3
(Alfa-aesar42571), CaF

2
(MERCK 102840

precipitated pure), ErF
3
(Alfa-aesar 13653), and YbF

3
(Across

31616) were used as raw materials. The batch compositions
were mixed in Agate mortar for 10min in a glove box with
the humidity of less than 10%.

The glass samples were prepared by melting the mixtures
of the above mentioned materials in covered platinum cru-
cibles at 1450∘C in an electric kiln for 90min. Four different
batches were used in this study and they are coded in Table 1.

In order to measure fluorine loss in as-made glass, one
gram (1.0000) sample of the glass is fused with 3 grams of
sodium hydroxide in platinum crucible at 900∘C for 60min.

The fused cake is leached with hot water, filtered, and washed
several times with hot water. The above solution is stirred
for 3 hours at 80∘C temperature. During this time the pH
of the solution decreases to 7 by using sulfuric acid with
concentration of 1M. Using ion chromatography the fluorine
concentrations of the solutions are calculated and the fluorine
loss of the glass is measured subsequently (Table 1).

The prepared glass was annealed at 480∘C (close to the
glass transition temperatures) for 3 h. The resulting samples
were cut and polished to form 30mm × 30mm × 2mm
rectangular slices. Crystallization temperatures of glass were
determined by differential thermal analysis (DTA; Polymer
Laboratories 1640, Amherst, MA).

Glass frit with relatively coarse particle sizes (0.30–
0.4mm) and a heating rate of 10 K/min were used in each
DTA run. This particle size was chosen in order to minimize
the contribution of the surface area to the nucleation process
and to obtain DTA results that were closer to the bulk glass.
The reference material in these experiments was 𝛼-Al

2
O
3

powder.
The heat treatment of glass was carried out in an electric

kiln at four different temperatures (630, 660, 675, and 690∘C)
for 48 h according to DTA results, at a heating rate of
10 K/min.The crystalline phases whichwere precipitated dur-
ing the heat treatment were identified utilizing Philips X’Pert
Pro diffractometer equippedwith a primarymonochromator,
Cu K𝛼 radiation, and a X’Celerator detector. The XRD
patterns were collected with a step of 0.016∘ in the 2𝜃 angular
range of 10∘ to 90∘ and acquisition timeof 2 h.Themicrostruc-
ture of the heat treated samples was obtained by FESEM
(Hitachi S4160) microscope. Samples were imaged after
polishing (up to 1𝜇mdiamond paste) and etching in a 0.5 vol-
ume percent HF solution for 5min. Moreover, transmission
electron microscopy observations were carried out by using
TEM, Phillips CM 200, equipped with the EDAX DX4 EDX
detector.

A passively tunable Ti:Sapphire laser source (Spectra-
Physics 3900S) pumped by a Millenia spectra-physic laser
(model 15SJSPG) was used as an excitation source for upcon-
version luminescence.The upconverted light was recorded by
a spectrometer (Ocean Optics HR4000) equipped with opti-
cal fiber with 200𝜇m diameter. In all the measurements the
spectral resolution was about 0.5 nm.

The luminescence decay curves of the 4I
11/2

and 4S
3/2

levels were measured by exciting the sample with an opti-
cal parametric oscillator OPO (EKSPLA/NT342/3UVE) and
were recorded and averaged using a digital storage oscillo-
scope (Tektronix 2430A).
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Figure 1: DTA thermographs of SA2.18, SA2.18EY, SA1.8, and
SA1.8EY glass.

3. Results and Discussion

3.1. DTA Analysis. Figure 1 shows the DTA thermographs of
the oxyfluoride glass specimenswith the compositions shown
in Table 1. The thermal event that arises at the lowest tem-
perature is the glass transition temperature (𝑇

𝑔
). As shown,

it was followed by two exothermic effects showing the crys-
tallizations of various phases. According to X-ray diffraction
results, the first and the second exothermic peaks belong to
crystallization of CaF

2
and Ca

2
Al
3
O
6
F, respectively. As it can

be seen, there is also an endothermic peak in the glass (𝑇
𝑚
).

XRD results showed that this peak was related to dissolution
of fluorine in the residual glass phase. These characteristic
temperatures of the glass, that is, 𝑇

𝑔
, crystallization tempera-

tures, and 𝑇
𝑚
, have been summarized in Table 1.

According to Chen et al. [7, 15] and Bao et al. [8], Er3+ ion
could play a significant role in the crystallization of CaF

2
in

the oxyfluoride glass. In SA1.8EY, this temperature is reduced
from 720∘C to 675∘C and in SA2.18EY from 705∘C to 660∘C
with the incorporation of these ions.

Although influence of Yb3+ in the crystallization of CaF
2

in the oxyfluoride glass is not clear, there are some reports
showing that the YbF

3
promotes the crystallization of the

fluoride phases such as LaF
3
[16] or PbF

3
[17]. Further works

in single doped samples with Yb3+ indicate that this ion does
not act as nucleating agent for CaF

2
in SiO

2
-Al
2
O
3
-CaF
2

system [18].
According to Hill et al. [19], in oxyfluoride glass, the fluo-

rine was bonded to the aluminum ions which were present
in the glass composition. As a result of this, there was
less fluorine loss due to lower silicon tetrafluoride (SiF

4
)

formation [20]. It seems that a similar situation could happen
in glass under study. As it can be seen fromTable 1, increasing
the alumina content resulted in the decrease of the fluorine
loss during the melting. Owing to higher concentration of

the fluorine bond in the SA1.8 doped glass the dissolution
of fluorine (𝑇

𝑚
) takes place in a lower temperature than the

other ratio (see Table 1).

3.2. Microstructural Evaluation. The SEM images (Figures
2(a) and 2(b)) of samples SA2.18EY and SA1.8EY after heat
treatment at 590∘C for 10 minutes with ramp rate of 10 K/min
revealed that large separation areas (droplets) were formed
in the SA1.8EY samples in comparison to the SA2.18EY
samples. Phase separation in oxyfluoride glass ceramic is
a common phenomenon [4, 21]. It is very likely that the
described samples are phase separated; because rare earth
ions are known to introduce phase separation droplets into
the glass already in minor concentrations [18, 21].

According to DTA results, the crystallization of CaF
2
in

the glass with higher alumina content and lower viscosity
took place at higher temperatures than the other ones. Low
viscosity promotes the occurrence of phase separation in
glass, and, as a result of this, large separation areas (droplets)
were formed in the SA1.8EY samples in comparison with
the SA2.18EY samples. As the separated areas are smaller in
the SA2.18EY specimens, the concentration of CaF

2
will be

increased locally and the crystallization temperature of CaF
2

would be decreased more than the samples of the other ratio.
Similar behavior was suggested in SiO

2
-Al
2
O
3
-Na
2
O-LaF

3

system by Bhattacharyya et al. [4].
A bright field and dark field transmission electron

microscopy images of the glass ceramics SA1.8EY heat-
treated at 675∘C for 48 hours are shown in Figures 3(a)
and 3(b), respectively. One can see in the bright field
image the two phases of the glass ceramic: the black spots
correspond to the crystallites in diffraction conditions and
the white background corresponds to the glassy matrix.
Lots of spherical CaF

2
crystallites sized about 20–60 nm

are distributed separately among the glassy matrix. Their
corresponding electron diffraction pattern is shown in the
inset of Figure 3(a). The average size calculated by analyzing
many TEM images is 35 ± 10 nm.

3.3. X-Ray Diffraction Analysis. Figures 4(a) and 4(b) show
XRD patterns of SA1.8EY and SA2.18EY samples which were
heat treated at 630, 660, 675, and 690∘C for 48 h.

Several diffraction peaks corresponding to CaF
2
(ICCD

no. 00-002-1302) crystals are clearly observed in the men-
tioned samples, indicating the crystallization of CaF

2
crystals

in the precursor glass. The diameters of the crystals in the
samples were evaluated by the Scherrer formula, and they are
given in Figure 5. Due to the smaller size of precipitated CaF

2

crystals in the SA2.18EY samples than SA1.8EY, these samples
maintained excellent transparency.

According to XRD patterns, the volume fraction of the
crystal phase can be approximately estimated by the ratio
of the integrated area of the peaks with respect to the total
XRD patterns. All calculated data is plotted in Figure 5,
and as seen the crystal size was risen with an increase in
heat treatment temperature from 630 to 690∘C (from 8.5 nm
to 22 nm in SA2.18EY and from 20 nm to 34 nm SA1.8EY
sample). As Chen et al. mentioned, the crystallization of CaF

2

in oxyfluoride glass ceramic is a diffusion-controlled process
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(a) (b)

Figure 2: SEM images of samples (a) SA2.18 EY and (b) SA1.8 EY after heat treatment at 590∘C for 10min.
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Figure 3: TEM images of (a) bright field and (b) dark field of the SA1.8EY sample heat treated at 675∘C for 48 hours. The inset in (a) shows
the corresponding electron diffraction pattern.
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Figure 4: XRD patterns of (a) SA1.8EY and (b) SA2.18EY samples which were heat treated at 630, 660, 675, and 690∘C for 48 hours.
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Figure 5: Crystal size and volume fraction of CaF
2
crystallites in

SA1.8EY and SA2.18EY samples heat treated at different tempera-
tures.

[7]. According to this mechanism, the local composition
changes during crystallization, and the crystal growth rate
depends exponentially on the heating temperature.

The volume concentration of crystalline CaF
2
in each

ratio reaches a maximum and decreases afterward.This max-
imum is 22% for SA2.18EY at 660∘C and 30% for SA1.8EY at
675∘C. These two temperatures correspond to the maximum
of CaF

2
crystallization temperature due to DTA results for

each sample. At this temperature, the nucleation and growth
of nucleus have the same rate as other temperatures. As a
result, more nuclei were formed at the maximum of the
crystallization peak, and volume concentration of CaF

2
was

increased at this temperature as well. Russel [22] suggested a
mechanism for the crystallization of CaF

2
in aluminosilicate

glass, in which the interface is enriched in glass formers,
increasing the viscosity near the crystals. Thus, a diffusional
barrier around each crystal is formed, which hinders further
crystal growth [22].

Although Russell did not mention the occurrence of
phase separation in their glass, as mentioned before, our
samples were phase separated. However, Russell studied
different glass compositions located in the Na

2
O-K
2
O-CaO-

CaF
2
-Al
2
O
3
-SiO
2
system, and it is possible that their glass did

not undergo phase separation.
Therefore, there are two parameters which could control

the crystal size and size distribution, namely, the phase
separated droplet size and the diffusional barrier around each
crystal in phase separated droplet.These parameters are both
controlled by the viscosity of glass.

Upon subsequent heat treatment, while the CaF
2
nano-

crystals are formed within these phase separated droplets,
SiO
2
, also contained in the phase separated droplets, is

relocated to the periphery of the droplets, hence inhibiting
further crystal growth [4, 22].

In SA2.18EY with lower alumina content, the viscosity
of the glass is higher than the other one (SA1.8EY); hence
the phase separated droplets are smaller. Additionally, due
to the existence of higher viscosity, the diffusional barrier
formed faster, and further nucleation becamemore andmore
difficult. Therefore, the size and concentration of crystalline
CaF
2
are smaller than the other ratio.

3.4. Direct Excitation and Upconversion. Figure 6 shows the
upconversion luminescence of samples which were heat
treated at 630, 660, 675, and 690∘C for 48 h and excited by
975 nm.The emission bands of the Er3+ ions can be assigned
to the 2H

11/2
→
4I
15/2

(520 nm), 4S
3/2
→
4I
15/2

(545 nm),
and 4F

9/2
→
4I
15/2

(660 nm) transitions, respectively. As
can be observed, in general the upconversion luminescence
emission intensity increased with rising heat treatment
temperature. Moreover, in these heat treated samples, the
upconversion emission shows bands with well resolved struc-
ture, confirming again the incorporation of Er3+ ions into
the nanocrystals. It is well known that the upconversion
luminescence of rare earth ions is affected by multiphonon
relaxation.

According to the Miyakawa and Dexter theory [23], the
multiphonon decay rate depends exponentially on the energy
gap to the next lower level and on the energy of themaximum
lattice vibration of the surrounding host lattice [23]. The
approximate frequency of the highest energy lattice vibration
in silicate oxide glass is 1100 cm−1, and this value decreases to
280 cm−1 for a CaF

2
crystal. As mentioned before, increasing

the heat treatment time and temperature leads to incorpora-
tion of Er3+ ions into CaF

2
crystalline phase. Therefore, the

upconversion intensity is increased significantly due to the
decrease of the multiphonon relaxation with the increase of
heat treatment time and temperature. For this reason, the
upconversion emission obtained from the glass ceramic sam-
ples is much higher than the precursor glass (see Figure 6).

Moreover, comparing the results shown in Figure 6, it can
be seen that the intensity of upconversion is higher in the
SA2.18 than SA1.8 samples. This is due to the smaller crystal
size of CaF

2
in this ratio. It seems that in the SA2.18EYmatrix

the distance between Er3+ and Yb3+ ions is shorter, and as
result there is more energy transfer between them. Having
more energy transfer processes between Er3+ and Yb3+ ions
resulted in increasing the upconversion luminescence.

As Er3+ ions act as nucleate agents for CaF
2
crystals [7],

during the heat treatment Er3+ ions are incorporated in the
CaF
2
crystals at the beginning of the formation of the CaF

2

crystals. On the other hand, Yb3+ ions remain in the glass
phase. As mentioned before, the crystal size was risen with
increasing the heat treatment temperature. As a result, there
aremore Yb3+ ions near the surface of the crystals. According
to phase diagram of the CaF

2
-YbF
3
system [11], CaF

2
and

YbF
3
yield a solid solution in the range of about 0–35mol%

YbF
3
content [11]. Therefore, the Yb3+ ions are considered to

be incorporated into theCaF
2
to form (Ca

1−𝑥
Yb
𝑥
)F
2+𝑥

solid-
solution crystals during the heat treatment of the samples.

In Figure 7, the relative intensity of the green and red
emission in upconversion (Figure 7) can be seen. In order to
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Figure 6: Upconversion luminescence in SA1.8EY and A2.18EY samples that obtained exciting at 975 nmwhich were heat treated at 630, 660,
675, and 690∘C for 48 h.
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Figure 7: Relative intensity of the green (green symbols) and red
(red symbols) upconversion bands that obtained exciting at 975 nm.

calculate this relative intensity, the wavelengths with highest
(540 nm and 657 nm) and lowest (548 nm and 677) intensity
with respect to the glass intensity are chosen. These ratios
will predominantly proportion the intensity of the emission
coming from ions inside the nanocrystals with respect to the
ions inside the glassy phase.

According to the results shown in Figure 7, increasing
the temperature of the heat treatment leads to a rise in the
red and green emissions in the upconversion luminescence
of the samples in SA2.18EY ratio. On the other hand, in
SA1.8EY ratio there is an increase in the relative red and
green emissions until 675∘C and the decrease after the heat
treatment temperature reaches 690∘C.

3.5. Fluorescence Decay Analysis. The fluorescence decays of
Er3+ ions in the samples around 842 nm, which correspond
to the 4S

3/2
→
4I
13/2

transition, are shown in Figure 8.

These decays were obtained under pulse excitation of the
4S
3/2

level at 550 nm. In this figure, it can be seen that the
lifetime of the Er3+ ions increases slightly with the heat
treatment temperature in the SA1.8EY ratio. Probably, after
crystallization of CaF

2
in the glass, the majority of Er3+ ions

are incorporated in the CaF
2
crystals. As it was mentioned

before, the multiphonon decay rate decreases in the ions
inside the CaF

2
nanocrystals. As a result, the ions inside

the nano-crystal have a longer lifetime. Further temperature
increases to 690∘C leading a rise in the Er3+ concentration
in the CaF

2
crystals and thus improving the energy transfer

between Er3+ ions. This then leads to most of the excited
energy states going to the ground state bymeans of transfer to
traps or cross-relaxation process, leading to the concentration
quenching. Similar behavior was reported by Yan et al. in
SrAl
12
O
19

nanophosphors [24]. Therefore, the lifetime at
690∘C is shorter than the other samples (Figure 8), and it
could also explain the decreasing of the relative green and red
emission intensity obtained in the Figure 7.

On the other hand, in SA2.18EY the lifetime of the Er3+
ions increased slightly with the heat treatment temperature.
Due to high viscosity of the glass in this ratio, the ions have
less mobility than the other ratio and as a result the greater
part of the Er3+ ions remain in the glass phase. Raising
the heat treatment temperature (675 and 690∘C) leads to
increasing the crystal size and the ion diffusion rate; therefore
there is more possibility to have Er3+ ions inside or on the
surface of the CaF

2
crystals. Considering this effect, there

are more Er3+ ions in the fluoride phase and as a result the
lifetime will be increased (see Figure 8). With respect to the
other ratio (SA1.8), the concentration of the Er3+ ions is lower
and these ions can be regarded as isolated and only a few
of them with traps nearby can transfer their energy to the
traps or undergo the cross-relaxation process, leading to an
insignificant concentration quenching. In this case the green
and red emission intensity will be increased (see Figure 7).

In order to identify the Yb3+ position (glass or crystal
phase), the infrared fluorescence decays of the samples
around 975 nm were also measured. These decays were
obtained under pulse excitation of the 2F

5/2
level of Yb3+ ions



Journal of Nanomaterials 7

0 10 20 30 40

0.1

1

SA2.18EY-glass 
SA2.18EY-675
SA2.18EY-690

Time (𝜇s)

In
te

ns
ity

 (a
.u

.)

0.01

(a)

0 10 20 30 40

0.01

0.1

1

SA1.8EY-glass 
SA1.8EY-675
SA1.8EY-690

Time (𝜇s)

In
te

ns
ity

 (a
.u

.)

(b)

Figure 8: Fluorescence decays of Er3+ around 842 nm (corresponding to the 4S
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→
4I
11/2

emission) obtained in SA1.8EY and SA2.18EY
glass and in these samples heat treated at 675 and 690∘C for 48 h and excited at 550 nm.
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Figure 9: Infrared fluorescence decays of the glass around 975 nm in both ratios (SA1.8EY and SA2.18EY) samples which were heat treated
at 630, 660, 675, and 690∘C for 48 h and excited at 940 nm.

at 940 nm. At 975 nm the Er3+ ions have an excited level 4I
11/2

which coincides with the 2F
5/2

level of Yb3+ ions. Therefore,
if transfer and back transfer processes between these ions are
important it should be reflected in the experimental decays
curves. As an example, in fluoroindate glass these processes
were analyzed on basis of the fluorescence transfer function
model [10]. As it can be seen from Figure 9, the decay curves
of the glass in both ratios indicate that the Yb3+ lifetimes are
similar.

Comparing the decay curves of the glass and the samples
which are heat treated at 630, 660, and 675∘C in SA1.8EY
and SA2.18EY ratio, it can be concluded that in the glass with
higher alumina content (SA1.8EY) and low viscosity the Yb3+
ions start to be incorporated into fluoride phase while the
heat treatment temperature is rising. Due to transfer and back
transfer between Er3+ and Yb3+ ions inside the low energy
phonon fluoride phase the decay time is increased in these
samples (Figure 9).

On the other hand, in the glass with lower alumina con-
tent (SA2.18EY) and high viscosity, it seems that the majority
of Yb3+ ions remain inside the glass phase. This can be
explained by the diminution of their lifetimes, probably after

crystallization of CaF
2
in the glass; as the fluorine content of

the glass was reduced, the lifetime of the ions inside the glass
would be decreased due to the increase of energy phonon
of the glass. As mentioned before rising the temperature to
675∘C leads to increasing the size of the nanocrystals and
as a result some Yb3+ ions are incorporated on the surface
of the CaF

2
crystals in SA2.18EY. In this case there will be

two groups of Yb3+ ions inside the sample, one located on
the surface of the nanocrystals and the other one inside
the glassy phase. The decay curve of SA2.18EY treated at
675∘C which is shown in Figure 9 confirms this result. This
curve consists of a short and a long component. The short
component is due to the Yb3+ ions inside the glass while the
long component is related to Yb3+ ions on the surface of the
CaF
2
nanocrystals. Furthermore in SA1.8EY at 690∘C there is

a decrease in the lifetime which could be explained on a basis
of the concentration quenching. As mentioned before the
Er3+ concentration in the CaF

2
nanocrystals in this sample

is high. Moreover, high concentrations of Yb3+ ions were
expected in this ratio. As a result, transfer and back transfer
among these ions could be very efficient until the energy is
transferred to traps. According to this transfer, a decrease
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in the lifetime is predictable for the SA1.8EY sample at this
temperature (as shown in Figure 9).

All processes explained before give to place that the
upconversion intensity of the SA2.18EY sample which is heat
treated at 690∘C for 48 hr should have the highest intensity
among the others.

In Figure 10, different upconversion mechanisms to pop-
ulate the 4S

3/2
and the 4F

9/2
emitting levels of Er3+ ions under

excitation at 975 nm are shown. As it can be seen, the green
emitting level (4S

3/2
) could be populated under excited state

absorption (ESA) or energy transfer processes (ET) from
the 4I

11/2
level. Moreover, the 4F

9/2
level could be populated

from relaxation of the 4S
3/2

level or from an additional
upconversion mechanism from the 4I

13/2
level. Additionally,

Yb3+ ions in the composition introduce an additional possible
mechanism to populate the 4F

9/2
level of the Er3+ ions. This

will take place by an extra upconversion processes [25].
With the increase of Yb3+ doping content, the electron

population of Er3+ ions in 4I
13/2

level is largely increased due
to energy transfer from Yb3+ to Er3+ [7]. Besides, the excited
Yb3+ ions can produce successive transfer processes in order
to excite the Er3+ ions to the higher levels (as it is shown in
Figure 10). As a result, the enhancement of the red emission
will be achieved (as shown in Figure 6).

In Figure 11 the temporal evolution of the red emission
under pulsed excitation at 975 nm is shown. In the glass
samples the Er3+ and Yb3+ ions are placed far from each other
in random positions of the glass matrix. As result, energy
transfer processes between them are negligible. As it can be
seen from Figure 11, the emission intensity coming from the
ions inside the glass reaches themaximum, immediately after
the pump laser.This is related to ESAmechanismwhich takes
place in isolated Er3+ ions in the glass matrix in both ratios.
As pointed out before, increasing the heat treatment tem-
perature rises the Er3+ and Yb3+ concentration in the CaF

2
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Figure 11: Temporal evolution of the upconversion emission at
660 nmwith obtained exciting at 975 nm for SA1.8EY and SA2.18EY
samples heat treated at 630, 660, 675, and 690∘C for 48 h.

nanocrystals. Decreasing the distance between Er3+ ions in
the CaF

2
nanocrystals lets additional ETmechanism to excite

the 4F
9/2

level. In this case, the ESA is less important than ET
mechanism, which is characterized by a rise in time (as it can
be seen in some curves in Figure 11). Comparing the temporal
curves of the glass heat treated at 630, 660, and 675∘C in
the two ratios, it can be concluded that in the SA1.8EY the
ET mechanism is activated faster than the SA2.18EY. This
is due to higher mobility of ions in this ratio, while in the
other ratio the mobility of ions is lower and as a result there
is an important difference in ion concentration inside the
nanocrystals at different temperatures.

At 675 and 690∘C the possibility of havingYb3+ ions in the
CaF
2
nanocrystals increased. Therefore the ET mechanism

will be more important in these temperatures as well.
In SA1.8EY, due to low viscosity of the glass, the ions have

highermobility than the other ratio and as a result the greater
part of the Er3+ ions are incorporated into nanocrystals.
Thus, at 690∘C the concentration of both Yb3+ and Er3+ ions
increased. Therefore, as it was obtained previously the
quenching processes of the Er3+ ions in the nanocrystals pro-
duce an important reduction of the emission coming from
these ions. As a result, the emission coming from ions excited
by ESA mechanism will predominate again to populate the
4F
9/2

level.
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4. Conclusions

The effects of alumina content and heat treatment on upcon-
version properties of codoped Er3+ and Yb3+ ions in oxyflu-
oride glass ceramics were investigated. Results showed that
alumina content had a significant effect on phase separation
and viscosity of the glass. Due to the high viscosity of low
alumina content glass, the phase separated areas were smaller
in these specimens. Although the crystallization of CaF

2
took

place at lower temperature in this case, it will be frozen
faster as well. Due to high viscosity of the glass in this
ratio (SA2.18EY) ions have less mobility than the other ratio
(SA1.8EY) and as a result the greater part of the Er3+ ions
remain in the glass phase during the heat treatment process.
Also Yb3+ ions start to be incorporated into CaF

2
nanocrys-

tals at higher temperature in low alumina content glass
(SA2.18EY). These conclusions have been obtained in basis
of the analysis of the decay curves for the emission of Er3+ at
842 nm and the Yb3+and Er3+ at 975 nm.
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The effect of silver nanoparticles doped in PVA on the structural and optical properties of composite films is studied experimentally.
Samples are PVA films of 0.14mm thickness doped with different sizes and concentrations of silver nanoparticles. Structural
properties are studied using X-ray diffraction and FTIR spectrum. Using the reflectance and transmittance of samples, the effect
of doped nanoparticles and their concentration on optical parameters of PVA films include absorption coefficient, optical bandgap
energy, complex refractive index, complex dielectric function, complex optical conductivity, and relaxation time is extracted and
discussed. The dispersion of the refractive index of films in terms of the single oscillator Wemple-DiDomenico (WD) model is
investigated and the dispersion parameters are calculated. Results show that by doping silver nanoparticles in PVA, number of
Bragg’s planes in the structure of polymer and its crystallinity are increased noticeably. Ag–O bonds are formed in the films and
the bandgap energy of samples is decreased. Calculations based on WD model confirm that by doping nanoparticles, the anion
strength of PVA as a dielectric medium is decreased.

1. Introduction

Metal nanoparticles combined polymers attracted great con-
sideration because of the widened application goal offered
by these hybrid materials [1–6]. It is well established that
polymers, as dielectric materials, are excellent host matrices
for encapsulation of metal nanoparticles like silver, gold,
copper, and so forth, as they act both as reducing as well as
capping agents and also provide environmental and chemical
stability [7–9]. At the same time, these embedded nanopar-
ticles inside the polymer matrix will also affect the prop-
erties of the host itself [1, 6, 10–13]. Particularly, polymer-
metal hybrid such as polymer-Ag-nanoparticles composites
is promising functional materials in several fields such as
optical, electrical, thermal, mechanical, and antimicrobial
properties [1, 14–18]. Many reports in the literature show
attempts for synthesis of metal nanoparticles based polymer
nanocomposites, with the possibility of variation in their
optical and electrical properties for their application in
high performance capacitors, conductive inks, and other
electronic components [2, 19, 20]. For their application in

optoelectronic, electrical, and optical devices, biomedical
science, sensors, and so forth, main key points are selection
of polymer-metal nanoparticles combination, controlling the
particles size, their concentration, and distribution within
the polymer matrix [2, 21–23]. Special worthy has been
reached to optical properties of the nanoparticles doped in
polymer film, depending on the surrounding medium [24–
26] and on their size, shape, and concentration [27–30].
Silver nanoparticles have received considerable attention due
to their attractive physical and chemical properties [1] and
it has been protected by polymers such as PVA, PVP, and
PMMA. PVA could be considered as a good host material for
metal due to its excellent thermostability, chemical resistance,
high mechanical strength, water solubility, and moderate
and dopant dependent electrical conductivity along with its
consideration among the best polymers as host matrix for
silver nanoparticles [1, 31]. PVA can effectively protect the
nanoparticles from aggregation [1, 9].

In this paper, we focus on the structural and optical
property variation of the supporting polymer due to silver
nanoparticles doping. Silver nanoparticles were produced
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Figure 1: (a) Ag nanoparticle samples in distilled water and (b) pure
PVA polymer film and Ag doped PVA films.

by laser ablation method. The laser ablation technique in a
liquid produces proper metal nanoparticle samples to facili-
tate investigation of their photophysical and photochemical
properties [32]. A remarkable and advantageous feature
of nanoparticles prepared using this technique in contrast
to those prepared using chemical synthesis is absence of
uncontrolled byproducts [32, 33]. Interesting effects were
observed on crystal structure and its optical properties. The
noticeable main variations of optical properties of the host
polymer come from surface plasmon resonance phenomena
of nanoparticles dopant. The presence of silver nanoparticles
embedded inside the polymer has been confirmed by the
surface plasmon resonance response, which occurs at 400–
420 nm for silver nanoparticles. The response transmittance,
reflection, optical bandgap, dielectric constant, optical con-
ductivity, dispersion refractive index, and dielectric relax-
ation time behavior of PVA-Ag nanoparticles films at room
temperature with varying concentration of silver nanoparti-
cles at the same thickness of silver nanoparticles doped PVA
films are also investigated.

This paper is organized as follows: following the intro-
duction in Section 1, experimental details are presented in
Section 2. Section 3 is devoted to results and discussion, and
Section 4 includes conclusion.

2. Experimental Details

Nanoparticles (NPs) were prepared by ablation of a high
purity silver bulk in distilled water, using the fundamental
harmonic of a Nd : YAG laser operating at 1064 nmwith pulse
width of 7 ns and 10Hz repetition rate. Silver bulk was placed
at the bottom of a water container with its surface at the focal
point of a 80mm convex lens. Height of water on the silver
target was 12mm. Laser beam diameter was 2mm before the

lens and has been calculated to be 30 𝜇mon the surface of the
target. The volume of the water in the ablation container was
20mL and silver target was ablated with 500 laser pulses at
different energies. Samples 1–3 were prepared with laser pulse
fluencies of 1.5, 2, 3 J/cm2, respectively.

By weighting the dried target before and after ablation
process the mass of ablated Ag nanoparticles were measured
to be 3.7 × 10−4, 4 × 10−4, and 6.5 × 10−4 g for S1, S2, and S3,
respectively.

PVA films were prepared by dissolving 1 g of PVA powder
in 20mL distilled water at 57∘C. Mixture was stirred for
two hours continuously to form a viscous solution. The PVA
powder was provided by Merck Co., Germany. After com-
pleting desolation, 8mL of silver nanoparticles suspension
was added to the 20mL aqueous PVA solution, and finally,
samples was left to dry on a plane surface for 24 h at room
temperature in close atmosphere to produce 3 samples of
0.14mm thickness uniform silver nanoparticles doped PVA
films. S1 to S3 are PVA films which are doped with samples 1
to 3 nanoparticles.

TEM micrographs were taken using CM120 system
form PHILIPS Co. The X-ray diffraction (XRD) patterns of
undoped and doped PVA films was measured employing
STOE-XRD diffract meter with Cu-K𝛼 radiation (𝜆 =

1.544060 Å). The Fourier transform infrared spectroscopy
was done with NEXUS 870 FT-IR. The transmission and
reflection spectrum of samples was recorded on a UV-Vis-
NIR spectrophotometer from Varian Cary-500 Scan.

3. Results and Discussion

Nanoparticle samples and PVA doped Ag nanoparticle films
are shown in Figures 1(a) and 1(b). PVA is colorless polymer
and with adding Ag nanoparticles its color is changed to
yellow.With increasing the concentration and decreasing the
size of doped nanoparticles, color of films has become darker.

TEM images of nanoparticles are presented in Figure 2. In
this set of images, the interbrain structure can be observed.
Produced nanoparticles are spherical without any aggrega-
tion.The size distribution of nanoparticles can be observed in
Figure 3. These graphs are plotted using the “measurement”
software. We have wide range of size distribution of nanopar-
ticles in each sample, but from samples 1 to 3 we can see that
the peak of size distribution of samples is tended to smaller
values. In this case the size of Ag dopants in S3 is minimum,
while their concentration is maximum in comparison with S1
and S2. In contrast the size of Ag dopants in S1 is maximum,
but their concentration is minimum. When the spot size and
pulse width of the laser pulse are constant, increasing the
laser fluence is due to increasing the laser pulse energy. If
the fraction of the laser energy which is spent for ablation
of nanoparticles assumed to be constant, increasing the pulse
energy (photon numbers) leads to increasing the rate of
ablation and increasing the pressure of the plasma plume
which is formed on the surface of the target during the
laser ablation process. The first phenomenon will increase
the concentration of produced nanoparticles and the second
phenomenon leads to decreasing the size of nanoparticles.
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Figure 2: TEM image and size distribution of Ag nanoparticle generated in distilled water with laser ablation method. (a) S1, (b) S2, and (c)
S3.

XRD spectrum of the Ag nanoparticles and pure PVA
polymer films and PVA doped Ag nanoparticles are shown
in Figures 3(a)–3(c). The diffraction pattern of undoped
PVA indicates a diffraction bands at 2𝜃 = 13.88

∘, 16.76∘,
25.4∘, 42.12∘, and 48.88∘. It is well known that the peaks at
2𝜃 < 20

∘ are due to crystalline nature of PVA polymer
molecules, which may be as a result of strong intermolecular
and intramolecular hydrogen banding between the PVA
chains [7, 34]. The peaks at angles larger than 20∘ may
be due to impurities. The X-ray diffraction peaks of Ag
nanoparticles occur at 2𝜃 = 38.15

∘, 44.39∘, 64.74∘, 77.5∘,
and 81.6∘ corresponding to reflections from the ⟨111⟩, ⟨200⟩,

⟨220⟩, ⟨311⟩ and ⟨222⟩ planes of Ag, FCC lattice structure,
respectively [35, 36]. All peaks observed in the sample of
Ag nanoparticles have also been recreated in polymer films
doped with silver nanoparticles. The peaks of polymer X-
ray diffraction pattern at 2𝜃 > 20

∘ have been removed after
doping. The peak at 2𝜃 = 42.12

∘ in pure PVA is observed to
shift up by about 2.5∘ degree in PVA doped Ag nanoparticles.
This shift might be due to changes in the 𝑑 spacing values
of the corresponding planes.The intensity of diffracted X-ray
photons from films has been increased noticeably after the
doping process. It may be due to two reasons. For 2𝜃 < 20

∘,
increasing the peaks intensity is due to increasing the number
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Figure 3: X-ray diffraction patterns of Ag nanoparticles, PVA polymer, and Ag nanoparticle doped PVA films; (a) S1, (b) S2, and (c) S3.

of PVA chains after Ag doping. Decreasing the intensity of
peaks in FTIR spectrum confirms that after doping, number
of PVA chains are increased in the structure of the films.
Same results have been observed by Mahendia et al. and
Gautam and Ram [7, 34]. For 2𝜃 > 20

∘, increasing the
intensity of XRD peaks is due to increasing the number of
crystallographic planes at certain angles.

The Fourier transform infrared spectroscopy (FTIR)
spectra of pure PVA and doped films are shown in Figure 4.
All spectra exhibit the characteristic absorption bands of pure
PVA which are 3580, 2974, 1740, 1570, 1460, and 845 cm−1
[37, 38]. It can be noticed that these treatments cause some
observable changes in the spectral features of the samples
in the range 1100–500 cm−1 (fingerprint region) apart from
new absorption bands and slight changes in the intensities
of some absorption bands. The new bands may be correlated
likewise with defects induced by the charge transfer reaction
between the polymer chain and the dopant. The vibrational
peaks at 3580, 2974, 1740, 1460, and 845 cm−1 are assigned
to O–H stretching, C–H stretching, C=O stretching, C–H

bend of CH
2
, and CH rocking of PVA, respectively [39,

40]. Further, the vibrational peaks found in the range 1130–
650 cm−1 may be attributed to Ag–O, which indicate that
silver nanoparticles doped in the PVA polymer matrix [37].
The experimental data given in Figure 4 indicate an increase
in the vibrations of O–H, C–H, and C=O groups in the PVA
matrix after adding Ag nanoparticles directly in the PVA
film. Such changes in O–H, C–H, and C=O vibrations have
been observed in other report [40]. After doping Ag, some
polymers chains have been broken and some other chains
have been formed instead. Increasing the FTIR spectrum in
the range of 1400 to 1600 cm−1 corresponds to C–H bond
of CH

2
and shows the broken chains. Ag nanoparticles have

generated new bonds in this range. Decreasing the FTIR
spectrum in the range of 2500 to 3700 cm−1 shows the
produced polymer chains corresponds toO–H stretching and
C–H stretching bonds.

The variation of transmittance (𝑇) and reflectance (𝑅)
as a function of wavelength for pure PVA polymer film
and samples 1 to 3 were recorded at room temperature and
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doped in PVA polymer films.
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ples.

are shown in Figure 5. Pure PVA is a colorless polymer
without any noticeable absorption in the visible range. The
sharp increase observed in transmittance spectrum in the
range of 210 to 248 nm is due to the presence of the PVA
polymer bandgap [1]. This figure clearly indicates that after
adding nano-Ag in PVA polymer, a valley at 419 nm has
been created, that its intensity continuously increasing with
increasing concentration of the dopant. This new valley is
attributed to the formation of charge transfer complexes [41].
The appearance of this valley in the visible region is due
to the surface plasmon resonance (SPR) nature of the Ag
nanoparticles embedded in PVA polymer dielectric medium.

After dopingAgnanoparticles in PVApolymer, the reflec-
tion, with increasing concentration of silver nanoparticles,
due to local fluctuations charged particles, declined.

The optical absorption coefficients of samples are evalu-
ated from the transmittance data using [42]

𝛼 =
1

𝑑
ln[

[

(1 − 𝑅)
2

2𝑇
+ √

(1 − 𝑅)
4

4𝑇2
+ 𝑅2]

]

, (1)
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Figure 6: Optical absorption coefficient of films.

where 𝑇 and 𝑅 are the transmittance and reflection, respec-
tively, 𝛼 is the absorption coefficient, and 𝑑 is the thickness of
the films. Figure 6 presents the optical absorption coefficients
for undoped and nano-Ag doped PVA films versus photon
energies.The absorption peak at 2.95 eV for Ag nanoparticles
doped in PVA polymer films represents the characteristic
surface plasmon resonance dedicated to silver nanoparticles.
The presence of nanoparticles in the polymer films could be
conveniently followed bymonitoring the plasmon absorption
peaks in the absorption spectrum. The larger absorption
peak appeared in UV range is due to the energy gap of
the PVA polymer which decreases owing to increasing the
concentration of Ag nanoparticles in the structure of the
films. The position of the absorption edge was determined
by extrapolating the linear part of 𝛼 versus ℎ] curves to zero
absorption value [41]. The band edge showed a decrease with
increasing concentration of Ag nanoparticles in PVA matrix.
The absorption edge shifts towards higher wavelength, indi-
cating the decrease in the optical bandgap for the doped films.
Shift of the absorption edge in theUV region is due to changes
in the electron hole in the conduction and valence bands.

The most used method for estimation of the bandgap
energy from optical measurement is the one proposed by
Tauc and Grigorovici [43]. The optical bandgap energy of
samples was deduced from the intercept of the extrapolated
linear part of the plot of (𝛼𝐸)1/2 versus the photon energy 𝐸
with abscissa (Figure 7). This follows by the method of Tauc
where

𝛼𝐸 = 𝐵(𝐸 − 𝐸
𝑔
)
𝑝

. (2)

In this equation, 𝛼(𝜔) is the absorption coefficient, 𝐸 is
the photon energy, 𝐵 is a factor that depends on transition
probability and can be assumed to be constant within the
optical frequency range, and the index 𝑝 that is related to
the distribution of the density of states is an index which
assumes the values 1/2, 3/2, 2, and 3 depending on the nature
of electronic transition. Taking 𝑝 = 2, which corresponds
to indirectly allowed transition in pure PVA film and nano-
Ag doped PVA films, the bandgap energies of films were
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Figure 7: (𝛼𝐸)1/2 versus photon energy to illustrate Tauc method.

calculated. In an indirect gap, a photon cannot be emitted
because the electron must pass through an intermediate
state and transfer momentum to the crystal lattice. The
energy gap of pure PVA sample is equal to 4.96 eV, and
with increasing the concentration of the Ag-nanoparticles
in the structure of films, bandgap energy is decreased. The
extracted bandgap energy of sample are 4.87, 4.84, and
4.78 eV, for sample, 1–3, respectively. The incorporation of
the silver nanoparticles, irrespective of their methodology of
synthesis, also affects the bandgap of the involved polymer
system. This also confirms the presence of the inorganic
fillers inside the host [1]. The variation of the calculated
values of optical bandgap reflects the role of formation
of Ag-nanoparticles in modifying the electronic structure
of the PVA matrix [41, 44]. These Ag-nanoparticles may
be responsible for the formation of localized electronic
states in the Highest Occupied Molecular Orbital-Lowest
Unoccupied Molecular Orbital (HOMO-LUMO) gap. These
localized electronic states dominate the optical and electrical
properties vis-à-vis their role as trapping and recombination
centers, thus enhancing the low energy transitions leading
to the observed change in optical bandgap. The decrease in
the optical bandgap also reflects the increase in the degree
of disorder in the films which arises due to the change in
polymer structure [44, 45].

Optical properties, such as complex refractive index and
dielectric constant for a certain range of wavelength between
ultraviolet and near infrared, are important criteria for the
selection of fabricated films for various applications. The
refractive index is one of the fundamental properties of
a material, because it is closely related to the electronic
polarizability of ions and the local field inside the material [8,
9].Thus, to further understand the interaction ofAgnanopar-
ticles with PVA matrix, optical properties such as complex
refractive index and dielectric constant have been calculated
using the fundamental relations of photon transmittance (𝑇),
reflectance (𝑅), and absorbance (𝐴). The complex refractive
index is 𝑛 = 𝑛 + 𝑖𝑘, that 𝑛 is the real part and the extinction
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Figure 8: The refractive index of films.

coefficient 𝑘 is the imaginary part. The refractive index 𝑛 of
the films was calculated using the following equation [46]:

𝑛 = (
1 + 𝑅

1 − 𝑅
) + √

4𝑅

(1 − 𝑅)
2
− 𝑘2, (3)

in which 𝑘 = 𝜆𝛼/4𝜋. Figures 8 and 9 show the photon
energy dependence of refractive index and the extinction
coefficient for pure PVA and nano-Ag doped PVA films. It
can be discerned from Figure 8 that the refractive index of
nano-Ag doped PVA films is lower than the refractive index
of pure PVA and it decreases with increasing concentration
of Ag nanoparticles in PVA matrix. This property is inherent
in all conductors and due to localized fluctuation of charged
particles in medium. Also decreasing the value of refractive
index may be an indication of low density of films, which
leads to increasing the interatomic spacing [45].This is due to
formation of intermolecular hydrogen bonding between Ag-
nanoparticles and the adjacent OH groups. The dependence
of the refractive index on the film density can be discussed by
the well-known Clausius-Mossotti relation [46].

The extinction coefficient 𝑘 describes the properties of
the material with respect to light of a given wavelength and
indicates the absorption changes when the electromagnetic
wave propagates through thematerial. In Figure 9, the extinc-
tion coefficient 𝑘 of the doped samples have a peak at 𝐸 =

2.95 eV, which increases with increasing concentration of
Ag nanoparticles in PVA dielectric medium. The extinction
coefficient 𝑘 increases due to surface plasmon absorption in
doped samples, while the refractive index decreases in this
region. There is anomalous dispersion regions when 2.25 <

𝐸 < 2.95 eV and 𝐸 > 4.85 eV, as well as normal dispersion
when 2.95 < 𝐸 < 3.45 eV for doped samples.

The complex dielectric function is 𝜀 = 𝜀
𝑟
+ 𝜀
𝑖
, where

𝜀
𝑟
is the real part and 𝜀

𝑖
is the imaginary part of dielectric

constant. The real and imaginary parts of dielectric constant
are expressed as

𝜀
𝑟
= 𝑛
2
− 𝑘
2
,

𝜀
𝑖
= 2𝑛𝑘.

(4)
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Figure 9: The extinction coefficient spectrum of films.
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Figure 10: Real part of the dielectric constant of pure PVA and Ag
nanoparticle doped films.

The real part of dielectric constant is related to the disper-
sion. In order to explain the dispersion it is necessary to take
into account the actual motion of the electrons in the optical
medium through which the light is traveling. The imaginary
part represents the dissipative rate of electromagnetic wave
propagation in the medium. The real and imaginary parts
dependences on photon energy of samples are shown in
Figures 10 and 11, respectively. It can be concluded that 𝜀

𝑟

is larger than 𝜀
𝑖
because it mainly depends on 𝑛

2. With
increasing the amount of silver nanoparticles in PVA, the real
part of dielectric constant is decreased. It is due to decrease
of the dielectric property of films because of Ag nanoparticles
metal lattice in the host PVA polymer matrix. The normal
dispersion is associated with an increase in Re(𝜀) with 𝜔, and
anomalous dispersion is associated with the reverse mecha-
nism. Normal dispersion is occurred everywhere expect in
the neighborhood of the resonance frequency. In this region
the anomalous dispersion is appreciable. Since a positive
imaginary part to 𝜀

𝑖
represents dissipation of energy from the

electromagnetic wave into the medium, the regions where 𝜀
𝑖
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Figure 11: Imaginary part of the dielectric function of films.

is large are called regions of resonant absorption [47]. The
peak that appears in Figure 11 at 𝐸 = 2.95 eV shows the
plasmonic absorption.

The complex dielectric function and complex optical
conductivity are introduced through Maxwell’s equations.
The interband transitions have threshold energy at the energy
gap. That is, we expect the frequency dependence of the
real part of the conductivity 𝜎

𝑟
(𝜔) due to an interband

transition to exhibit a threshold for an allowed electronic
transition [48]. In interband transition, real 𝜎

𝑟
and imaginary

𝜎
𝑖
components of optical conductivity are described as [48–

50]

𝜎
𝑟
= 𝜔𝜀
𝑖
𝜀
0
,

𝜎
𝑖
= 𝜔𝜀
𝑟
𝜀
0
,

(5)

where𝜔 is the angular frequency of electromagnetic wave and
𝜀
0
is the free space dielectric constant.The real and imaginary

parts of the optical conductivity dependence on the photon
energy are shown in Figures 12 and 13, respectively.

The real optical conductivity in bandgap energy region
after doping the Ag-nanoparticles in PVA polymer decreases.
It can be due to the segregation effect [41, 51]. The segregated
effect is the dispersion of metallic particles restricted by the
presence of much larger polymeric particles. The observed
effect of Ag nanoparticles on the optical conductivity and
conduction behavior of PVA films can be explained on the
basis of charge transfer complex formation involving PVA
molecules and the dopant. When PVA polymer is mixed
with Ag nanoparticles, as a result, the filler is pushed into
interstitial space between the polymer particles and forms
a segregated network [51]. At higher dopant concentration,
there may be segregation of the dopant in the polymer
matrix which decreases the conductivity. Thus motion of
charge carriers or localized fluctuations of charged parti-
cles in molecular aggregates impedes optical conductivity.
Moreover, there is a weak peak at 𝐸 = 2.95 eV that can be
seen only in the doped samples. This new peak is attributed
to the formation of charge transfer or the surface plasmon
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Figure 12: Real part of the optical conductivity of pure PVA and
doped films.
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Figure 13: Imaginary part of the optical conductivity of pure PVA
and doped films.

silver nanoparticles. Another result is that by increasing
the concentration of Ag nanoparticles in PVA matrix, the
imaginary part of optical conductivity decreases.

A dielectric sample in an external electric field acquires
a nonzero macroscopic dipole moment indicating that the
dielectric is polarized under the influence of the field. Polar-
ization of dielectric material achieves its equilibrium value,
not instantaneously but rather over a period of time 𝜏 [52].
The dielectric relaxation time 𝜏 can be evaluated using

𝜏 =
𝜀
∞

− 𝜀
𝑟

𝜔𝜀
𝑖

. (6)

Figure 14 shows the dielectric relaxation time as a func-
tion of photon energy for pure PVA polymer and Ag
nanoparticle doped PVA films. The valley at 2.95 eV for
doped samples increases with increasing the concentration
of Ag nanoparticles in the structure of the films. In other
words the relaxation time of dipole orientation decreases.
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Figure 14: Relaxation time versus photon energy of films.

This is another reason for decreasing the dielectric function
and increasing the conductivity of films with increasing the
concentration of nanoparticles in their structure [53].

Refractive index dispersion is a determinant factor in
opticalmaterials. It is a significant factor in optical communi-
cation and in designing devices for spectral dispersion [35]. In
the normal dispersion region, the refractive index dispersion
has been analyzed using the single oscillatormodel developed
by theory of Wemple and DiDomenico [54]. They intro-
duced a dispersion-energy parameter 𝐸

𝑑
, which connects

the coordination number and the charge distribution within
each unit cell. 𝐸

𝑑
is closely related to chemical bonding.

Also they defined a single oscillator parameter 𝐸
0
, which

is proportional to the energy of oscillator. In terms of this
dispersion energy 𝐸

𝑑
and single oscillator energy 𝐸

0
, the

refractive index 𝑛 at frequency can be written as

1

𝑛2 − 1
=

𝐸
0

𝐸
𝑑

−
1

𝐸
0
𝐸
𝑑

(ℎ])2. (7)

The values of 𝐸
𝑑
and 𝐸

0
can be obtained from the

intercept and slope of the linear part of (𝑛2 − 1)
−1 plot versus

(ℎ])2 as is shown in Figure 15. Also, dispersion of refractive
index is controlled by the combined effects of 𝐸

𝑑
and 𝐸

0
. The

calculated values of the dispersion parameters (𝐸
0
and 𝐸

𝑑
)

as well as the corresponding optical constant (𝜀 = 𝑛
2) for

the pure PVA film and samples 1 to 3 are listed in Table 1.
The dispersion energy values decreases with increasing the
concentration of Ag nanoparticles in PVA films, because the
anion strength of the dielectric medium has been declined.
Therefore, the PVA polymer host is less willing to keep the
electrons in their outer layers. The single oscillator energy is
an average energy gap as pointed out inmany references [50].
The 𝐸

0
value of the films is related empirically to the lowest

indirect bandgap by 𝐸
0
≈ 1.03𝐸

𝑔
. This relation is in good

agreement with the single oscillator model.
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Table 1: Dispersion parameters of films.

Samples 𝑛 𝜀 𝐸
0

𝐸
𝑑

PVA 1.56 2.44 5.19 7.49
S1 1.48 2.19 5.04 6.03
S2 1.37 1.89 4.97 4.46
S3 1.19 1.42 4.87 2.05

4. Conclusions

Preparation of silver nanoparticles by laser ablation method
at different fluencies of laser pulse in pure water is investi-
gated. The TEM analysis revealed that generated nanoparti-
cles in this experimental condition are almost spherical and
their average size was 6–12 nm and with increasing the laser
pulse fluence, the size of nanoparticles is decreased. The X-
ray diffraction spectrum reveals that the number of crystal-
lographic planes at certain angles is increased after doping Ag
nanoparticles in the structure of PVA. FTIR spectrum peaks
correspond to molecular vibrations and chemical bonds,
indicate the presence of silver in the PVA polymer structure.
The optical bandgap energy of the samples is decreased
with increasing the concentrations of silver nanoparticles.
Refractive index and dielectric constant are decreased with
increasing the concentration of Ag nanoparticles. Increase
of dopant concentration resulted in a decrease in real part
of the optical conductivity because of segregation effect.
The refractive index and consequently the related dispersion
parameters of PVA and doped PVA have been determined
and explained using the Wemple-DiDomenico model.
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BaCo0.7Fe0.2Nb0.1O3-𝛿 (BCFN) dense ceramic membrane with submicron-Ce0.8Y0.2O2-𝛿 (YDC) porous layer was investigated by
the partial oxidation of coke oven gas (COG) in hydrogen production. XRD analysis showed this composite had good stability
and no chemical reaction at high temperature. SEM and TEM characterization further showed BCFN membrane was uniformly
modified by YDC porous layer (about 5∼6𝜇m thickness) formed by the accumulation of relative nanoparticles. At the respective
COG flux and air flux of 108mL/min and 173mL/min, the oxygen permeation flux of BCFN modified by submicron-YDC porous
layer reached 16.62mL⋅min−1⋅cm−2, which was about 23.5% higher than that of pure BCFNmembrane.Therefore, submicron-YDC
porous layer obviously improved the oxygen permeation flux of BCFN membrane and its stability at 875∘C.

1. Introduction

Partial oxidation of methane (POM) reforming technology
is considered as one of the most economic and logical
methods to produce syngas. Through further transforming
and separating the formed syngas, then hydrogen can be
further obtained. Coke oven gas (COG), a by-product which
was generated in the process of producing coke from coal
at the high temperature of 800∘C, contains 30–40% CH

4

and is one of the most promising sources for hydrogen
production [1]. Meanwhile, dense ceramic oxygen permeable
membranes are widely used to separate oxygen from air at
elevated temperatures with infinite permeation selectivity.
These membranes are usually made from mixed oxygen
ionic and electronic conductor (MIEC) and derived from
perovskite-type (ABO

3
) materials since ABO

3
materials dis-

play oxygen semipermeability due to their MIEC. Consid-
ering the two distinct processes which influence the rate
of oxygen transport (bulk vacancy diffusion and surface
exchange kinetics [2]), BaCo

0.7
Fe
0.2
Nb
0.1
O
3-𝛿 (BCFN) mem-

branes [3–5] show excellent oxygen permeability among the

large variety of structural ABO
3
materials [6–14]. The rate

of oxygen transport through the membrane is regulated by
two distinct processes, bulk vacancy diffusion and surface
exchange kinetics [2]. Furthermore, it also pushes the oxygen
permeation rate limiting step near the side of the surface
kinetics by reducing the thickness of membranes.

In order to improve the surface kinetics of oxygen
transport, surface modification of the membrane with a
higher surface exchange rate layer is a feasible way. This
method increases the rate of surface kinetic reactions, which
is beneficial for higher oxygen permeation rates under sur-
face exchange or mixed controlled situations [4]. Recently,
some researchers have played their great effort on surface
modification of the membrane [15–17]. Although it is very
important to modify the membrane on the reductive side,
the surface modification on the air side is rarely reported.
Ceria electrolytes exhibit superior ionic conductivity at lower
temperature ranges (773–973K) [18–21]. The high specific
surface area and high ionic conductivity of submicron-
Ce
0.8
Y
0.2
O
2-𝛿 may obviously improve the surface kinetic

reactions and oxygen permeability.
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In this paper, BCFN membranes were modified by sub-
micron-Ce

0.8
Y
0.2
O
2-𝛿 (YDC) porous layer on the air side.

XRD, SEM, and TEM were used to characterize the BCFN
membranes with and without YDC modification. The influ-
ences of YDC modification on the surface kinetics and oxy-
gen permeation rates of BCFNmembranes were also system-
atically analyzed.

2. Experimental

2.1. Preparation of BCFN Powders, YDC Nanopowders, and
BCFN-YDC Ceramics. BCFN powders were prepared by
solid-state reaction method as described in [19]. BCFN
membranes (Φ = 20mm, 𝑑 = 1.5mm) were prepared by
uniaxial pressing BCFN powders at 200–250MPa and then
dried at 110∘C for 24 h.The green bodies were further sintered
at 1110∘C for 8 h in air (a heating rate of 5∘C/min) to obtain
dense membrane. The membranes were polished to 1mm
thick before they were used.

YDC nanopowders were synthesized by the reverse titra-
tion chemical coprecipitation method as described in [22–
24]. Nano-YDCporous layer was coated on one side of BCFN
membranes by using the dipping method [2, 25–27]. It was
then treated at 1000∘C for 2 h.TheBCFNmembranewith thin
submicron-YDC porous layer was marked as BCFN-YDC.

2.2. Characterization. Phases of BCFN powders, YDC nano-
powders, and BCFN-YDC membrane were charact-
erized by X-ray diffraction (𝐷/max-2550 X-ray diffracto-
meter, Rigaku, Japan) using Cu𝐾

𝛼
radiation (𝜆 = 0.154178

nm). A continuous scan mode was applied to collect data in
10∘ ≤ 2𝜃 ≤ 90∘ with a 0.02∘ step size and a 4∘/min scanning
rate.The crystalline size of YDC nanopowders was calculated
by the Scherrer equation 𝐷 = 0.89𝜆/(𝐵 ⋅ cos 𝜃), where 𝐵 is
the full width at half maximum of Bragg peaks.

Micrograph of YDC nanopowders was observed using
transmission electron microscopy (TEM, 200CX transmis-
sion electronic microscope, Japan). Micrograph of BCFN
membrane and BCFN-YDC membrane was observed by
scanning electron microscopy (SEM, JSM-6700F high reso-
lution scanning electronic microscope, Japan). The adhesion
of BCFN membrane and YDC porous coating was tested by
ultrasound machine (B3500S-DTH, 140W, 42 kHz).

2.3. Oxygen Permeation Measurements. The diagram of
membrane reactor is given in Figure 1. BCFN membrane
with 17mm diameter and 1.0mm thickness was placed in
the quartz tube. A silver ring was used as a gastight seal.
The effective area of oxygen permeation was 1.3 cm2. COG
(31.800%CH

4
, 57.705%H

2
, 7.366%CO, and 3.069%CO

2
) and

the air passed through the thin quartz tubes.These gases were
placed at the location of 2mm above or below the membrane
in order to sweep the upper and lower surfaces of membrane,
respectively. The gas flow rates were controlled by mass flow
controllers.

Prior to the testing, gas tightness of membrane reactor
was examined by detecting nitrogen in the outlet gas. A
total of 1.0 g of 20–40 meshMg

0.7
Co
0.3
O catalyst was directly

placed on the upper surface. A K thermoelement measured
the center temperature in the membrane reactor. On the
permeation side of the membrane, the water was removed by
Mg (ClO

4
)
2
, andH

2
, CO, CO

2
and CH

4
in the outlet gas were

analyzed by a Varian CP3800 gas chromatography (GC) with
a thermal conductivity detector (TCD). According to the law
of mass conservation, the oxygen permeation flux could be
obtained as follows [15]:

𝐹O
2
,inlet =
1

2
𝐹CO,outlet + 𝐹CO

2
,outlet + 𝐹CH

4
,inlet − 𝐹CH

4
,outlet

−
1

2
(𝐹H
2
,outlet − 𝐹H

2
,inlet) −
1

2
𝐹CO,inlet − 𝐹CO

2
,inlet,

(1)

where 𝐹
𝑖,inlet and 𝐹𝑖,outlet are the flow rate (mL⋅min−1) of the

inlet and outlet gas I, respectively. 𝐹O
2
,inlet is to be divided by

the effective area of oxygen permeable membrane to obtain
the actual oxygen permeation flux, JO

2

, mL⋅min−1⋅cm−2.

3. Results and Discussion

Figure 2 shows the XRD patterns of YDC nanopowders and
BCFN powders. A single phase of cubic fluoride structure is
obtained for YDC nanopowders in Figure 2(a). The pattern
is indexed perfectly as Ce

0.8
Y
0.2
O
2-𝛿 (JCPDS no. 75-0175).

No other phase can be found which indicates that Y
2
O
3

was homogeneously incorporated in the perovskite structure.
Through the calculation of Scherrer’s equation, the average
crystallite size of YDC nanopowders is about 15 nm. In
addition, a single perovskite structure of BCFN membrane
can be also discovered according to the previous study [28]
in Figure 2(b).

Since the oxygen membranes are used in high tempera-
ture environment, it is particularly important to study their
high temperature stability. The BCFN ceramics modified
by YDC layer showed the cubic fluoride structure and
cubic perovskite structure (Figure 3(a)). However, the relative
ceramics, which were prepared by simply mixing BCFN and
YDC powders via ball-milling treatment and sintering at
1000∘C for 5 h, displayed two obvious phases (Figure 3(b)). It
means that the cubic fluoride structure and cubic perovskite
structure are solely separated. The peaks of Figure 3(a) are
lower than those of Figure 3(b) due to the YDC porous layer
on the BCFN surface.

Obviously, the smaller nanoparticles can improve the
oxygen permeability as they could enhance the effective
specific surface area in YDC porous layer. Therefore, the
microscopic structures of YDC nanopowders are character-
ized by TEM. Figure 4(a) illustrates that the YDC powders
were well dispersed, and the particle size was around 10∼
25 nm. Additionally, it can be also found that the surfaces
of BCFN ceramics are incredibly dense and composed of big
particles with the crystal size of 5∼20𝜇m (Figure 4(b)).

Regarding the coating materials, the adhesion between
membrane and coated layers is very important for POM
application. So the adhesion of BCFN membrane and YDC
porous layer is studied by the ultrasonic vibration. Through
analyzing the weight balance after calcination at different
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Figure 1: Schematic configuration of the membrane reactor at COG atmosphere.
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Figure 2: XRD patterns of (a) YDC nanopowders and (b) BCFN powders.

temperatures before and after ultrasonic treatments, the
change trend of coating can be observed. It gradually reduced
with the increment of calcination temperatures and altered
smoothly above 950∘C (Figure 5). The highest calcination
temperature of BCFN-YDC is 1000∘C in this paper.

The surface and cross section of BCFN-YDC samples are
observed by SEM (Figure 6).TheYDC layer exhibits a porous
structure (Figures 6(a)–6(c)). These pores are accumulated
by 100∼200 nm YDC nanoparticle and should be caused
by the volatilization of organic solution in the slurry. The
boundary between BCFN dense membrane and YDC porous
layer could be easily distinguished (Figure 6(d)). But theYDC
porous layer was well adhered to the BCFNmembrane and its
thickness was around 5∼6𝜇m.

Figure 7 showed the oxygen permeation flux of the BCFN
membranes with and without YDC porous layer when COG
flow rate changed at 875∘C. It can be seen that the oxygen

permeation flux increases with rising COG flow rate, which
can be attributed to the decrease of oxygen partial pressure on
the permeation side.Moreover, BCFN-YDC exhibited higher
oxygen permeation flux than uncoated BCFN membrane.
When the air flow and COG flow were 173mL/min and
108mL/min, respectively, the oxygen permeation flux of
BCFN-YDCwas achieved at 16.62mL⋅min−1⋅cm−2, and it was
about 23.5% higher than pure BFCN.

4. Conclusions

BCFN membrane modified by YDC porous on the air side
formed a novel structure. A pure phase perovskite of BCFN
membrane and a pure phase fluorite of YDC porous layer
were obtained by dipping method. This novel structure
exhibits higher stability and no chemical reaction at high
temperature environment. In contrast to uncoated BCFN, it
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Figure 6: SEM images of ((a)–(c)) YDC porous layer at different magnification and (d) the cross-section of BCFN-YDC.
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also obviously enhanced the oxygen permeation flux forCOG
application (23.5%). Our method may provide a new way for
further improving oxygen permeation flux of COG.
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