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Metal oxides are a rich family ofmaterials that have nourished
many research areas. From colossal magnetoresistance to
multiferroicity and from catalysts to wearable devices, metal
oxides never lack new materials with fascinating properties
and great potential for device applications.The ability to con-
trol materials at the nanometric level has further broadened
the landscape of research for metal oxides. With rational
control of sizes, structures, compositions, and morphologies,
nanostructured metal oxides can possess novel optical, elec-
tronic, magnetic, and/or mechanical properties that do not
exist in bulk forms. These properties have enabled applica-
tions of metal oxides in various areas, including electronics,
photonics, sensors, catalysis, photovoltaics, and batteries. A
better understanding of the origin of novel metal oxide
properties promises further improvements that are waiting to
be discovered, yet difficulties still exist for applications that
require integrating or balancingmultiple aspects of the mate-
rial properties. The integration of metal oxides in prototype
devices needs innovations in synthesis, functionalization,
assembly, and characterization of nanostructures, which in
turn will inspire new applications of metal oxides.

This special issue features articles that address these
challenges. The authors report here their achievements in
the design, fabrication, modification, and characterization
of multifunctional metal oxide nanostructures. It is worth
noting that YBa

2
Cu
3
O
7−𝑥

(YBCO) is a well-known mate-
rial for “high temperature superconductivity.” However, in
the paper entitled “Photocatalytically Active YBa

2
Cu
3
O
7−𝑥

Nanoparticles Synthesized via a Soft Chemical Route,” Z.
Shen et al. explored the chemical properties of YBCO

and found that YBCO nanoparticles could show excellent
photocatalytic effects without compromising their normal
superconductivity properties. This work provides a good
example of obtaining multifunctional metal oxides based on
the surface effects of nanostructures.

In another article entitled “Nanoscale Ferroelectric
Switchable Polarization and Leakage Current Behavior in
(Ba
0.50

Sr
0.50

)(Ti
0.80

Sn
0.20

)O
3
ThinFilmsPreparedUsingChemi-

cal SolutionDeposition,” V. S. Puli et al. investigated the ferro-
electric/piezoelectric effects of (Ba

0.50
Sr
0.50

)(Ti
0.80

Sn
0.20

)O
3

(BSTS) thin films at the nanoscale level using piezoresponse
force microscopy and revealed the nanoscale switchabil-
ity of ferroelectric polarization in these chemical solution
deposited BSTS thin films. This observation opens up the
possibility of further optimizing physical and electrical
properties of BSTS films for practical applications, includ-
ing nonvolatile ferroelectric memories, data-storage media,
piezoelectric actuators, and electric energy storage capacitors.

The guest editors hope that the special issue will draw
attention to the multifunctionalization of nanostructured
metal oxides and stimulate not only the discovery of new
multifunctional metal oxides, but also the detection of new
properties in traditional metal oxides via the state-of-the-art
nanotechnology.

Zijie Yan
Yu Wang

Dawen Zeng
Douglas B. Chrisey

Min Liu
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Tungsten trioxide (WO
3
) was surface modified with Cu(II) nanoclusters and titanium dioxide (TiO

2
) nanopowders by using a

simple impregnation method followed by a physical combining method. The obtained nanocomposites were studied by scanning
electron microscope, X-ray photoelectron spectroscopy spectra, UV-visible light spectra, and photoluminescence, respectively.
Although the photocatalytic activity ofWO

3
was negligible under visible light irradiation, the visible light photocatalytic activity of

WO
3
was drastically enhanced by surfacemodification of Cu(II) nanoclusters and TiO

2
nanopowders.The enhanced photocatalytic

activity is due to the efficient charge separation by TiO
2
and Cu(II) nanoclusters functioning as cocatalysts on the surface. Thus,

this simple strategy provides a facile route to prepare efficient visible-light-active photocatalysts for practical application.

1. Introduction

As one of the most important transition metal oxides,
tungsten trioxide (WO

3
) has attracted considerable attention

due to its promising physical and chemical properties [1,
2]. Considering its small band gap, stable physicochemical
properties and resilience to photocorrosion effects, WO

3
has

beenwidely considered as a feasible candidate for visible-light
photocatalysts [1–3]. However, several fundamental issues
have to be addressed before they are economically available
for large scale industrial applications. For example, pure
WO
3
is usually not efficient photocatalysts because of the

high electron-hole recombination rate and the difficulty in
the reduction of oxygen, due to the negative position of its
conduction band (CB) [4]. Thus, many efforts have been
made to improve the activity of WO

3
, such as morphology

control, doping, nanostructure construction, and surface
modification [4]. One of the most promising ways to accom-
plish this goal is to design heterogeneous catalysts [5]. So far,
various heterogeneousWO

3
based heterogeneous structures,

such as WO
3
/SiO
2
, WO

3
/TiO
2
, WO

3
/NiO, and Pt/TiO

2
-

WO
3
, have been designed toward good catalytic performance

[5–12].

Titanium dioxide (TiO
2
) has attracted much attention

as a suitable semiconductor to construct heterogeneous
structures with WO

3
, due to its low cost, nontoxicity, and

suitable band structure [5, 13–16]. The valence band (VB)
and CB potentials of TiO

2
are more cathodic than those

of WO
3
[16]. The coupling of TiO

2
and WO

3
can lead to

photogenerated electron and hole transfer from one semi-
conductor particle to another; those are electrons transfer
from the CB of TiO

2
down to the CB of WO

3
and holes

transfer from theVB ofWO
3
to that of TiO

2
[17].This process

suppresses the recombination of photogenerated carriers and
leads to improved photocatalytic efficiency of the system [17].
To further increase the photocatalytic performance of the
system, metal or metal oxide particles, such as Au, Pt, and
CuO, were introduced into the system to promote the reduc-
tion reaction of electrons with oxygen molecules, leading
to efficient consumption of electrons [10–12]. For example,
copper ions modified WO

3
/TiO
2
nanocomposites, prepared

by Hosogi and Kuroda, exhibited efficient photocatalytic
activities [12]. However, there are still many problems in the
practical application of these reported catalysts, including the
complexity of the preparation procedures, the requirement

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 502514, 7 pages
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(a) (b)

(c)

Figure 1: SEM images of bare WO
3
(a), Cu(II)-WO

3
(b), and Cu(II)-WO

3
/TiO
2
(c).

for expensive rawmaterials, and the difficulties for large scale
production [5–12]. For instance, sol-gel method and urea
as raw materials were needed in the preparation of copper
ions modified WO

3
/TiO
2
nanocomposites [12]. Thus, efforts

aimed at improving the photocatalytic performance and the
preparation process of WO

3
are still needed.

In the present work, we reported efficient Cu(II) nan-
oclusters modified WO

3
/TiO
2

nanocomposites (Cu(II)-
WO
3
/TiO
2
) through a facile preparation process. In this pro-

cess, Cu(II) nanoclusterswere deposited onWO
3
using a sim-

ple impregnationmethod and TiO
2
nanopowders were intro-

duced into the Cu(II) nanoclusters modified WO
3
(Cu(II)-

WO
3
) by a physical combination method. The introduced

Cu(II) nanoclusters and TiO
2
nanopowders functioned as

cocatalysts on the surface ofWO
3
.Thus, the obtained Cu(II)-

WO
3
/TiO
2
products exhibited an enhanced visible light

photocatalytic activity.

2. Experimental

2.1. Materials. Commercial tungsten (VI) oxide (Sigma-
Aldrich; for monoclinic WO

3
, particle size is ∼100 nm) was

used as the initial WO
3
. CuCl

2
⋅2H
2
O (Sigma-Aldrich) was

used as the source of Cu(II) nanoclusters. Degussa (Evonik)
P25 TiO

2
nanopowders (particle size∼25 nm)was used as the

raw material of TiO
2
. All of these commercial materials were

used as received, without further purification. Distilled water
was applied in the experimental process.

2.2. Preparation of the Composites. Cu(II) nanoclusters were
grafted on the surface of WO

3
by using an impregnation

method, as reported previously [18, 19]. CuCl
2
⋅2H
2
O was

used as the Cu(II) nanoclusters source to prepare Cu(II)-
WO
3
. 1 g WO

3
powder with 0.1% weight fraction of Cu to

WO
3
was dispersed in 10mL distilled water. 0.1% weight

fraction of Cu to WO
3
has demonstrated the optimized

amount of Cu(II) nanoclusters for Cu(II)-WO
3
systems [18].

The suspension was heated at 90∘C and stirred for 1 h in
a vial reactor to hydrolyze the CuCl

2
source and generate

Cu(II) nanoclusters on the surface of WO
3
. Then, the sus-

pension was filtered twice with a membrane filter (0.025 𝜇m,
Millipore) and washed with sufficient amounts of distilled
water. The resulting residue was dried at 110∘C for 24 h
and subsequently grounded into fine powder using an agate
mortar and pestle.

The mixing of Cu(II)-WO
3
with TiO

2
was performed

using a physical mixing method. Typically, 1 g Cu(II)-WO
3

powder and 1% weight ratio TiO
2
were mixed in an agate

mortar and grounded into fine powder using a pestle for 1 h.

2.3. Sample Characterizations. Scanning electron micro-
scope (SEM) images were taken using a field-emission SEM
(FE-SEM, Hitachi S-4800). Photoluminescence PL spectra
were obtained by using a Hitachi F-4500 fluorophotometer
with an excited wavelength of 𝜆 = 325 nm at room temper-
ature. UV-visible reflectance spectra were obtained by the
diffuse reflection method using a spectrometer (UV-2550,
Shimadzu). Surface compositions were studied by X-ray pho-
toelectron spectroscopy (XPS; model 5600, Perkin-Elmer).
The binding energy data were calibrated with reference to the
C 1s signal at 284.5 eV.
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Figure 2: (a) W 4f core-level spectra, (b) O 1s core-level spectra, (c) Cu 2p core-level spectra, and (d) Ti 2p core-level spectra of bare WO
3
,

Cu(II)-WO
3
, and Cu(II)-WO

3
/TiO
2
, respectively.

2.4. Catalytic Activity Testing. Photocatalytic activity of the
WO
3
samples was evaluated in terms of the decolorization

of methylene blue (MB) dye under visible irradiation. 20mg
samplewas dispersed into 100mLof 10mg/LMB solution and
stirred in the dark for 1 h to reach a complete adsorption-
desorption equilibrium. Then the solution was irradiated
with ∼20mW/cm2 visible light (>420 nm, with a light filter
L42 (Asahi Techno-Glass)) under continuous stirring.With a
given irradiation time interval, some specimens (5mL) were
taken from the dispersion and were centrifuged (4000 rpm).
The clear upper solutionwas subjected toUV-Vis spectropho-
tometer (UV-2550, Shimadzu). The concentration of MB
was determined from the absorbance at the wavelength of
665 nm.

3. Results

Figure 1 shows the SEM images of the obtained samples. It can
be seen that the bareWO

3
samples contained many particles.

These particles have a clear surface and a size of ∼100 nm.
After Cu(II) nanoclusters grafting, the particle morphology
still remained, indicating the grafting of Cu(II) nanoclusters
did not affect its morphology (Figure 1(b)). After the modi-
fication with TiO

2
nanopowders, some small particles could

be observed in TiO
2
mixed Cu(II)-WO

3
(Cu(II)-WO

3
/TiO
2
)

samples (Figure 1(c)).These small particles have a size around
several tens of nanometers, coinciding with the size of TiO

2

nanopowders. In the paper, except specially noted, the weight
ratios of Cu and TiO

2
to WO

3
were set to 0.1% and 1%,

respectively,
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Figure 3: UV-visible reflectance spectra of bare WO
3
, Cu(II)-WO

3
,

and Cu(II)-WO
3
/TiO
2
, respectively. Inset is the enlarged UV-visible

reflectance spectra at range of 600–800 nm.

In order to determine the surface composition and chem-
ical states of the surface elements, XPS spectra were recorded,
as shown in Figure 2. In the W 4f and O 1s core-level spectra
of the samples (Figures 2(a) and 2(b)), no obvious differences
could be seen in the chemical states of elements W and
O, demonstrating that neither the surface grafting of Cu(II)
nanoclusters nor physical mixing of TiO

2
powders affected

the bonding structure between tungsten and oxygen. In the
Cu 2p core-level spectra (Figure 2(c)), Cu signals were clearly
observed in Cu(II)-grafted samples, such as Cu(II)-WO

3
and

Cu(II)-WO
3
/TiO
2
, confirming that Cu(II) was successfully

grafted on the surface of WO
3
, while, in the Ti 2p core-level

spectra (Figure 2(d)), Ti signal was only observed in Cu(II)-
WO
3
/TiO
2
composites, indicating the TiO

2
was well mixed

with WO
3
powders.

Figure 3 shows the UV-Vis of the samples. It clearly
shows that WO

3
has a good visible light absorption property,

indicating it is a potential visible light photocatalyst. The
absorption edge of WO

3
is located at ∼460 nm, which

corresponds to the interband transition of WO
3
[18]. This

interband absorption indicates a band gap of ∼2.7 eV, which
coincides with the reported values of 2.7 eV forWO

3
[20, 21].

AfterCu(II) nanoclusters grafting, an additional light absorp-
tion at the range of ∼700–800 nm was clearly superimposed
on the light absorption of WO

3
, as shown in the inset of

Figure 3.This additional light absorption can be attributed to
the d-d transition of Cu(II) [18]. After further modification
with TiO

2
powders, the interband transition of WO

3
was not

changed, due to the small amount of TiO
2
powders and their

large band gap [13–15]. Notably, the additional visible light
absorption caused by the d-d transition of Cu(II) can still be
observed in themixed nanocomposites, proving the existence
of Cu(II) nanoclusters (inset of Figure 3).

Figure 4 represents the variation of MB concentration
by photocatalytic reaction with the samples under visible
light (>420 nm) irradiation. Typical evolution ofMB concen-
tration during photocatalytic reaction on Cu(II)-WO

3
/TiO
2

is presented in Figure 4(a). Under light irradiation, the
characteristic MB absorption peak decreased sharply and
almost no color was observed after 90 minutes of irradiation,
indicating that MB was completely degraded by Cu(II)-
WO
3
/TiO
2
. Comparative studies among bare WO

3
, Cu(II)-

WO
3
, and Cu(II)-WO

3
/TiO
2
show that bare WO

3
has a neg-

ligible activity under visible light irradiation (Figure 4(b)).
The grafting of Cu(II) nanoclusters to the surface switched its
photocatalytic activity. It can be seen that MB dye was almost
degraded by Cu(II)-WO

3
with 2 h of visible light irradiation.

Interestingly, after further modification with TiO
2
nanopow-

ders, Cu(II)-WO
3
/TiO
2
exhibited an enhanced photocat-

alytic activity comparedwith that ofCu(II)-WO
3
.MBdyewas

completely degraded by Cu(II)-WO
3
/TiO
2
nanocomposites

with 1.5 h of visible light irradiation, revealing the high pho-
tocatalytic activity of the Cu(II)-WO

3
/TiO
2
nanocomposites.

Figure 4(c) shows the pseudo-first-order kinetic rate for the
photochemical degradation of MB by Cu(II)-TiO

2
samples.

The pseudo-first-order kinetic rate was calculated according
to the equation of ln(𝐶

𝑜
/𝐶) = 𝑘𝑡, where 𝐶/𝐶

𝑜
is the

normalized MB concentration, 𝑡 is the reaction time, and
𝑘 is the pseudo-first-rate constant. It can been seen that
the Cu(II)-WO

3
/TiO
2
samples presented the highest reaction

rate.The reaction rate was sharply decreased when bareWO
3

was used. The result was consistent with the MB decompo-
sition curves in Figure 4(b). Figure 4(d) shows the cycling
measurements ofMBdecomposition over Cu(II)-WO

3
/TiO
2
.

Similar 𝑘 values were obtained after 5-cycle measurements,
suggesting a good stability for the photocatalytic application
of Cu(II)-WO

3
/TiO
2
.

We also investigated the influences of experimental
parameters on the photocatalytic performances of Cu(II)-
WO
3
/TiO
2
samples. Figure 5 shows the photocatalytic per-

formances of Cu(II)-WO
3
/TiO
2
samples with different ratios

of TiO
2
. It can be seen that the activity of the samples was

increased with the ratio of TiO
2
to WO

3
in the beginning.

After the highest activity was achieved at the ratio of 1%, the
photocatalytic activity was decreased again with the increase
of ratio. These results revealed that the Cu(II)-WO

3
/TiO
2

samples obtained with 1% TiO
2
have the optimum amount of

TiO
2
for hole separation and reaction. It has been reported

that the amount of TiO
2
to mix with WO

3
was important

for the photocatalytic reaction [22, 23]. Thus, the Cu(II)-
WO
3
/TiO
2
samples with a TiO

2
ratio of 1% exhibited the

highest photocatalytic performance.

4. Discussions

Figure 6 shows the energy levels of TiO
2
andWO

3
[18]. TiO

2
,

as one of themost efficient photocatalysts, has a high potential
CB and a deep VB. Thus, electrons in its CB have sufficient
reduction power for oxygen reaction with single electron
and holes in its VB have large oxidation power for organic
compounds decomposition, respectively. Consequently, TiO

2

has a very high efficiency for photocatalytic reactions under
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Figure 4: (a) Absorption spectra for MB degradation using Cu(II)-WO
3
/TiO
2
. (b) The variation of MB concentration by photocatalytic

reaction with bare WO
3
, Cu(II)-WO

3
, and Cu(II)-WO

3
/TiO
2
, respectively. (c) The pseudo-first-order kinetic rates with error bars for

the photochemical degradation of MB by bare WO
3
, Cu(II)-WO

3
, and Cu(II)-WO

3
/TiO
2
, respectively. (d) Cycling measurements of MB

decomposition over Cu(II)-WO
3
/TiO
2
.

UV light irradiation. However, TiO
2
can only be activated

under UV light irradiation, owing to its large band gap.
WO
3
is sensitive to visible light because of its proper band

gap, 2.7 eV [20, 21]. Notably, both the CB and VB positions
of WO

3
are more positive than those of TiO

2
. As a result,

photogenerated electrons can be transferred from the CB
of TiO

2
to the CB of WO

3
and photogenerated holes can

be transferred from the VB of WO
3
to that of TiO

2
[17].

Moreover, if photons do not have enough energy to excite
TiO
2
but have enough energy to excite WO

3
, hole in the VB

of WO
3
is still possibly transferred to the VB of TiO

2
[24].

This process suppresses the recombination of photogenerated
carriers and indicates that TiO

2
can act as hole cocatalyst [12,

17, 24]. On the other hand, the CB potential of WO
3
is lower

than the potential for reduction reaction of oxygenmolecules,
leading to the insufficient consumption of electrons in CB.
When Cu(II) nanoclusters were modified on the surface of
WO
3
, the photogenerated electrons in the CB of WO

3
can be

transferred to the Cu(II) nanoclusters. The transferred elec-
trons can be consumed by multielectron reduction reactions
with oxygen molecules in the Cu(II) nanoclusters [18, 19]. In
otherwords, Cu(II) nanoclusters function as efficient electron
cocatalysts [12, 18, 19]. Consequently, the activity of Cu(II)-
WO
3
can be further enhanced by combining with TiO

2
.

Figure 7 shows the PL spectra of bare WO
3
, Cu(II)-WO

3
,

and Cu(II)-WO
3
/TiO
2
, respectively. The main emission peak

forWO
3
is centered at about 460 nm, which is approximately

equal to the band gap energy ofWO
3
[20, 25]. It worth noting
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Figure 6: Energy levels of TiO
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and WO
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.

that bare WO
3
exhibited the highest PL intensity among

these samples, indicating the highest recombination rate of
electrons and holes [26]. After the Cu(II) nanoclusters were
grafted, the intensity of the PL emission decreases, which
can be attributed to the decrease of the efficient electron
trapping and consumption on Cu(II) nanoclusters [18, 19].
The emission intensity of the Cu(II)-WO

3
/TiO
2
was lower

than that of bareWO
3
and Cu(II)-WO

3
, which indicated that

the recombination rate of photogenerated charge carriers was
the lowest in the Cu(II)-WO

3
/TiO
2
.The PL results confirmed

the importance of the modification of Cu(II) nanoclusters
and TiO

2
nanopowders for hindering the recombination of

electrons and holes.Thus, efficient visible light photocatalytic
activity can be achieved in Cu(II) and TiO

2
modified WO

3
.

5. Conclusions

Efficient WO
3
photocatalysts were prepared by being sim-

ply surface modified with Cu(II) nanoclusters and TiO
2

nanopowders. In this prepared system, Cu(II) nanoclusters
and TiO

2
nanopowders were deposited on the surface of

WO
3
using a simple impregnation method and a physical

combination method, respectively. Cu(II) nanoclusters and
TiO
2
nanopowders functioned as efficient cocatalysts on the

surface of WO
3
, which acted as photocatalyst. Thus, efficient

charge separations and reactions can be achieved in this
Cu(II)-WO

3
/TiO
2
system, resulting in efficient visible light
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Figure 7: PL spectra of bare WO
3
, Cu(II)-WO

3
, and Cu(II)-

WO
3
/TiO
2
, respectively.

photocatalytic reaction for organic compounds decompo-
sition. The simple strategy opens an avenue for designing
efficient visible-light-active photocatalysts for practical appli-
cation.
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Yttrium doped barium titanate (BT) nanofibres (NFs) with significant photocatalytic effect were successfully synthesized by
electrospinning. Considering the necessary factors for semiconductor photocatalysts, a well-designed procedure was carried out
to produce yttrium doped BT (BYT) NFs. In contrast to BYT ceramics powders and BT NFs, BYT NFs with pure perovskite phase
showedmuch enhanced performance of photocatalysis.The surface modification in electrospinning and subsequent annealing, the
surface spreading of transitionmetal yttrium, and the narrowed band gap energy in yttrium doping were all contributed to the final
novel photocatalytic effect.This work provides a direct and efficient route to obtain doped NFs, which has a wide range of potential
applications in areas based on complex compounds with specific surface and special doping effect.

1. Introduction

Issues related to environmental protection are increasingly
important with the industrial advance [1]. Photocatalysis by
semiconductor oxides is a significant way to degrade organic
and inorganic pollutants [2, 3]. One of the most famous
photocatalysts is TiO

2
[4]. It has showed excellent photo-

catalytic effect as reported [5]. It is generally accepted that
surface defects of TiO

2
play an essential part in photocatalysis

[6, 7]. In fact, one-dimensional (1D) nanomaterials such as
NFs can perform better photocatalysis for their high specific
surface area. Electrospinning has been proved to be an
effective technique to prepare NFs with the merits of mass
production and high continuity [8, 9]. During electrospin-
ning and subsequent annealing, the volatile solvents which
containing polymer could experience rapid phase separation
and decomposition. So the final NFs usually have rough and
defectivemorphology. ProducingNFs by electrospinning can
be a practical way to improve the photocatalytic efficiency.
In this trend, many researches on the photocatalysis of
NFs obtained by electrospinning were carried out [10, 11].
However, famous photocatalysts such as TiO

2
and ZnO were

still the main objects in these researches, while many other
important compounds received few attentions.

Apart from the famous photocatalysts, many other doped
semiconductors also possess brilliant photocatalytic proper-
ties. The suitable band gap is another important deciding
factor in semiconductor photocatalysts [1–3, 12]. The doping
can effectively narrow the band gap to obtain a better
photocatalytic effect. As an important material [13, 14], BT
has excellent environmental compatibility, since its excellent
performance is with harmful elements abandoning. Because
BT has a similar band gap with TiO

2
, researches on the

BT-based photocatalysts are also growing [15]. However,
due to the unfitted band gap, the photocatalytic efficiency
of BT did not perform as well as famous photocatalysts.
So BT was always used as an auxiliary component, while
the investigations on its intrinsic photocatalysis did not
operate specially [16]. In particular, doped semiconductor
BT is a good candidate to exploit novel properties for its
adjustable composition. To improve the original properties
of BT, transition metal yttrium was usually doped to tailor
the properties, especially in the semiconductor BT with
narrowed band gap [17, 18]. Moreover, it is well known that
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transition metal elements spread easily on the surface of
oxides [19, 20]. Actually the distribution of doping elements
is a key reason to achieve interesting photocatalysis in doped
semiconductor. Researches on doped TiO

2
pointed out that

transitionmetal elements surface doping could producemore
efficient photocatalysts than traditional bulk doping [21]. So
the transition metal yttrium doping can enhance a desirable
surface reaction. Considering the morphology features of
NFs, the narrowed band gap of yttrium doping, and the
surface spreading of yttrium ions, semiconductor BYT NFs
with modified surface could be obtained by electrospinning.
It is reasonable to believe that this can cause novel photo-
catalysis effects which are based on surface defects and band
gap. This can provide an unexplored method in the doped
semiconductor photocatalysis.

In this paper, we will report observing photocatalytic
behavior in BYT NFs, which were synthesized by electro-
spinning. Results show the photocatalytic efficiency of BYT
NFs has been greatly improved in this method. Besides, BYT
ceramics powders and undoped BT NFs are also discussed.

2. Experimental Methods

The electrospinning was carried out as follows: 6 g of barium
acetate [Ba(CH

3
COO)

2
], titanium butoxide [C

16
H
36
O
4
Ti],

and yttrium acetate tetrahydrate [Y(CH
3
COO)

3
⋅4H
2
O] were

weight and mixed according to stoichiometric ratio of
1 : 1 : 0.02. 40mL of dichloromethane was used as solvent
for its rapid evaporation. To prevent hydrolyzation, 5mL of
acetic acid was added. To adjust the viscosity, 8 g PVP was
dissolved into the precursor solution. The electrospinning
was conducted through a needle with an inner diameter
of 0.5mm attached to a 20mL syringe. The flow rate was
set at 4mL/h by a syringe pump. The applied voltage for
electrospinning was 1.6 kV and the distance between the
tip and the collector was 12 cm. Then as-spun NFs could
be deposited on sapphire single crystal substrates which
attached to the grounded collector. After annealed in relative
high temperature of 1250∘C for 2 hours with heating rate of
6∘C/min, BYT NFs were obtained. Besides, BT NFs without
Y doped were also synthesized in the same procedure. And
a group of BYT ceramics powders which were prepared by
solid reaction using BaCO

3
[99.9%], TiO

2
[99.9%], and Y

2
O
3

[99.9%] were also measured in the characterizations. Regents
and chemicals in this work were purchased from Sinopharm
Chemical ReagentsCo., Ltd. (China). Single crystal substrates
were from KMT Corporation (Hefei, China).

The structure and microstructure of the NFs were char-
acterized by X-ray diffraction (Philips X-ray diffractome-
ter system), field-emission scanning electron microscopy
(FESEM, JEOL JSM-6700F equipped with selected area
electron diffraction and an energy-dispersive X-ray spec-
troscopy). The UV adsorption spectra were measured using
a Shimadzu UV-2550 (Kyoto, Japan) spectrophotometer.
The photocatalytic activity of the NFs for degradation of
methylene blue (MB) was evaluated by agitating the solution
and irradiating the samples using a 250W high-pressure Hg
lamp.The initial concentration of MB was 6mg/L and with a
catalyst loading of 1 g/L for measurement.
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Figure 1: The X-ray diffraction pattern of BYT NFs, BYT ceramics
powders, and BT NFs.

3. Results and Discussion

In the characterizations, we measured three groups of sam-
ples: BYT NFs, BYT ceramics powders, and BT NFs. Figure 1
shows XRD patterns of three groups. For BYT NFs and BT
NFs, the as-annealed products were using a long collection
time for 2 h.Three groups are all of pure perovskite phase. But
BYT NFs and BT NFs are with a stronger noise. In the NFs
XRD measurement in this work, the annealed products were
from as-spun precursor with long collection time of 2 h. After
annealing, NFs were obtained and pressed on the sample
stage for XRD measurement. However, the flow rate was
kept at 4mL/h and with low metal compound concentration
(6 g metal acetates dissolved into 40 dichloromethane which
were added with 5mL of acetic acid) in electrospinning. So
even the as-spun NFs had been collected for a longtime,
the as-annealed products were not enough to ensure strong
diffraction intensity in XRD measurement. So the XRD
patterns of NFs are noisy unavoidably. Nevertheless, all the
main diffraction peaks in XRD patterns of BYTNFs and BYT
ceramics powders have been indexed. They are all matching
the BT tetragonal perovskite phase. It draws the dopant
Y
2
O
3
which has been incorporated into host so no impurity

phase is observed. It means that BT-based NFs with high
perovskite phase purity and crystallinity can be obtained by
electrospinning.

Figures 2(a)-2(b) show the morphology of as-annealed
BYT NFs samples. NFs with typical wire-like state with
diameter less than 200 nm can be clearly observed in the
images. But the diameters are not homogeneous because
of the fulmination and multilayer effect in electrospinning.
Besides, narrow flat ribbons, branched and broken fibers
which formed in electrospinning and annealing can also be
detected. Most importantly, it can be seen from Figure 2(b)
that all of the NFs have rough surface as expected. Further,
to determine the chemical composition of NFs, EDX mea-
surements were taken on a single fibre in Figure 2(b). From
the spectrum shown in Figure 2(c), yttrium, barium, titanate,
aluminum, and oxygen peaks can be detected. The existing
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Figure 2: ((a)-(b)) FE-SEM image of BYT NFs, (c) EDX spectrum of a single BYT NFs.

diffraction peak of yttrium proves that this doping element
has been dissolved into host BT.The content of Al is too high
because sapphire single crystal was used as substrate.

In similar researches on the electrospinning preparation
of 1D nanostructure materials, both NFs and nanotubes
(NTs) were obtained.Heating rate and annealing temperature
in annealing processes were pointed as key determinants
in the formation of these different structures. In the NTs
formation [22, 23], metal oxides shell must form firstly when
the decomposition of PVP is unfinished. This means that
the heating rate and thermal anchoring of precursor must
be controlled to minimize sample overheating. In contrast,
the formation of NFs needs faster heating rate and higher
annealing temperature.They will all lead to sample overheat-
ing, which result in the skipping of the oxide shell formation
before PVP remove completely. For this reason, we sped up
the heating rate and raised the annealing temperature tomeet
the NFs formation condition. So NFs were fabricated finally.

The photocatalytic activities of BYT NFs, BYT ceramics
powders, and BT NFs were evaluated by decomposing MB
under irradiation of medium-pressure Hg lamp for 10 hours.
Two groups of MB solution with no catalysts and P25 TiO

2

were also treated as contrast. MB is usually used as standard
dyes in photocatalytic testing for its photostability. Figure 3
shows photodegradation ofMB solutions function of reaction
time for different catalysts. In the photocatalysis measure-
ment, we took groups of photodegraded solution after each
hour and then used the spectrophotometer to measure the
UV adsorption spectra. 𝐶

0
and 𝐶

𝑡
represent the intensity of

themaximumabsorption peaks of theUV adsorption spectra
of solution initially and at time 𝑡. Take nature logarithm func-
tion of ratio𝐶

0
/𝐶
𝑡
to obtain the ordinate in Figure 3. It should

be noted that the maximum absorption peak wavelength of
MB is usually taken at 664 nm [24]. But this wavelength can
blue shift to lower value with the degradation of MB. In
order to accurately show the photocatalytic effect, we took the
intensity of the exact maximum absorption peak at different
wavelengths nearby 664 nm every time. MB solution with no
catalysts is stable under irradiation. The MB solution used
BT NFs as photocatalyst shows a small scale change during
the 10 hours’ irradiation. Moreover, in the presence of BYT
ceramics powders, the MB concentration decreased a little
more obviously after 10 hours’ irradiation.However, BYTNFs
show remarkable photocatalytic efficiency. A much stronger
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degradation is performed in the presence of BYTNFs.Almost
all dyes had been degraded after 10 hours, very close to the
group with P25. So it can be concluded that BYT NFs have a
significant photocatalytic effect, compared to BYT ceramics
powders and BT NFs.

When the semiconductor catalysts were irradiated with
energy higher or equal to the band gap, excited state
conduction-band electrons and valence-band holes would
form [2]. Then the electrons and holes could be got trapped
in metastable surface states to recombine or react with
electron donors and electron acceptors adsorbed on the
semiconductor surface or within the surrounding electrical
double layer of the charged particles. But the recombination
could be prevented if a suitable scavenger or surface defect
state is available to trap the electrons or holes. Subsequently,
the electrons and holes generated by exciting photons could
have redox reaction with dyes in the solutions. It means that
suitable band gap energy is a key reason in photocatalysis.
As recorded most commonly, the band gap energy for BT is
3.2 eV and for TiO

2
is 3 eV [2, 13, 25, 26]. Considering the

unfitted band gap energy, BT NFs show little photocatalysis
effect. But for BYT, when Y

2
O
3
doped into BT, yttrium

will transform BT to semiconductor. The band gap must
be narrowed in the semiconductor BYT, just as shown in
Figure 4. It means that BYT could become a more suitable
candidate in photocatalysis. So the photocatalytic efficiency
has been enhanced obviously in BYT ceramics powders.

At the same time, a strong contrast between the photo-
catalytic activities of BYT NFs and BYT ceramics powders
was also obvious in Figure 3. BYT NFs synthesized by
electrospinning show almost as high photocatalytic efficiency
as P25, while BYT ceramics powders show a little effect. We
ascribe this to the modified surface of NFs in electrospin-
ning. As discussed above, the excited state conduction-band
electrons and valence-band holes were trapped in metastable

OX−

OX

Irradiation
CB

VB

Red

h+

e−

Red+

Eg (BYT)

Figure 4: Representation of photodegradation of MB solution with
BYT.

surface states in the reaction. Catalysts with surface defects
are suitable scavengers to trap the electrons or holes in
photocatalysis. It indicates that specific surface plays an
important role. In fact, surface defects were pointed as
the direct reason in photocatalysis. Oxygen vacancy defects
on the surface are not only the oxidizing reagents but
also the electron scavengers which ultimately drive surface
photooxidation processes experience longer lifetimes due to
reducing their recombination rate with electrons [6]. So the
most effective way to improve the photocatalytic efficiency
of doped semiconductor must be conducted directly on the
surface areas.

At first, in electrospinning preparation of NFs, the final
morphology and structure of NFs are controlled bymany fac-
tors, such as volatile solvent, decomposition of the polymer,
annealing heating rate, and annealing temperature. When
we electrospin the precursor solution, rapid evaporation and
following rapid solidification of volatile solvent will induce
a rapid phase separation [7]. Phase boundaries may be
crossed and structure formation by phase separation sets in.
It means the solvent rich and poor regions will transform
into different patterns, result in a rough surface of as-spun
NFs. Furthermore, the next annealing will further modify
the morphology and structure of NFs. Heating rate and
annealing temperature were considered decisive factors in
the formation of NFs [22, 23]. So we had designed the
annealing process carefully. In the NFs annealing, rapid
heating rate and/or high thermal anchoring will all lead to
a spanking decomposition of polymer. This will make the
final NFs have rougher surface and more defects. In this
way, electrospinning is a perfect method to prepare NFs
with modified surface. So BYT NFs will have more surface
defects for photocatalysis. Secondly, the surface spreading of
transition metal elements had been proved by both theories
and experiments [19, 20]. When transition metal yttrium
was doped into BT, the difference in the surface energies
of impurities and host could provide a surface segregation
energy, which could drive doping elements to the surface
areas. This will further strengthen the narrowed band gap
effect at surface areas of BYT NFs. Taking into account
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the high specific surface area of NFs, the photocatalytic effi-
ciency of doped semiconductor BYTNFs can be enhanced in
this mechanism.

In sum, producing doped NFs by electrospinning is an
excellent method to tailor the properties of materials not
only due to the modified surface but also due to the doping
effect. This work shows how it improved the photocatalytic
properties of doped BT. Furthermore, it has a wide range of
potential applications in areas based on complex compounds
with specific surface and special doping effect, such as
sensor, filter, or absorbed reactant. Much investigation on
the properties and applications of doped NFs synthesized by
electrospinning is highly desired.

4. Conclusions

Based on electrospinning, a direct and effective method
to improve the photocatalysis of doped semiconductor was
developed. BYT NFs were fabricated by electrospinning and
subsequent annealing. BT NFs and BYT ceramics powders
were also prepared as contrast. XRD patterns show that all
samples have pure perovskite phase. BYT NFs with inhomo-
geneous diameter less than 200 nm have been proved by SEM
images and EDX measurements. Significant photocatalytic
effect of BYT NFs was characterized compared to weaker
effect of BYT ceramics powders and little effect of BT NFs.
Since specific surface and proper band gap energy were
considered key factors in photocatalysis, the strong pho-
todegradation ofMB in the presence of BYTNFswas induced
by the morphology and structure modification in electro-
spinning, the surface spreading of transition metal yttrium,
and the narrowed band gap energy in yttrium doping. BYT
ceramics powders and BT NFs have weaker photocatalytic
efficiency for the unmodified surface and unfitted band
gap energy. Producing doped NFs by electrospinning is an
excellent method to tailor the properties. Much investigation
on the properties and potential applications of doped NFs
synthesized by electrospinning is highly desired.
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We analyzed the effect of the addition of Li
2
O
3
, TiO
2
, and Fe

2
O
3
on the crystallization behavior of P

2
O
5
–CaO–SiO

2
–K
2
O glasses

and the effect of the crystallization behavior on the roughness and hydrophobicity of the coated surface. Exothermic behavior,
including a strong exothermic peak in the 833–972K temperature range when Fe

2
O
3
, TiO
2
, or Li

2
O
3
was added, was confirmed

by differential thermal analysis. The modified glass samples (PFTL1–3) showed diffraction peaks when heated at 1073 and 1123K
for 5min; the crystallized phase corresponds to Fe

3
(PO
4
)
2
, that is, graftonite. We confirmed that the intensity of the diffraction

peaks increases at high temperatures and with increasing Li
2
O
3
content. In the case of the PFTL3 glass, a Li

3
Fe
2
(PO
4
)
2
phase, that

is, trilithium diiron(III) tris[phosphate(V)], was observed. Through scanning electron microscopy and the contact angles of the
surfaces with water, we confirmed that the increase in surface roughness, correlated to the crystallization of the glass frit, increases
hydrophobicity of the surface. The calculated values of the local activation energies for the growth of Fe

3
(PO
4
)
2
on the PTFL1,

PTFL2, and PFTL3 glass were 237–292 kJmol−1, 182–258 kJmol−1, and 180–235 kJmol−1.

1. Introduction

Hydrophobic and superhydrophobic solid surfaces have
attracted considerable attention in scientific and industrial
fields owing to their unique self-cleaning, antifogging, anti-
sticking, and anticontamination properties [1–5]. It has been
theoretically and experimentally confirmed that superhy-
drophobic surfaces can be obtained by the cooperative
effects of topographically roughened surface structures [6].
In accordance with this concept, researchers have prepared
artificial superhydrophobic surfaces through hierarchical
micro/nanostructures on specimen surfaces [6, 7] and have
chemically modified these structures to reduce the surface
energy [8]. Various methods have been reported for creating
superhydrophobic surfaces, such as sol-gel processing [9],
plasma processing [10], and spray pyrolysis [11]. However,
these methods present limitations for industrial applications
and are unsuitable for commercial products because they
either are only applicable to small substrates or require
time-consuming processing steps or expensive machinery
[12]. Recently, studies have been performed to overcome

these problems. In particular, Reinosa et al. confirmed the
influence of surface modification by crystallization on the
hydrophobicity of surfaces, which occurs during the inor-
ganic coating of glass frit by Fe

2
O
3
and Cu microparticles

[12]. They confirmed that the surface was modified and the
hydrophobicity increased through the crystallization of the
inorganic coating material. However, they only analyzed the
crystallization generated by the addition of Fe

2
O
3
and Cu

microparticles, neglecting crystallization by the composition
of the glass frit itself. If hydrophobicity can be expressed just
by the crystallization of glass frit, this can be used in various
applications such as self-cleaning household ovens [13, 14]
and outdoor glass insulators [15].

Phosphate glass exhibits attractive properties such as
low glass transition and melting temperatures, high thermal
expansion coefficients, biocompatibility, and high refractive
indices. These specifications are suitable for many appli-
cations in photonics, fast ion conductors [16–19], glass-to-
metal seals [20–22], low-temperature enamels [22], NH

3
gas

adsorption [23], and biomedical engineering [24]. An impor-
tant characteristic of phosphate glass is its advantageous
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Table 1: The chemical compositions of the PFTL glass samples.

Glass name P2O5 (wt%) CaO (wt%) SiO2 (wt%) K2O (wt%) TiO2 (wt%) Fe2O3 (wt%) Li2O (wt%)
PFTL0 (reference) 74 14 5 7 0 0 0
PFTL1 65.1 12.3 4.4 6.2 5 5 2
PFTL2 64.4 12.2 4.3 6.1 5 5 3
PFTL3 63.7 12.0 4.3 6.0 5 5 4

crystallization behavior as compared to silicate glass [25, 26].
To further accelerate the crystallization of phosphate glass,
nucleation agents such as Fe

2
O
3
[27], Li

2
O
3
, and TiO

2
[28]

are required; when the frit is coated with one of these agents,
the glass can be crystallized using a short firing time [27].

In the present work, we investigated the effect of the
addition of Li

2
O
3
, TiO

2
, and Fe

2
O
3
on the crystallization

behavior of a P
2
O
5
–CaO–SiO

2
–K
2
Oglass systemwidely used

in various fields [29, 30]. In addition, we confirmed the effect
of the crystallization of the glass frit on the roughness and
hydrophobicity of the final coated surface.

2. Materials and Methods

2.1. Glass Preparation. Glass samples with this compo-
sition (100–x–y)(0.74P

2
O
5
–0.14CaO–0.05SiO

2
–0.07K

2
O)–x

(Fe
2
O
3
–TiO
2
)–y(Li

2
O
3
) were used. The glass samples were

prepared using NH
4
H
2
PO
4
, CaCO

3
, SiO
2
, K
2
CO
3
, Fe
2
O
3
,

TiO
2
, and Li

2
CO
3
, all of which had purities higher than

99.9%. This mixture was melted in an Al
2
O
3
crucible in an

electrically heated furnace under ordinary atmospheric con-
ditions at a temperature of 850∘C for approximately 30min to
evaporate ammonia, carbonate, and water and to minimize
the tendency for subsequent phosphate volatilization. The
temperature was then gradually increased to 1250∘C and
maintained for 30min to homogenize the melt. The melt was
quenched by pouring it onto a plate. X-ray diffraction (XRD)
analysis using an Ultima IV system (Rigaku) was employed
to confirm the amorphous state of the synthesized glasses and
the results are shown in Figure 1 and Table 1.

2.2. Measurements and Analysis. The glass frits were coated
by the following procedure. The glass was ground and
screened with a 44 𝜇m mesh and then sprayed onto the
surface of a low-carbon steel substrate (SPP steel), producing
coatings with thicknesses of 200–220𝜇m. The coatings were
fast-fired in an air atmosphere using an electrically heated
furnace. The coating thickness of each sample is shown in
Figure 2. The heating temperatures of 1073K and 1123 K were
applied for 5min, which is a typical enamel sintering cycle.
The phase analysis and crystallization of the heated samples
were examined by XRD (Rigaku-Ultima IV). To determine
the surfaces’ hydrophilicity or hydrophobicity, a contact angle
measurement system (Krüss DSA 100 Easy Drop) was used to
find the contact angle of water with the coated surfaces. The
roughness and nano- and microstructures were studied by
field emission scanning electronmicroscopy (FE-SEM, Supra
25, Carl Zeiss).

Crystallization analysis was performed by a nonisother-
mal method that is easier and faster than the isothermal

In
te

ns
ity

 (c
ps

)

PFTL0

PFTL1

PFTL2

PFTL3

20 30 40 50 60 70 80 90
2𝜃 (deg.)

Figure 1: XRD data of PFTL glasses.

method [31, 32]. In order to determine the activation energy
for crystallization of the samples, differential thermal analysis
(DTA) measurements were performed using approximately
30mg of the heat-treated glass powders in an air atmosphere
at heating rates of 5, 10, 15, and 20K/min up to 1273K. The
DTA results were further analyzed to obtain the activation
energy values for the crystallization of each sample using the
Ozawa [33] method.The slope of each graph was determined
by the method of least squares.

3. Results and Discussion

3.1. Crystallization Behavior and Phase Analysis. The DTA
curves for the glass powders obtained at different heating
rates are presented in Figure 3. The DTA curves show the
exothermic effect of heating, followed by a strong exothermic
peak in the 833–972K temperature range when Fe

2
O
3
, TiO
2
,

or Li
2
O
3
is added. Furthermore, theDTA curves of the PFTL3

glass show an initial exothermic effect followed by a strong
exothermic peak; Figure 3(c) also shows partial overlapping
of the two peaks. The characteristic temperatures of the
glass (𝑇

𝑔
, 𝑇
𝑐
, and 𝑇

𝑝
) increased with increasing heating rate,

as shown in Table 2. From Table 2, it is confirmed that 𝑇
𝑔

decreases with the addition of Fe
2
O
3
or TiO

2
.Thismeans that

Fe
2
O
3
and TiO

2
act as network modifiers in phosphate glass

and that theyweaken the glass structure. In addition, theDTA
data reveal that the addition of Li

2
O
3
shifts the endothermic

peaks to lower temperatures; that is, a lower temperature is
needed to initiate crystallization [34].
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Figure 2: The coating thicknesses of PFTL glasses.

Table 2: Glass transition temperature (𝑇
𝑔
) and maximum crystallization temperatures (𝑇

𝑝1
and 𝑇

𝑝2
) determined from DTA data obtained at

different heating rates.

Heating rate, 𝛼 PFTL0 PFTL1 PFTL2 PFTL3
𝑇
𝑔
(K) 𝑇

𝑔
(K) 𝑇

𝑝1
(K) 𝑇

𝑔
(K) 𝑇

𝑝1
(K) 𝑇

𝑔
(K) 𝑇

𝑝1
(K) 𝑇

𝑝2
(K)

5 878 833 943 819 927 810 902 921
10 883 839 962 830 945 822 920 948
15 891 847 975 839 958 835 931 966
20 903 861 984 853 968 847 939 972
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Figure 3: DTA curves of PFTL glasses obtained at different heating rates.
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Figure 4: XRD data for glass samples heat-treated at different temperatures.
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Figure 5: Hydrophobicity of PFTL glasses heat-treated at different temperatures, displayed by contact angle of water droplet.

To confirm the nucleation results of theDTAcurves, XRD
analysis was performed. Figure 4 presents the XRD patterns
for glass samples heated for 5min at both 1073K and 1123 K.
The PFTL1–3 glass samples all show diffraction peaks; the
crystalline phase corresponds to the compound Fe

3
(PO
4
)
2
,

that is, graftonite. The data confirms that the intensity of the
diffraction peaks increases at higher heating temperatures
and with increased Li

2
O
3
content. In addition, in the case of

the PFTL3 glass, a Li
3
Fe
2
(PO
4
)
2
phase is observed.This indi-

cates that further crystallization occurs at higher temperature
and with increased Li

2
O
3
content.Through XRD analysis, we

confirmed that the two exothermic peaks in the DTA curves
are the result of crystal phases of Fe

3
(PO
4
)
2
(peak 1 of PFTL1,

PFTL2, and PFTL3) and Li
3
Fe
2
(PO
4
)
2
(peak 2 of PFTL3).

3.2. Hydrophobicity and Surface Characteristics. The contact
angle of a water drop was measured for the glass samples of

different compositions and coating conditions; the results are
shown in Figures 5 and 6.

As seen in the figures, the noncrystalline PFTL0 glass, that
is, a typical phosphate glass, has very strong hydrophilicity;
this is expected from the chemical composition of phosphate
glass. The phosphate group is negatively charged, making
the head polar. The phosphate heads are thus attracted to
the water molecules in their environment. For these reasons,
phosphate glasses have strong hydrophilicity [35]. As the glass
crystallized, the contact angle increased up to a maximum
of approximately 87∘, obtained with PFTL1. In addition, the
PFTL2 and PFTL3 glasses, which were more thoroughly
crystallized, had lower hydrophobicity than the PFTL1 glass;
all glass samples heated at 850∘C had lower contact angles
than the glass samples heated at 800∘C. These results were
analyzed through surface characteristics.

For solids, the term “surface energy” reflects the affinity of
the surface to other materials; the higher the surface energy
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Figure 6: The contact angles of the PFTL glasses.
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Figure 7: SEM images of PFTL glasses heated under different conditions: (a) PFTL0, (b) PFTL1, (c) PFTL2, and (d) PFTL3 glasses heated at
800∘C for 5min and (e) PFTL0, (f) PFTL1, (g) PFTL2, and (h) PFTL3 glasses heated at 850∘C for 5min.

of the solid, the more the energy gained upon bringing this
surface into contact with other materials. Therefore, the sur-
face energy describes the adhesive properties of the material,
which can be “activated” by different surface treatments or by
changing the material chemistry.

According toAbouNeel et al., the total surface free energy
of phosphate glass is very high, more than 75mNm−1 [36,
37]. This is because of the polar characteristics of phosphate
glasses, as mentioned above.

When Fe
2
O
3

or TiO
2

is added to the phosphate
glass, the surface energy of the glass is reduced [36, 37].
The reason for this is associated with the formation of
hydration-resistant Ti–O–P and Fe–O–P bonding in place of

hydration-susceptible P–O–P bonding. The hydrophobicity
of the coated glass surfaces was further analyzed by surface
morphology.

SEM micrographs of the PFTL glass samples heated at
800 and 850∘C for 5min are shown in Figure 7. We can
determine the causes of changes of hydrophobicity of the
PFTL glasses from these micrographs. The typical phosphate
sample, PFTL0, shows a flat surface very similar to those
usually found on commercial enamels. PFTL1–3 heated at
800∘C for 5min have pseudocellular structures (hereafter,
cellular regions) resembling those found on the surface of
hydrophobic leaves [12, 38]. Thus, hydrophobicity increases
when the glass crystallizes. We think that PFTL2 and PFTL3
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crystallization peaks.

exhibited lower hydrophobicity than PFTL1 owing to the
increase in the size of the nanostructures and the corre-
sponding reduced fraction of intergranular surface voids
under the water drop. As previously demonstrated, a higher
fraction of empty space below the water drop increases the
contact angle, making the surface more hydrophobic [39]. In
addition, PFTL1–3 heated at 850∘C for 5min presented rough
surfaces completely covered in crystalline phases owing to the
high crystallization of these glasses. It is thought that these
rough surfaces induced low hydrophobicity. We confirmed
that the increase in surface roughness occurring by the
crystallization of the glass frit increased the hydrophobicity
of the surface through the analysis of hydrophobicity and
surface characterization. However, the contact angle with
water never exceeded 90∘, which is the general standard for

hydrophobic materials. This is thought to be because of the
strong hydrophilic nature of phosphate glasses, as previously
described.

3.3. Crystallization Kinetics. We analyzed the activation
energy for the crystallization of the glass samples in order
to verify the impact of surface crystalline phase on the
hydrophobicity.The activation energy was calculated only for
the Fe

3
(PO
4
)
2
phase of the PTFL1, PTFL2, and PFTL3 glasses.

The Johnson-Mehl-Avrami (JMA) model, which is the
most general method of calculating activation energies,
implies that the activation energy, 𝐸

𝑐
, should be constant

during the transformation process [40]. However, some
authors have shown that 𝐸

𝑐
values are not necessarily

constant; instead, they vary during the transformation in
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nonisothermalmethods [41].The activation energy for differ-
ent crystallization volume fractions is not constant during the
whole transformation owing to changes in the nucleation and
growth behaviors during crystallization [41].The variation of
𝐸
𝑐
can be expressed by the local activation energy 𝐸

𝑐
(𝑥). The

value of 𝐸
𝑐
(𝑥) can be determined from nonisothermal DTA

results using themethod proposed byOzawa according to the
following relationship [41]:

[
𝑑 (ln𝛼)
𝑑 (1/𝑇)
] 𝑥 = −

𝐸
𝑐
(𝑥)

𝑅
, (1)

where 𝑅 is the gas constant and 𝑇 and 𝛼 are the temperature
and the heating rate, respectively, corresponding to the value
of the crystallized fraction, 𝑥.

The value of𝑥 at a specific temperature can be determined
from the DTA curves [42] by the ratio 𝐴

𝑇
/𝐴. Here, 𝐴 is

the total area of the crystallization peak between temperature
𝑇
𝑖
(where crystallization begins) and temperature 𝑇

𝑓
(where

the crystallization is completed) and 𝐴
𝑇
is the area between

𝑇
𝑖
and 𝑇, as shown schematically in Figure 8. The graphical

representation of 𝑥 as a function of 𝑇 shows typical sigmoid
curves for different heating rates, as presented in Figure 9,
indicating that the formation of the crystalline phase pro-
ceeds by a combination of nucleation and growth processes.

Using the experimental data presented in Figure 9, the
plot of ln(𝛼) versus 1/𝑇 for various values of 𝑥 (0.1 < 𝑥 <
0.9) was obtained, and the results are shown in Figure 10.The
value of 𝐸

𝑐
(𝑥) was calculated from the slope.

Figure 11 shows the variation of 𝐸
𝑐
(𝑥) versus 𝑥 for the

studied glass. It is observed that for the exothermal peak
of all samples, corresponding to Fe

3
(PO
4
)
2
, 𝐸
𝑐
(𝑥) is high

during the initiation of the crystallization process and then
it decreases. In addition, it is confirmed that the activation
energies of PFTL2 and PFTL3 are lower than that of PFTL1.

This means that the crystal phases of PFTL2 and PFTL3 are
more easily formed than that of PFTL1, and these results
support the SEM and hydrophobicity results given above.
By calculating the activation energy for crystallization, we
think that PFTL2 and PFTL3 had lower hydrophobicity than
PFTL1 owing to the increase in the size of their surface crystal
phase structures and the corresponding reduced fraction of
intergranular surface voids because of their lower activation
energies.

4. Conclusions

This study analyzed the effect of the addition of Li
2
O
3
, TiO
2
,

and Fe
2
O
3
on the crystallization behavior of a P

2
O
5
–CaO–

SiO
2
–K
2
O glass system and the effect of the crystallization of

glass frit on the roughness and hydrophobicity of the coated
glass surface.

We confirmed through XRD and DTA results that crys-
tallization of P

2
O
5
–CaO–SiO

2
–K
2
O glass occurs with the

addition of Li
2
O
3
, TiO

2
, or Fe

2
O
3
. In addition, through

DTA analysis, it was confirmed that 𝑇
𝑔
decreases with the

addition of Fe
2
O
3
or TiO

2
, which indicates that Fe

2
O
3
and

TiO
2
act as network modifiers in phosphate glasses and

weaken the glass structure.The surfaces of PFTL1–3 heated at
800∘C for 5min presented a cell-like microstructure in which
we observed nanostructures owing to the crystallization of
graftonite and trilithium diiron(III) tris[phosphate(V)]. This
hierarchical structure is similar to those found on the surfaces
of some hydrophobic leaves. For these two reasons (adding
Fe
2
O
3
and TiO

2
, which act as network modifiers, and broken

P–O–P bonding, which increases the surface morphology),
the hydrophobicity increases in accordance with the degree
of crystallization of the Li2O3-, TiO2-, and Fe

2
O
3
-doped

P
2
O
5
–CaO–SiO

2
–K
2
O glasses. However, the contact angle of

the surfaces of these glasses with water never exceeded 90∘,
which is the general standard of hydrophobicity. We think
this is owing to the particular characteristics of the phos-
phate groups, which are strongly hydrophilic. Through this
study, we confirmed the possibility of developing inorganic
and hydrophobic coating materials using the crystallization
of glass. In addition, we established the need for addi-
tional research to overcome the compositional limitations
of phosphate glasses to express hydrophobicity with existing
hydrophobic coating materials.
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This paper demonstrates that silicon can be locally doped with aluminium to form localised p+ surface regions by laser-doping
through anodic aluminium oxide (AAO) layers formed on the silicon surface.The resulting p+ regions can extendmore than 10 𝜇m
into the silicon and the electrically active p-type dopant concentration exceeds 1020 cm−3 for the first 6-7 𝜇mof the formed p+ region.
Anodic aluminium oxide layers can be doped with other impurities, such as boron and phosphorus, by anodising in electrolytes
containing the extrinsic impurities in ionic form.The ions become trapped in the formed anodic oxide during anodisation, therefore
enabling the impurity to be introduced into the silicon, with aluminium, during laser-doping.This codoping process can be used to
create very heavily doped surface layers which can reduce contact resistance onmetallisation, whilst the deeper doping achieved by
the intrinsic aluminium may act to shield the surface from minority carriers. laser-doping through AAO layers can be performed
without introducing any voids in the silicon or fumes which may be harmful to human health.

1. Introduction

Laser-doping is a process of incorporating dopants into a
semiconductor by using a laser to scribe through a layer that
contains a dopant source. Introduction of p-type dopants by
laser-doping of silicon can be used to form p+ silicon surface
regions which can act as local emitter regions for n-type solar
cells or reduce both the contact resistance at themetal/silicon
interface and the dark saturation current density by shielding
the minority carriers from the high surface recombination
velocity at the silicon interface of p-type solar cells [1, 2]. An
approach that has been reported by many is to form alumi-
nium-alloyed local back surface field (BSF) regions by firing
screen printed aluminium paste through openings by either
laser ablation or laser-doping in a rear dielectric layer [3–6].
This process can therefore potentially eliminate the multiple
steps required in performing masked solid-state diffusion
processes for the fabrication of silicon solar cells. Wang et al.
reported the use of a poly boron solution which was spin-
coated on a silicon surface as a dopant source for laser-doping
[2]; however it has been shown that very low laser speeds
are required to achieve significant dopant incorporation from

this dopant source [1, 7]. Furthermore, fumes generated due
to laser scribing through the poly boron film may present
a risk to human health [8]. Dielectric layers have also been
previously investigated as dopant sources for a subsequent
laser-doping process, with the advantage of this process being
that the dielectric layer can passivate the surface outside of the
laser-doped regions [9–12].

In this paperwe report the use of anodic aluminiumoxide
(AAO) as a dopant source for laser-doping and in particular
the formation of p+ doped silicon regions.These layers, which
can be formed by anodising aluminium over an intervening
silicon dioxide or silicon nitride dielectric layer on a silicon
wafer, have been shown to improve the effective minority
carrier lifetime in silicon wafers [13–15] and may also impart
enhanced light trapping for thin silicon solar cells due to their
nanoporous structure [16]. Being able to also provide a source
of aluminium to dope the underlying silicon and form p+
regions for metal contacting purposes may make these lay-
ers useful multifunctional materials for future photovoltaic
applications. In [14], residual aluminium has been reported
at the valley of pyramid and this residual aluminium could
also contribute as a dopant source in laser-doping process. In
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the paper, we demonstrate laser-doping of silicon using the
intrinsic aluminium of an AAO layer, metallic aluminium of
the residual aluminium from anodisation process, and the
extrinsic impurities incorporated in the anodic oxide layer
by anodising the aluminium in different electrolytes. It has
been previously shown that during anodisation, ions from
the electrolyte can be trapped in the AAO layer [17, 18]. We
show the incorporation of both boron and phosphorus into
silicon by laser-doping through an AAO layer formed by
anodising aluminium in boric acid (H

3
BO
3
) and phosphoric

acid (H
3
PO
4
), respectively.

2. Experimental

Alkaline-textured Czochralski (Cz) boron-doped 1–3Ω cm
silicon wafer fragments of area ∼16 cm2 were lightly diffused
with phosphorus to an emitter sheet resistance of ∼100Ω/◻.
The residual phosphorus at the rear surface was removed by
etching and 10 nm of SiO

2
was thermally grown on both sur-

faces. Silicon nitride was deposited using plasma-enhanced
chemical vapour deposition (Roth and Rau AK400) to a
thickness of 65 and 200 nm on the front and rear surfaces of
the wafer fragments, respectively.

An aluminium layer of thickness 600 nm was thermally
evaporated onto the rear SiNx surface of wafer fragments
and anodised in an electrolyte comprising either (i) 0.5M
H
2
SO
4
at 25V; (ii) 0.5M H

2
SO
4
and 0.5M H

3
BO
3
at 25V;

or in 0.5M H
3
PO
4
at 37V. Anodisation was performed as

previously described by Lu et al. [13]. The anodisation rate
when the electrolyte of 0.5M H

3
PO
4
was used is much

slower than when it was anodized in 0.5MH
2
SO
4
; therefore,

the anodisation voltage for the electrolyte of 0.5M H
3
PO
4

was increased to maintain a similar anodisation time. A
dopant layer of poly boron source (PBF1; manufactured by
FILMTRONICS) was applied to the remaining wafers by
spin-coating at 2000 rpm for 30 s and then heating at 200∘C
for 13min. Regions of area 2 cm × 2 cm were laser-doped
through either the spin-coated layer of poly boron source or
the AAO layer by scribing lines spaced 20𝜇m apart as laser
beam diameter (1/e2) (=20𝜇m) was used by a 532 nm laser at
a speed of 500mm/s and power of 15W.

Exemplar lines were also laser-scribed through the differ-
ent dopant sources for scanning electron microscope (SEM)
imaging. The secondary ion mass spectrometry (SIMS) dop-
ing profiles of the laser-doped regions were measured using
a Cameca ims4f with cesium (Cs+) sputtering ions at voltage
of 10 kV. Electrochemical capacitance voltage measurements
were performed using a circular measuring area with a diam-
eter of 3.57mm. Finally, TEM cross-sectional images of the
laser-doped regions were recorded to ascertain the structural
properties of the laser-doped regions.

3. Results and Discussion

Figure 1(a) shows the SIMS profile of a region that was laser-
doped through spin-coated poly boron dopant source. The
profile shows the presence of both the B10 and B11 isotopes
of boron, which have a natural abundance of 20% and 80%,
respectively [19]. The boron from the poly boron solution is

typically B11 dominant [20] whichmay explain why the natu-
ral abundance ratio is not strictly observed in the profile.
The boron from the spin-on source was incorporated in the
silicon to a depth of 12 𝜇m; however the boron concentration
is around 1019 cm−3 only in the depth of 1 to 8 𝜇m.

Laser-doping offers the ability to selectively heat a region
without heating the bulk of the Si wafer. Laser beams can
generate sufficient heat to melt the Si. The wide range in laser
power and wavelength enables patterning and melting of Si
for different applications. Laser fluence (energy per unit area)
which can be controlled by laser power and laser speed deter-
mines the thermal energy introduced into the Si; laser wave-
length determines the penetration depth of the laser beam
within the Si wafer. During laser-doping the silicon under the
laser-irradiated region starts to melt at 1414∘C and themolten
front extends into the silicon. When the thermal energy is
dissipated, recrystallisation of the molten silicon starts to
occur [1, 21]. Impurities from both the applied dopant source
and the SiNx layer are introduced into the molten region
and diffuse down their concentration gradients in the melt.
The process of impurity incorporation is further complicated
by the existence of temperature gradients which sensitively
depend on the laser energy profile and differences in the seg-
regation coefficients of the impurities that are introduced into
themolten silicon. As the laser-melted region cools the doped
molten silicon recrystallises and impurities may continue
to diffuse as the crystallised silicon cools further. Impuri-
ties that have larger diffusion coefficients inmolten silicon are
incorporated deeper in the silicon [1] with the incorporated
impurity concentration being also determined to some extent
by the impurity’s segregation coefficient for silicon. The fact
that boronwas incorporated to a depth of 12𝜇m in Figure 1(a)
implies that the molten silicon region extended at least that
far into the silicon wafer.

Figure 1(b) shows the SIMSprofile of a region laser-doped
through an AAO layer which was formed by anodising a
600 nm aluminium layer which had been thermally evapo-
rated on the SiNx surface of silicon wafer. Anodisation was
performed at 25V in an electrolyte comprising 0.5M H

2
SO
4

and 0.5M H
3
BO
3
. Aluminium was the dominant dopant

introduced into the silicon during the laser-doping process,
penetrating to a depth of 11𝜇m, whereas the boron was only
incorporated to a depth of 1 𝜇m. Note, due to the much lower
boron concentration in this profile, only a B11 signal was
detected by SIMS. The difference in the incorporation depth
of the aluminium and boron in Figure 1(b) cannot be fully
accounted for on the basis of their different diffusion coeffi-
cients in molten silicon (aluminium: 7.0 ± 3.1 × 10−4 cm2s−1
compared to boron: 2.4 ± 0.7×10−4 cm2s−1 [22]). Kuhlmann
et al. [23] report an enhancement in the solid-state diffusion
of aluminium in the presence of boron by a factor of three. It
was proposed that this enhancement was due to a supersatur-
ation of self-interstitials caused by the presence of boron. It is
interesting to speculate that similar diffusion–enhancement
processes may exist for diffusion in molten silicon during
laser-doping processes.

Dopant incorporation into silicon during laser-doping
may also be affected by the segregation coefficient of the
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Figure 1: SIMS profiles of 4 cm2 square laser-doped regions that were formed by scribing laser lines 20𝜇m apart using a 532 nm laser and
a speed of 500mm/s and laser power of 15W. In (a) the laser lines were scribed through a spin-coated boron dopant layer. The profiles of
detected boron 10 () and boron 11 () are shown. In (b) laser-doping was performed through an AAO layer that was formed by anodising
aluminium at 25V in an electrolyte comprising 0.5M of H

2
SO
4
and 0.5M of H

3
BO
3
. The profiles show detected boron 11 () and aluminium

(◼). In (c) laser-doping was performed through an AAO layer formed by anodising aluminium in 0.5M H
3
PO
4
at 37V. The profile shows

detected phosphorus (e) and aluminium (◼).

diffusing impurities. The segregation coefficient of boron in
silicon at thermal equilibrium is 0.8 which is considerably
larger than the corresponding value of 0.002 for aluminium
[24]. If thermal equilibriumwas approached during the laser-
doping process, it would be expected that significantly more
boron than aluminium would be incorporated in the recry-
stallised silicon. The fact that this was not observed suggests
that laser-doping is not an equilibrium process even at the
relatively slowprocessing speeds used in this study, and boron
incorporation in the silicon was limited by its diffusion in

the molten silicon. The effects of segregation between liquid
and solid were considered to be relatively minor in the laser
melting/recrystallization process, where large thermal and
concentration gradients evolve over a rapid time frame, and
they would be expected to vary during the recrystallization
process. As has been previously noted, thermodynamic equi-
librium segregation coefficients are only strictly correct for
slow silicon growth rates in well stirred melts [25]. It could
be argued that the higher surface concentration of boron in
Figure 1(a) compared to aluminium in Figure 1(b) may be
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due to boron’s higher segregation coefficient; however this is
difficult to substantiate in the absence of accurate data for the
effective dopant concentration at the surface prior to laser-
doping as the properties of the poly boron film andAAO layer
are so different.

For comparison, Figure 1(c) shows the SIMS profile of a
similar region laser-doped through an AAO layer that was
formed by anodising a 600 nm aluminium layer at 37V in
0.5M H

3
PO
4
. Although aluminium is incorporated in the

silicon to approximately the same depth as the sample which
was laser-doped through the AAO layer formed by alumi-
nium anodisation in 0.5M H

2
SO
4
and 0.5M H

3
BO
3
(see

Figure 1(b)), its concentration is higher in the doped region
indicating increased aluminium incorporation in silicon in
the presence of phosphorus. Nagel et al. reported that solid-
state diffusion of aluminiumwas enhanced in the presence of
phosphorus due to field-assisted diffusion arising from alum-
inium diffusing as negatively charged ion and phosphorus
diffusing as a positive ion-vacancy pair [23, 26]. Furthermore,
the aluminium profile in Figure 1(c) has a local minimum
at 5 𝜇m. This is similar to the aluminium solid-state diffu-
sion profile (in the presence of phosphorus) reported by
Kuhlmann et al. [23] that can be explained by the up-hill mig-
ration of aluminium ions towards the surface caused by the
electric field of the phosphorus profile.

A significantly higher level of phosphorus incorporation
was observed in Figure 1(c) compared to the boron incorpo-
ration in Figure 1(b). This could be partly due to the higher
anodisation voltage that was required for anodisation in
the 0.5M H

3
PO
4
electrolyte, as more impurities from the

electrolyte may have become incorporated into the anodic
film at higher voltages [17]. The concentration of boron and
phosphorus incorporated within aluminium wires, evapo-
rated aluminium film, and AAO was measured by dissolving
aluminiumwires, evaporated aluminium film, and AAO film
in 3 : 1 solution of 37% (w/w) HCl (J. T. Baker) and 70% (w/w)
HNO

3
(J. T. Baker) and analysing the solution by inductively

coupled plasma-mass spectrometry (ICP-MS). The concen-
tration of phosphorus within the AAO layer is more than
7 times larger than that of boron (2116 ppm to 15795 ppm)
as a result of these particular anodisation conditions, which
might result in a difference in surface concentration between
boron and phosphorus. However, the increased phosphorus
incorporation in silicon compared to boron may also be due
to the larger diffusion coefficient of phosphorus (5.1 ± 1.7 ×
10
−4 cm2s−1) [22] compared to boron in molten silicon.
The difference in the incorporation depth of the alu-

minium and boron in Figure 2 was assumed to be at least in
part due to the larger diffusion coefficient of aluminium (7.0 ±
3.1×10

−4 cm2s−1) compared to boron (2.4 ± 0.7×10−4 cm2s−1)
in molten silicon [22]. To examine the role of the differing
diffusion coefficients inmolten Si, dopant profiles were calcu-
lated assuming a Gaussian diffusion profile, a surface dopant
concentration of 1021 cm−3, and a diffusion time of 30 𝜇s for
aluminium (◼; 𝐷 = 7.0 × 10−4 cm2s−1), B (; 𝐷 = 2.4 ×
10
−4 cm2s−1), and P (e; 𝐷 = 5.1 × 10−4 cm2s−1) in Figure 2

[22]. The diffusion time was selected in order to match the
penetration depth of the aluminium. It is clear from Figure 1
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Figure 2: Simulated dopant profile of Al (◼), B (), and P (e)
assuming a Gaussian diffusion profile, a surface concentration of
1021 cm−3, and a diffusion time of 30 𝜇s. The open triangles (△) and
circles (I) represent the simulated doping profile of B and P when
the surface concentration was adjusted according to concentration
ratio with AAO layer.

that the measured dopant profiles cannot be fully explained
by differences in the diffusion coefficients in molten silicon.
Even when the surface concentration of boron and phospho-
rus was adjusted to the lower concentration implied by the
ratio (open symbols in Figure 2), the modelling still does not
explain the 3 order concentration differences between boron
and phosphorus as shown in Figure 1. In other words, the
difference in the incorporation depth of the Al, phosphorus,
and boron in Figure 2 cannot be fully accounted for on the
basis of their different diffusion coefficients in molten silicon.
However, the laser-doped lines might slightly overlap to each
other to create a laser-doped square for SIMS measurement.
With this laser-doping condition, it is highly possible that the
silicon remains in a molten state longer than simulated time
used in Figure 2.The solidification time of the molten silicon
can be very different at 5 𝜇m and the surface.

Although Figure 1 demonstrates that both intrinsic (e.g.,
aluminium) and extrinsic (e.g., boron and phosphorus) imp-
urities in AAO layers can be incorporated into silicon, device
performance requires that the introduced dopants are also
electrically active. Figure 3 shows the p-type dopant profile,
determined using electrochemical capacitance voltage (ECV)
measurements, for regions laser-doped through the poly
boron spin-on dopant source and through an AAO layer for-
med by anodising aluminium at 25V in an electrolyte com-
prising 0.5M H

2
SO
4
and 0.5M H

3
BO
3
. Although the (elec-

trical) junction depth exceeded 10 𝜇m in both cases, laser-
doping through the AAO layer resulted in a higher dopant
concentration in the p+ region than the equivalent process
using the poly boron spin-on source.The electrically active p-
type dopant concentration exceeded 1020 cm−3 over the first
4 𝜇m of the region formed by doping through the AAO layer,
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Figure 3: ECV profiles showing electrically active p-type dopant
concentration in a 4 cm2 region which was laser-doped through (a)
spin-coated poly boron dopant source(e) and (b) an AAO layer
formed by anodising aluminium at 25V in an electrolyte comprising
0.5M of H

2
SO
4
and 0.5M of H

3
BO
3
(◼). Both regions were formed

by laser-doping a sequence of lines which were spaced 20𝜇m using
a 532 nm laser and a speed of 500mm/s and laser power of 15W.

whereas this dopant concentrationwas only achieved over the
first 300 nmof the region laser-doped through the poly boron
spin-on source. As discussed previously, the greater amount
of p-type dopant is being incorporated through melting
results from laser-doping through the AAO.This is primarily
due to aluminium’s larger diffusion coefficient. Consequently,
when laser-doping uses the same laser speed and power,more
aluminum can diffuse into the silicon and diffuses further
from the surface than the introduced boron. Although the
laser-doping conditions were identical for both samples, the
thermal energy absorbed by the silicon would have been
different because the reflectance of the AAO layer at 532 nm
was much higher than measured for 200 nm of SiNx, conse-
quently less laser power would have been less into the AAO-
coated silicon.

Figure 4 shows SEM top-view images of lines laser-doped
through the poly boron spin-on source (Figure 4(a)), through
an AAO layer formed by anodising aluminium in 0.5M
H
2
SO
4
(Figure 4(b)), and through an AAO layer formed by

anodising aluminium at 25V in an electrolyte comprising
0.5M H

2
SO
4
and 0.5M H

3
BO
3
(Figure 4(c)). All the lines

were laser-doped using a laser speed of 500mm/s and power
of 15W. Large “holes” are evident along the line laser-doped
through the poly boron spin-on source, whereas the lines
which were laser-doped through AAO layers were smooth
and free of holes. Sugianto also observed “holes” after laser-
doping through the same poly boron dopant source and
attributed them to trapped gas impurities which vent at the
surface. She showed that the size and density of holes decrea-
sed when the laser scan speed was increased supporting the
theory that reduced impurity incorporation occurs at faster
laser speeds [21]. It is also notable that the line that was
laser-doped through the poly boron spin-on source appears
raised above the textured silicon nitride surface. This is quite

differentmorphologically from the lines laser-doped through
AAO layers where the level of the line lies below the surface
of the dielectric layer.

Given the surfacemanifestation of laser-doping defects in
Figure 5(a), transmission electron microscopy (TEM) cross-
sectional images and energy dispersive X-ray (EDX)mapping
images were used to investigate whether further evidence of
gas generation or other defects could be detected below the
surface of the laser-doped regions. Figure 5 shows TEM and
corresponding EDX images of regions which were laser-
doped through boron spin-on dopant source (Figures 5(a)
and 5(c)) and through anAAO layer formed by anodisation of
aluminium in 0.5M H

2
SO
4
at 25V (Figures 5(b) and 5(d)).

Both lines were formed using a laser speed of 500mm/s and
power of 15W. A large void, which was ∼2𝜇m in length, is
evident in Figure 5(a) confirming that voids are also formed
in the laser-doped silicon and not just on the surface. If these
voids are fully contained within the laser-doped p+ silicon,
then their electrical impact will be minor as the electron
concentration is low in these regions and consequently
recombination associated with the defects will be minimal.
However if the voids result in crystal stress, then it is possible
that crystal defects (e.g., dislocations)may be propagated into
the bulk of the wafer. In comparison the laser-doped silicon
region in Figure 4(b) is free of voids and crystal structure
defects. The AAO layer is only partially ablated by the laser-
scribing and the residue of the layer retains a network of
pores.

The EDX image in Figure 5(c) depicts the laser-doped
region in Figure 5(a) and indicates low levels of boron (blue)
incorporation in the laser-doped silicon region. Boron is
difficult to detect using EDXwhen thewindow of the detector
crystal is composed of beryllium because the X-ray signal is
attenuated if the element is lighter than sodium. Since this
was the case for these analyses, boron identification in the
EDX maps in Figure 5 may not be reliable. The EDX image
in Figure 5(d) depicts the laser-doped region in Figure 5(b).
Large regions of aluminium (red) can be seen in the silicon
showing that the dopant has not been uniformly incorporated
into the silicon lattice. The nonuniform aluminium incorpo-
rationmay be accentuated by themethod of scribingmultiple
adjacent laser lines to form a square region for analysis; how-
ever it is interesting to note the boron-doping in Figure 5(c)
appeared more uniform.

In both samples a layer rich in oxygen forms at the surface
of the laser-doped region. In the case of the sample that
was laser-doped through the AAO layer the layer appears of
uniform thickness and ∼50 nm in thickness. It may comprise
residual oxide from the dielectric stack that has become seg-
regated to the surface of the laser-doped region or it may
also form due to molten silicon reacting with oxygen from
the ambient. The ramifications of this are that before metal
contacting can be achieved deglazing will be necessary.

4. Conclusions

This paper demonstrates that aluminium can be introduced
into silicon to form localised p+ surface regions by laser-
doping through an AAO layer formed on the silicon surface.
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Figure 4: Scanning electron microscope top-view images of (a) a line laser-doped through the boron spin-on dopant source; (b) a line laser-
doped through an AAO layer which was formed by anodisation of aluminium in 0.5M H

2
SO
4
; and (c) a line laser-doped through an AAO

layer which was formed by anodisation of aluminium at 25V in an electrolyte comprising 0.5M H
2
SO
4
and 0.5M of H

3
BO
3
. All the lines

were scribed by a 532 nm laser using a speed of 500mm/s and power of 15W.

The introduced aluminium can penetrate the silicon at least
10 𝜇mfrom the surfacewith the laser-doping conditions used,
and unlike laser-doping through a poly boron spin-coated
layer the concentration of electrically active p-type dopant
exceeds 1 × 1020 cm−3 for the first 6-7𝜇m of the p+ region.
A heavy doped p+ region can be formed by laser scribed
through boron-doped AAO which was formed by anodizing
aluminium in the mixture of 0.5M H

2
SO
4
and 0.5M H

3
BO
3

at 25V. The higher dopant concentration in the p+ regions,
which occurs most likely because aluminium diffuses ∼ three
times faster than boron in molten silicon, can result in more
effective shielding of minority carriers from the silicon sur-
face and hence improved device performance.

The anodic oxide layers can be doped with other impuri-
ties (e.g., boron and phosphorus) by anodising aluminium in
electrolytes containing the extrinsic impurities in ionic form.
The ions become trapped in the formed AAO layer during
anodisation, therefore enabling the impurity to be introduced
into the silicon, with aluminium, during laser-doping. This
codoping process can be used to create very heavily doped

surface layers which can reduce contact resistance on met-
allisation, whilst the deeper doping achieved by the intrinsic
aluminiummay act more to shield the surface fromminority
carriers.

It is concluded that laser-doping throughAAO layersmay
be a useful way of forming localised p+ regions in p-type sili-
con solar cells. The process can result in more heavily doped
p+ regions than the previously described method of laser-
doping through a poly boron source. Furthermore, it can
be performed without introducing defects in the silicon or
fumes which may be harmful to human health. If AAO layers
can be used in this way to create local p+ regions, whilst also
enabling high carrier lifetimes and therefore cell voltages,
theymay represent amultifunctionalmaterial for silicon solar
cell passivation and contact formation.
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Figure 5: Transmission electronmicroscopy cross-sectional images of regions: (a) laser-doped through a spin-coated boron dopant layer and
(b) laser-doped through an AAO layer formed by aluminium anodisation at 25V in 0.5M H

2
SO
4
. The laser-doping was performed using a

532 nm laser and a speed of 500mm/s and operation power of 15W. (c) and (d) show EDX mapping images of (a) and (b), respectively. Note
that the orientation of (c) and (d) is changed from (a) and (b).
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75V
2
O
5
-10P
2
O
5
-15B
2
O
3
ternary-system glasses were prepared and nanocrystallized to examine the catalytic effect and the

variations in their structural and electrical properties. These glasses were annealed in a graphite mold above the glass transition
temperature for 2 h and heat-treated at the crystallization temperature for 1, 3, and 5 h. Fourier transform infrared spectroscopy
(FTIR) was used to analyze the structural changes in the B-O bonds after nanocrystallization, while X-ray photoelectron
spectroscopy (XPS) analysis showed a decrease inV5+ and an increase inV4+. X-ray diffraction (XRD) analysis of the structure array
(BO
3
+V
2
O
5
↔ BO

4
+ 2VO

2
) verified these inferred changes. Structural changes induced by the heat treatment were confirmed by

analyzing themolecular volume determined from the sample density. Conductivity and catalytic effects were discussed based on the
migration of vanadate ions with different valence states due to the increase inVO

2
nanocrystallinity at 275∘C. Both conductance and

the catalytic effect were higher after nanocrystallization at 275∘C for 1 h compared to the annealed sample. Furthermore, compared
to the sample heat-treated for 1 h, the conductance and catalytic effect were increased and decreased, respectively, for samples
nanocrystallized at 275∘C for 3 and 5 h.

1. Introduction

Vanadate glasses containing large amounts ofV
2
O
5
havemul-

tivalent ions of various states mixed in their structure. These
glasses have been developed for infrared transmission and
as atomic-exchange electroconductive glasses using electron
conduction. Studies focusing on improving the performance
of these glasses involve changing the electrical conduction
properties through low valency (V4+) to high valency (V5+)
metal-ion electron hopping [1], changing the catalytic proper-
ties for the oxidation reaction by altering the valency change
between V4+ and V5+ [2], and examining the correlation
between the glass composition and its characteristics while
focusing on the type and condition of V ions or the type and
the amount of alkali or alkaline earth metals [3–7].

In 2012, we substituted B
2
O
3
for P
2
O
5
to improve the

chemical resistance and electrical conductivity of vanadium
phosphate-based glasses, and we were able to investigate
the significance of the correlation between the resulting
structure and the electrical, thermal, and chemical properties

[6]. However, the effect of the substitution was insignificant.
Moreover, the analysis of the catalytic activity of the oxidation
reaction, which is characteristic of V

2
O
5
, with respect to

the vanadate glass was insufficient. On the other hand, if
vanadate glass is crystallized and the structure becomes
denser, electron tunneling in the glass would occur with a
higher frequency [8]. This behavior leads to frequent valency
changes in the V cation. It is hypothesized that this change
influences the change in the catalytic effect and electrical
conductivity. In particular, if the nanocrystalline phases are
generated, the specific surface area of the crystalline phases
will bemaximized. So, property changes due to crystallization
appear to be more prominent.

In this study, P
2
O
5
was used as a glass former, to

which V
2
O
5
or other metal oxides are added in order to

achieve V
2
O
5
-like characteristics. We maximized the electri-

cal conductivity and catalytic properties of V
2
O
5
-B
2
O
3
-P
2
O
5

ternary glass by maximizing the amount of the substitute
(B
2
O
3
for P
2
O
5
) to form 75V

2
O
5
-15B
2
O
3
-10P
2
O
5
ternary

glass. It was confirmed that nanocrystallizing this ternary
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Figure 1: Differential scanning calorimetry (a) and resulting heat-treatment profile (b) for all the V
2
O
5
-based glasses used in this study.

glass produces VO
2
(VO
4
), V
2
O
5
(VO
5
), and B

2
O
3
(BO
4
) crys-

talline phases, and the structural change in the nanocrys-
talline phase was caused by increasing the duration of heat
treatment for crystallization. From the results, it was evident
that this behavior affected the ratio of V5+ to V4+.

We presumed that the changes in the electrical conduc-
tion and catalytic properties were induced by the heat treat-
ment. The causes behind the characteristic changes and the
action mechanism were investigated through qualitative and
quantitative analysis of X-ray diffraction (XRD) patterns, X-
ray photoelectron spectroscopy (XPS), and Fourier transform
infrared (FTIR) spectroscopy. We examined the quantitative
physical properties such as density and molar volume to
verify the predicted action mechanism.

2. Materials and Methods

2.1. Glass Preparation and Nanocrystallization. 75V
2
O
5
-

15B
2
O
3
-10P
2
O
5
glass samples were prepared using reagent-

grade NH
4
H
2
PO
4
, V
2
O
5
, and B

2
O
3
(Junsei Chemical Co.,

Ltd., Japan). The constituents were mixed in an alumina
mortar for 10min to produce multiple batches. Well-mixed
batcheswere firstmelted in an alumina crucible using an elec-
trical furnace at 200∘C for 1 h (first calcination), subsequently
at 500∘C for 2 h (second calcination), and finally at 800∘C for
2 h. The resultant melt was quenched between two stainless
steel plates.

The as-prepared sample was crushed in an automatic
grinding mixer and sieved through a 325 mesh. This powder
(particle size below 44𝜇m) was used for differential scanning
calorimetry (DSC), XRD, XPS, FTIR, and thermogravimetric
analysis (TGA) measurements.

DSC was performed on the samples using an SDT (SDT
Q600, TA instrument, USA) to determine both the glass
transition (𝑇

𝑔
) and the crystallization (𝑇

𝑐
) temperatures, as

shown in Figure 1(a). The glasses were annealed in a graphite

mold above 𝑇
𝑔
for 4 h and heat-treated at 𝑇

𝑐
for 1, 3, or 5 h.

Detailed heating profiles are provided in Figure 1(b).
The glass samples used for the experiments (electrical

conductivity, density, and molar volume) were rectangular
parallelepipeds and their surfaces were polished using SiC
paper (#220–1000).

2.2. Measurement. XRD measurements were taken in a
Rigaku Co. RINT 2000 using Cu-K𝛼 radiation in the 10–
80∘2𝜃 range with a step size of 0.02∘. The existence of the
nanocrystal phase was confirmed using the resultant XRD
patterns. The nanocrystal phases were observed by field
emission scanning electronmicroscopy (FE-SEM, Carl Zeiss,
Supra 25).

We investigated the structural changes using FTIR spec-
troscopy. Powdered samples mixed with KBr (mixing ratio
1 : 1200) were prepared and dried at 100∘C in a desiccator
to form pellets. A Spectrum GX (Perkin Elmer Co, USA)
spectrometer was used to perform FTIR. Room temperature
IR spectra were recorded from 400 to 1400 cm−1 (injection
number of times: 20; resolving power: 2 cm−1).

XPS was used to analyze the change in the valency of
vanadium cations in the glass. XPSmeasurements were taken
using the ESCALAB250 XPS system and the Theta Probe
XPS system using monochromatic Al-K𝛼 (ℎ] = 1486.6 eV)
radiation. The analysis area was 400 𝜇m and the data was
compensated using C1s (284.6 eV) as the reference.

The catalytic properties and electrical conductivity are
the main characteristics considered in this study. First, in
order tomeasure the electrical conductivity of each specimen,
the carrier density was measured at room temperature using
a Hall-effect measurement system (HMS-3000 Hall Mea-
surement System, ECOPIA). Furthermore, to examine the
catalytic effect of the glass samples applied to the oxidation
of fatty acids (linoleic acid and stearic acid) and carbon, we
performed TGA on two samples obtained bymixing 20mg of
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Figure 2: XRD patterns of 75V
2
O
5
-15B
2
O
3
-10P
2
O
5
glasses heat-treated at 275∘C.

fatty acidwith 20mgof glass powder and gas chromatography
with a mass spectrometer (GC-MSD) on a sample obtained
by mixing 2mg of carbon with 8mg of glass powder. TGA
measurements were obtained between room temperature and
600∘C at a heating rate of 10∘C/min in an atmosphere of
5 vol% using a simultaneous TGA/DSC (Q600, TA Instru-
ments, Inc.). The fatty acids used in the experiments are
reagent-grade stearic acid (95%) and technical grade linoleic
acid (60–74%, GC), both from Sigma-Aldrich Co. GC-MSD
measurements were obtained between room temperature and
450∘C at a heating rate of 10∘C⋅min−1 in an atmosphere of He
and O

2
using a 5975MSD-6890N GC (Agilent). He gas was

used at a flow rate of 20mL/min and O
2
gas was used at a

flow rate of 2mL/min.
Changes in quantitative properties due to structural

changes were confirmed using the molar volume and density
measurements. The densities of the glass samples were mea-
sured using the Archimedes method using a GH-200 (AND
Co, Korea), and the molar volume (𝑉

𝑀
) was calculated from

the measured density using 𝑉
𝑀
≡ 𝑀/𝜌 [9], where𝑀 is the

average molar weight of glass.

3. Results and Discussion

3.1. Analysis of Nanocrystal Phases. Figure 2 shows the
diffraction patterns of all the samples studied, which were
annealed for 4 h and heat-treated at 275∘C for different
durations (1, 3, and 5 h). A V

2
O
5
phase (V5+/JCPDS-PDF

85-0601) coexisting with the VO
2
(V4+/JCPDS-PDF 73-0514)

and B
2
O
3
(BO
4
/JCPDS-PDF 760781) phases was detected in

samples heat-treated at 275∘C. As the holding time at 275∘C
increased, the relative amounts of VO

2
and B

2
O
3
increased

while the relative amount of V
2
O
5
decreased; that is, VO

2

and BO
4
structures are strengthened by nanocrystallizing the

75V
2
O
5
-15B
2
O
3
-10P
2
O
5
ternary glass. Combining this fact

with the results of the FTIR analysis (Section 3.3), which
explains the structural change of BO

3
to BO

4
, the nanocrys-

tallization of the VO
2
phase occurred and this nanocrystal

was strengthened while the V
2
O
5
phase was comparatively

weakened as the heat treatment at 275∘C progressed. This
suggested that a structural change, indicated by the reaction
BO
3
+ VO
5
(V
2
O
5
) → BO

4
+ VO
4
(VO
2
), was induced by the

heat treatment at 275∘C.This structural change is a factor that
affects the electrical conduction and catalytic properties of
the vanadate glass.

Figure 3 shows the SEM images of all samples studied,
which were annealed for 4 h and heat-treated at 275∘C
for different durations (1, 3, and 5 h). Nanocrystallines of
VO
2
phase were detected in samples heat-treated at 275∘C.

As the holding time at 275∘C increased, the amounts of
nanocrystalline increased.

3.2. XPS Spectroscopy. To quantitatively determine the
change in the vanadium ion valency, we performed an XPS
analysis on each glass sample. The V 2p spin orbit doublet
spectra of 75V

2
O
5
-15B
2
O
3
-10P
2
O
5
glasses are shown in

Figure 4.The XPS analysis was performed while maintaining
the same X-ray energy, X-ray-to-sample positioning, and
sampling time for all the four samples in accordance with the
nanocrystallization conditions. V 2p peaks appeared asym-
metrically in each sample, indicating that the vanadium ions
are present in more than one oxidation state [10]. According
to previous studies on vanadium phosphate glasses, core level
spectra of V5+ appear at a binding energy (BE) of 517.3 eV,
while that of V4+ appears at 516.0 eV [11–14]. Therefore,
when the V 2p

3/2
core level spectrum is fitted to the BE
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glasses heat-treated at 275∘C.

of 517.3 eV of the V5+ ions and 516.1 eV of the V4+ ions,
quantitative analysis for the concentration of V5+ and V4+
became possible [15]. The V5+ and V4+ peaks of the 75V

2
O
5
-

15B
2
O
3
-10P
2
O
5
glass, obtained from the vanadiumGaussian-

Lorentzian peaks, fitted using the least squares method, are
shown in Figure 5. The relative content ratios of V5+

/Vtotal
and V4+

/Vtotal obtained using this fit are shown in Table 1.

It was found that the content of the V5+ in glass was
reduced andV4+ was increased by nanocrystallizing 75V

2
O
5
-

15B
2
O
3
-10P
2
O
5
glass and increasing the heat treatment time

for crystallization. This means that the V5+ to V4+ reduction
reaction occurs during nanocrystallization at 275∘C and
increments in the heat treatment duration. This behavior
is in agreement with the trends in the catalytic properties
(Section 3.5) and electrical conductivity (Section 3.4). We
have confirmed that the changes in concentration and state of
vanadium ions due to nanocrystallization contribute directly
to the characteristic change in the 75V

2
O
5
-15B
2
O
3
-10P
2
O
5

glass.

3.3. FTIR Spectroscopy. XPS analysis was performed to verify
the changes in the concentration and state of the vanadium
ions in the glass due to nanocrystallization. The structural
changes were expected to induce a change in the concentra-
tions of V5+ and V4+. Results of FTIR spectroscopy provided
a direct evidence for the BO

4
restructuring observed in the

XRD analysis. The infrared spectra (at 400–2000 cm−1) of
the 75V

2
O
5
-15B
2
O
3
-10P
2
O
5
glass annealed for 4 h and heat-

treated at 275∘C for different durations (1, 3, and 5 h) are
shown in Figure 6.The vibrationmodes of the borate network
were found to be active mainly in three infrared regions, as
previously reported [16, 17]. The group of bands located at
1200–1600 cm−1 is attributed to the B-O bonds in the trigonal
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Figure 5: V 2p
3/2

core level spectra fitted with a single peak of V5+ and V4+ for glasses (a) annealed at 225∘C and heated for crystallization at
275∘C for (b) 1, (c) 3, and (d) 5 h.

Table 1: Peak positions, areas, and relative concentrations of V4+ and V5+ resulting from the curve fittings of the V 2p spectra of the 75V2O5-
15B2O3-10P2O5 glasses heat-treated at 275∘C.

Heating process Peak BE Height counts FWHM (eV) Area [V5+]/[Vtotal] [V4+]/[Vtotal]

Annealed 517.71 3353.98 1.60 5705.38 0.9033 0.0967
516.52 390.71 1.47 611.07

275∘C/1 h 517.53 3374.83 1.45 5214.94 0.8202 0.1798
516.64 632.89 1.70 1143.24

275∘C/3 h 517.74 3275.23 1.45 5052.32 0.7823 0.2177
516.88 802.80 1.65 1406.09

275∘C/5 h 517.54 2328.67 1.58 3919.33 0.7230 0.2770
516.80 779.33 1.81 1501.61
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BO
3
units. The second group of bands, located at 800–

1200 cm−1, could be ascribed to the B-O bond stretching in
the tetrahedral BO

4
units. A third group of absorption bands

was observed at around 600 cm−1, which can be attributed to
the bending of O-B-O linkages in the borate network [18, 19].

The absence of a peak at 809 cm−1 indicates that no
boroxol ring was formed [20], which suggests that the glass
system under investigation consists of randomly connected
BO
3
and BO

4
groups. The absorption peaks at 1195 and

1465 cm−1 are related to the fundamental asymmetrical
stretching vibration of the B-O bond in the trigonal BO

3

units [21, 22]. Mitigation of the slope of the absorption
band indicated that B-O bond stretching in the trigonal BO

3

units occurred during heat treatment at 275∘C. In addition,
the absorption peak intensity at 1468 cm−1 (BO

3
structure)

shifted to lower wave numbers (1468–1430 cm−1) as the heat
treatment was significantly reduced. The stretching vibration
of the B-O bond in the tetrahedral BO

4
units appeared at

1050–900 cm−1. The absorption peak at 1019 cm−1, attributed
to the B-O bond stretching vibration in the tetrahedral BO

4

units, shifted to higher wave numbers (1019–1020 cm−1) upon
heat treatment at 275∘C [17, 23].

From the FTIR analysis, shift of the vibrational band
indicated that nanocrystallization at 275∘C with increasing
durations of heat treatment strengthened the BO

4
unit struc-

ture and weakened the BO
3
unit structure. This fact, coupled

with the XRD analysis results, allowed us to examine the
BO
3
+ VO

5
(V
2
O
5
) → BO

4
+ VO

4
(VO
2
) structural change

that occurred in the glass. This structural change affects the
electrical conduction and catalytic properties of the vanadate
glass.

3.4. Electrical Conductivity. Thechanges in the electrical con-
ductivity of the heat-treated specimens are shown in Table 2.
Electrical conductivity was increased by heat-treating the
samples at 275∘C and increasing the duration of the heat
treatment.

The resulting conductivity value of 1.42003 × 10−7Ω−1
obtained by heat treatment at 275∘C for 1 h was approximately

Table 2: Electrical conductivity of 75V2O5-15B2O3-10P2O5 glasses
heat-treated at 275∘C.

Heating process Electric resistance Electrical conductivity
Annealed 35857142.86 0.278884E − 07
275∘C/1 h 7042105.263 1.42003E − 07
275∘C/3 h 1765000 5.66572E − 07
275∘C/5 h 1330769.231 7.51445E − 07

5.1 times greater than the conductivity of the annealed
glass. Furthermore, the resulting value of 7.51445 × 10−7Ω−1
obtained by heat treatment at 275∘C for 5 hwas approximately
26.9 times greater than the conductivity of annealed glass.

Combining result of the electrical conductivity with those
of the XRD and XPS analyses, it was hypothesized that the
change in the electrical properties was because of the changes
in the VO

5
and VO

4
structures caused by the change in the

coordination number, which was due to the nanocrystalliza-
tion. Electrical conductivity of this glass system is related to
the metal ion value ratio C, which for vanadium-containing
oxide glasses is defined as = [V4+

]/[V4+
][V5+
]. According

to Morinaga and Fujino [24], the electrical conductivity of
vanadate glasses increases as C approaches 0.5. Heat-treating
the 75V

2
O
5
-15B
2
O
3
-10P
2
O
5
glass at 275∘C nanocrystallizes

and strengthens the VO
2
phase while reducing the V

2
O
5

phase. This indicates that the V5+ ions changed to V4+ as
values of C approached 0.5. From these inferences, it can
be predicted that this behavior leads to an increase in the
electrical conductivity and that increasing the conduction
path length, number of electronic transfer ports, and the VO

2

nanocrystalline phase contribute to this increased conductiv-
ity.

3.5. Catalytic Property. TGA results of two samples con-
taining 20mg of glass powder nanocrystallized at each heat
treatment condition mixed with 20mg of stearic acid or
linoleic acid are shown in Figure 7 and Table 3. Linoleic acid
(CH
3
(CH
2
)
4
CH=CHCH

2
CH=CH(CH

2
)
7
CO
2
H) is a typical

unsaturated fatty acidwith two double bonds, and stearic acid
(CH
3
(CH
2
)
16
COOH) is a typical saturated higher fatty acid

with a carbon number of 18. Weight loss occurs when each
fatty acid was partially converted to CO

2
gas by an oxidation

reaction.
The finish temperature of weight loss, which is the

temperature at which the oxidation reaction of linoleic acid
and stearic acid is complete, associated with the conversion
of the acid to CO

2
gas caused by crystallization due to

1 h heat treatment at 275∘C, shifted to lower temperatures
(356.05 to 324.15∘C for linoleic acid and 378.67 to 341.75∘C for
stearic acid). Subsequently, the finish temperature of weight
loss increases gradually by increasing the heat treatment
duration. The finish temperature of samples heat-treated for
5 h was 340.96∘C and 362.16∘C for linoleic and stearic acids,
respectively.

GC-MSD results of a sample containing 2mg glass
powder nanocrystallized at each heat treatment condition
mixed with 8mg of carbon are shown in Figure 8. Carbon
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Figure 7: Weight loss of (a) linoleic and (b) stearic acids with 75V
2
O
5
-15B
2
O
3
-10P
2
O
5
glass heat-treated at 275∘C.

Table 3: Weight loss of linoleic and stearic acids with 75V2O5-15B2O3-10P2O5 glass heat-treated at 275∘C.

Heating process
Linoleic acid Stearic acid

Start temp. of weight
loss

Finish temp. of weight
loss

Start temp. of weight
loss

Finish temp. of weight
loss

Annealed 254.19 356.05 235.56 378.67
275∘C/1 h 245.24 324.15 233.23 341.75
275∘C/3 h 244.02 330.92 233.55 350.02
275∘C/5 h 244.23 340.96 233.62 362.16

converted into CO
2
gas by an oxidation reaction, and hence,

the desorption intensity of CO
2
gas increases.

The sudden increase point of the desorption intensity,
which is the temperature at which the oxidation reaction of
carbon is complete, associated with the conversion of the
carbon to CO

2
gas because of nanocrystallization after 1 h

heat treatment at 275∘C, shifted from 395.13∘C to 281.25∘C
(Table 4). Thereafter, the sudden increase point of the des-
orption intensity gradually decreased by increasing the heat
treatment duration. The sudden increase point after 5 h of
heat treatment was 387.98∘C.

Prior research results have shown that the V5+ to V4+
reduction reaction causes a catalytic effect in the oxidation
reaction of reactants (linoleic and stearic acids and carbon),
and the XRD, XPS, and FTIR analyses of the structural
changes due to the glass nanocrystallization lead to the
following conclusion. We hypothesize that, by nanocrystal-
lizing a given composition of glass at 275∘C, nanocrystal
phases are produced and the glass structure is changed to
a relatively more closed structure (see Section 3.6). It was
determined that the tunneling effect, which is the electron
transfer mechanism in the vanadate glass structure, becomes
more active.However, as the heat treatment time became pro-
gressively longer, the catalytic effect diminished in strength.
By increasing the heat treatment time, the relative amount

Table 4: Sudden increase point of the desorption intensity of CO2
gas from carbon with 75V2O5-15B2O3-10P2O5 glass heat-treated at
275∘C.

Heating process Sudden increase point of the desorption (∘C)
Annealed 395.15
275∘C/1 h 281.25
275∘C/3 h 376.24
275∘C/5 h 388.98

of the VO
2
phase increased while that of VO

5
decreased,

changing the vanadium ion valency from V5+ to V4+. Thus,
the V5+ activity and the reduction reaction of V4+ decrease
gradually, weakening the catalytic property. Therefore, glass
nanocrystallization due to heat treatment creates a denser
structure than annealed glass. This causes the V5+ to V4+
reduction reaction and catalytic action of the oxidation of
fatty acid to become active. On the other hand, as the heat
treatment time increased, the reduction reaction decreased,
indicating that the catalytic effects declined gradually.

3.6. Other Properties. We examined the density and molar
volume to obtain indirect evidence of the structural changes
and the associated catalytic properties described above.
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glasses heat-treated at 275∘C.

Looking at the changes in density and molar volume
of 75V

2
O
5
-15B
2
O
3
-10P
2
O
5
glasses shown in Figure 9, we

observe that the density greatly increased and the molar vol-
ume greatly decreased after heat treatment at 275∘C. On the
other hand, when the heat treatment duration was increased,
the density slightly decreased and the molar volume slightly
increased.

The results from Figure 9 provide indirect evidence that
describes the changes in the catalytic properties. When the
glass is nanocrystallized by heat treatment, its structural
density ismuch higher compared to the annealed glass, which
leads to the enhanced catalytic activity. Increasing the heat
treatment duration then leads to weaker catalytic activity
because the structure gradually becomes less dense.

4. Conclusions

The purpose of this study was to examine and verify the
correlation between the changes in the catalytic and electrical
properties and the structure due to the nanocrystallization
of 75V

2
O
5
-15B
2
O
3
-10P
2
O
5
glass containing a mix of V5+,

V4+, BO
4
, and BO

3
. Using various equipment of structural

analysis, we conformed the BO
3
+ VO

5
(V
2
O
5
) → BO

4

+ VO
4
(VO
2
) change in structure by nanocrystallizing and

increasing the duration of heat treatment.
The changes in the catalytic properties and electrical

conductivity were due to the nanocrystal structure and
the state of the vanadium ions. The heat treatment used
for nanocrystallization caused the electrical conductivity
to increase continually; this is because the ion ratio, C
value, approaches 0.5 owing to the transition of V5+ to V4+.
On the other hand, after being improved for the purpose
of nanocrystallization, the catalytic effect decreased as the
duration of heat treatment increased. This is because, during
nanocrystallization, the glass structure is dense and the tun-
neling effect occurs more actively. This behavior accelerates
the reaction responsible for the catalytic activity. However,
by increasing the duration of heat treatment, the vanadium
ion valency changes from V5+ to V4+, and the activity of
V5+ decreases; that is, the reduction reaction site of V4+
decreases gradually, causing the catalytic property to weaken.
In addition, we indirectly and quantitatively confirmed the
structural change through the increase in density and the
decrease in molar volume due to nanocrystallization and the
decrease in density and the increase in molar volume due to
increasing the duration of heat treatment.
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Nanoscale switchable ferroelectric (Ba0.50Sr0.50)(Ti0.80Sn0.20)O3-BSTS polycrystalline thin films with a perovskite structure were
prepared on Pt/TiO

𝑥
/SiO
2
/Si substrate by chemical solution deposition. X-ray diffraction (XRD) spectra indicate that a cubic

perovskite crystalline structure and Raman spectra revealed that a tetragonal perovskite crystalline structure is present in the
thin films. Sr2+ and Sn4+ cosubstituted film exhibited the lowest leakage current density. Piezoresponse Force Microscopy
(PFM) technique has been employed to acquire out-of-plane (OPP) piezoresponse images and local piezoelectric hysteresis
loop in polycrystalline BSTS films. PFM phase and amplitude images reveal nanoscale ferroelectric switching behavior at room
temperature. Square patterns with dark and bright contrasts were written by local poling and reversible nature of the piezoresponse
behavior was established. Local piezoelectric butterfly amplitude and phase hysteresis loops display ferroelectric nature at nanoscale
level. The significance of this paper is to present ferroelectric/piezoelectric nature in present BSTS films at nanoscale level and
corroborating ferroelectric behavior by utilizing Raman spectroscopy. Thus, further optimizing physical and electrical properties,
BSTS films might be useful for practical applications which include nonvolatile ferroelectric memories, data-storage media,
piezoelectric actuators, and electric energy storage capacitors.

1. Introduction

Perovskite oxide materials are the most studied functional
materials for ferroelectric, ferromagnetic, magnetoresistive,
and memristive applications. BaTiO

3
and its solid solu-

tions are attractive candidate materials for multifunctional
applications. These ferroelectric ceramics and thin films are
key materials for nonvolatile ferroelectric random access
memories (FE-RAMs) and volatile dynamic random access
memories (DRAMs), capacitors, and various other appli-
cations [1, 2]. By suitable site engineering (chemical dop-
ing/substitution) with either isovalent or aliovalent elements
at Ba2+ or/and Ti4+ site in BaTiO

3
(BTO) leads to changes in

the structure with improved electrical properties, the magni-
tude of dielectric constant, ferroelectric to paraelectric phase
transition temperature, and dielectric tunable properties in
the wide range of temperature to meet the variety of device
applications.

Various BTO based solid solutions have attracted con-
siderable attention due to their remarkable dielectric, ferro-
electric, piezoelectric, pyroelectric, and optical properties
which are suitable for high energy storage capacitors
and multilayer ceramic capacitor (MLCC) applications
and they have been extensively studied for improved
electrical properties, which include Ba(Ti, Sn)O

3
[3],

(Ba, Sr)(Ti, Sn)O
3
[4], Ba(Zr,Ti)O

3
[5], (Ba,Ca)TiO

3
[5–7],
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Ba(Ti, Sn)O
3
-𝑥(Ba,Ca)TiO

3
[8], (1 − 𝑥)Ba(Zr

0.2
Ti
0.8
)O
3
-

𝑥(Ba
0.7
Ca
0.3
)TiO
3
[9–13], (Ba

1−𝑥
Ca
𝑥
)(Ti
0.92

Sn
0.08
)O
3
[14],

and (1 − 𝑥)(Ba,Ca)(Ti, Sn)O
3
-𝑥(Ba,Ca)(Ti,Zr)O

3
[15]. Shift

in the Curie temperature to lower temperature to that of
pure BTO (Tc∼120–130∘C) is often observed when isovalent
ions are doped (e.g., Sr2+ doping for Ba2+ site or Zr4+
doping for Ti4+ site) in BTO lattice [16]. Improved electrical
properties were also observed for Ca substituted BTO, with
a modest increase in Tc [5]. By varying wt.% of Sn4+ in
(Ba
0.95

Ca
0.05
)(Ti
1−𝑥

Sn
𝑥
)O
3
(BCTS

𝑥
) ceramics, a series of

phase transitions were evolved which include inceptive
orthorhombic phase (O) at 0 ≤ 𝑥 ≤ 0.04 to a two-phase
coexistence of pseudocubic-orthorhombic phase (PC-O) at
0.06 ≤ 𝑥 ≤ 0.10 and further to a multiphase coexistence
of rhombohedral-pseudocubic-orthorhombic phase (R-
PC-O) at 𝑥 = 0.11 with an ultrahigh piezoelectric response
(d
33
∼670 pC/N, dS/dE∼1214 pm/V) at room temperature [8].

Similar phase transition behavior was observed for Er-doped
BiFeO

3
films, with enhanced electrical properties such as

ferroelectric and leakage properties derived from the phase
transition of rhombohedral to tetragonal and orthorhombic
symmetry structure as Er-doped concentration (𝑥) increased
gradually to 0.15 then to the orthorhombic structure when
𝑥 = 0.20 [17]. By varying Sr2+ content at Ba2+ site in
(Ba
0.91

Ca
0.09−𝑥

Sr
𝑥
)(Ti
0.92

Sn
0.08
)O
3

ceramics, the phase
transition of rhombohedral-orthorhombic and orthor-
hombic-tetragonal merged to near room temperature and
outstanding electrical properties were obtained at room
temperature due to phase coexistence (orthorhombic and
tetragonal) [18].

Particularly, ferroelectric barium strontium titanate
[Ba
1−𝑥

Sr
𝑥
TiO
3
-(BST)] (0 ≤ 𝑥 ≤ 1) ceramics and thin

films are promising for capacitor applications due to their
low leakage current at operable voltages, large breakdown
voltage, and high dielectric constant with low dielectric
loss [19]. Various compositions of BST thin films were well
studied for tunable microwave device applications such
as phase shifters, delay lines, tunable filters, and voltage
controlled oscillators due to high dielectric constant and
tunability (change in the dielectric constant under an applied
electric field) and good temperature stability [20, 21].

Barium tin titanate [Ba(Ti
1−𝑥

Sn
𝑥
)O
3
-BTS] also received

much research attention because of its high dielectric con-
stant and relaxor ferroelectric characteristics and these are
good candidate materials for applications in microelectronic
devices [22–24]. Ferroelectric-paraelectric phase transition
temperature decreased with increasing Sn4+ concentration
in Ba(Ti

0.85
Sn
0.15
)O
3
, with more diffused phase transition

behavior [25]. BTS solid solutions have a ferroelectric phase
transition between 0∘ and 130∘C, when the Sn4+ ratio is
between 𝑥 = 0 and 0.20 and these solid solutions exhibit
stable ferroelectric properties with a Curie temperature
around room temperature at 𝑥 = 0.1 to 0.15 [26, 27].
However to further improve the reproducibility and stability
with improved physical and electrical properties of these
materials, codoping/substitution at both Ba2+ and Ti4+ site in
BTO lattice is essential and various research groups around
the globe are working in this direction. Wang et al. [28]

reported (Ba
1−𝑥

Sr
𝑥
)(Ti
0.9
Sn
0.1
)O
3
(0 ≤ 𝑥 ≤ 0.3-BS

𝑥
TS)

thin films prepared by radio frequency magnetron sputter-
ing with a large ferroelectric hysteresis behavior and low
leakage current behavior at 25∘C. Souza et al. [4] reported
BSTS nanopowder synthesis using soft chemical method
and pseudocubic crystallographic structure was obtained for
these powders.They also reported dielectric and ferroelectric
properties for BSTS polycrystalline pseudocubic thin films
prepared using soft chemical method [29]. Further, it was
noticed that only few reports exist in literature about the local
piezoelectric properties measurement on BST [30, 31] and
BSTS ceramics [32] at nanoscale level. In general, nanoscale
science (nanoscience) and nanotechnology best describe the
materials’ properties at nanometer length scale, which is one
billionth (10−9) of a meter. Materials’ properties at nanoscale
level behave differently from that of micron sized materials.
Improved properties at nanoscale architecture are due to
altered atomic configurations and increased surface area to
volume ratio. Both nanoscience and nanotechnology are
interdisciplinary and have vast variety of applications in
scientific, industrial, and biological fields. However, to the
best of our knowledge, nanoscale ferroelectric switchable
polarization studies have not been performed in complete
so far on the BSTS system by utilizing piezoresponse force
microscopy (PFM) technique. Therefore, the present study
focuses on the ferroelectric switching behavior at nanoscale
level by utilizing PFM studies along with other bulk proper-
ties including X-ray diffraction ∼XRD, Raman spectroscopy,
and leakage current (current density-voltage) behavior of
the BSTS films deposited on Pt/TiO

𝑥
/SiO
2
/Si substrates by

chemical solution deposition (spin coating). Temperature
and electric field dependent dielectric properties, micro
Raman, and ferroelectric polarization measurements on this
film are in progress and will be reported elsewhere.

2. Experimental Details

Stoichiometric (Ba
0.50

Sr
0.50

)(Ti
0.80

Sn
0.20

)O
3
-BSTS used in

this study was prepared using chemical solution deposi-
tion as outlined in Figure 1. Barium acetate (Ba(C

2
H
3
O
2
)
2
,

Aldrich), strontium acetate (Sr(CH
3
CO
2
)
2
, Aldrich), tin

acetate (Sn(CH
3
CO
2
)
2
, Aldrich), and titanium (IV) butoxide

(Ti(OCH
2
CH
2
CH
2
CH
3
)
4
, Aldrich) were used as precursors.

2-Methoxy ethanol (CH
3
OCH
2
CH
2
OH, 99.8%, Aldrich) was

used as a solvent to facilitate the dehydration by boiling
as it boils at 125∘C and Acetic acid (CH

3
COOH, 99.99%

Aldrich) was used as the chelating agent for the alkoxides.
Stock solution was directly deposited onto Pt/TiO

𝑥
/SiO
2
/Si

substrates by spin coating (precoating 1000 rpm 10 s followed
by 3000 rpm for 30 s). Resultant films underwent two differ-
ent preannealing (pyrolysis) heat treatments. In the first step,
films were heat-treated at 250∘C for 2min. These steps were
repeated for obtaining desired thickness, and finally in the
second step the films were annealed at 750∘C temperature
for obtaining crystalline dense BSTS films. Flow chart of
the preparation of BSTS thin film by chemical solution
deposition process is shown in Figure 1.
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A: Ba(C2H3O2

B: Sr(CH3CO2)2

)2

C: Sn(CH3CO2)2

Dissolve A, B, and C separately
in CH3COOH at 100∘C for 2h

Dissolve D in CH3OCH2CH2OH

100
∘C for 2h

Mix precursor solutions (A, B, C, and D)
and reflex at 120∘C for 2h and then

cool to room temperature

Dilute the stock solution with
CH3OCH2CH2OH to adjust the

concentration to 0.5M for spin coating

Spin coat stock solution to form wet film onto
Pt/TiOx/SiO2/Si substrate 3500 rpm for 30 s

Dry the film at 250∘C for 2min and repeat above
step until the desired thickness is achieved and then

anneal the film at 750∘C for 30min

D: Ti(OCH2CH2CH2CH3)4

Figure 1: Flow chart of the preparation of
(Ba
0.50

Sr
0.50
)(Sn
0.20

Ti
0.80
)O
3
-BSTS thin film by chemical solution

deposition process.

The crystal structure of BSTS films was characterized
using an X-ray diffractometer (Rigaku) employing the Bragg-
Brentano (𝜃-2𝜃) method with Cu K𝛼 (𝜆 = 1.5418 Å) as
the radiation source. Room temperature Raman spectroscopy
measurements were performed using SA T64000 spectro-
graph consisting of a double monochromator coupled to
the third stage with 1800 groovesmm−1 grating. Radiation
∼514.532 nm from a Coherent Innova 99 argon ion laser
was focused over a less than 2mm diameter circle area by
using a Raman microprobe with an 80x objective. Thickness
of the BSTS films was determined independently using an
Ambios XP-200 profilometer and a spectral reflectance based
Filmetrics instrument which was around 360 nm.

Platinum (Pt) dots were sputtered to form the top
electrode (250 𝜇m) by utilizing a shadow mask by means
of direct current (DC) magnetron sputtering. Electrical
properties were measured on thin films grown on Pt (top
electrode) and Pt/TiO

𝑥
/SiO
2
/Si (bottom electrode) substrate

in metal-insulator-metal (M-I-M) configuration. Leakage
current measurements were done under vacuum (10−4 torr)
with Keithley electrometer (model 6517A). And nanoscale
ferroelectric switching behavior of the films was measured
by a Veeco piezoresponse force microscope (PFM) operated
in contact mode and local piezoelectric hysteresis loops were
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Figure 2: XRD patterns with 2𝜃-𝜃 scans of
(Ba
0.50

Sr
0.50
)(Sn
0.20

Ti
0.80
)O
3
-BSTS thin film.

obtained without top electrode (whereas tip itself acts as top
electrode in these measurements).

3. Results and Discussion

XRD profiles of BSTS film samples are measured at room
temperature. The XRD patterns indicate that BSTS has a
perovskite crystalline structure as shown in Figure 2, which
is also demonstrated by the Raman spectroscopic measure-
ments. However from the XRD patterns it is not clear what
the exact phase at room temperature is and we cannot obtain
detailed information about the structure of the films. Hence
we made room temperature Raman spectroscopic measure-
ments to obtain the information on the crystal structure of
the BSTS films from vibrational spectroscopy.

A close relationship between lattice dynamics and ferro-
electricity is obtained using Raman spectroscopy. Crystalline
phase is confirmed using Raman spectra. There are fifteen
degrees of freedom in ABO

3
perovskite materials above

the cubic-tetragonal phase transition, which are divisible
into 4F

1u + 1F2u [33]. However, one of the F
1u symmetry

modes corresponds to the acoustic branch and the remaining
3F
1u and 1F

2u belong to the optical branches in the cubic
phase with 𝑂1

ℎ
or Pm3m point group symmetry [33]. In

paraelectric cubic phase in ABO
3
perovskites there are 12

optical modes, which transform into the triply degenerate
irreducible representations of the 𝑂1

ℎ
point group (Γcub =

3F
1u+1F2u) [33]. In cubic perovskite phase, the F1u modes are

IR active and the F
2u mode is neither IR nor Raman active, the

so-called “silentmode”, whereas in the ferroelectric tetragonal
phase each triply degenerate F

1u mode splits into A1 + E
modes, while the F

2u silent mode splits into B
1
+ E modes.

These Ramanmodes include 3 A
1
(TO) + 3 A

1
(LO) + 3 E(TO)

+ 3 E(LO) + 1E(LO + TO) + 1 B
1
[34]. However, all the A

1
and

E modes are both Raman and IR active, whereas B
1
mode is

only Raman active.Thehigh temperature cubic-phase Raman
optical modes (A

1
and E) are further split into longitudinal

optical (LO) and transverse optical (TO) branches due to
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Figure 3: Raman spectroscopic images of
(Ba
0.50

Sr
0.50
)(Sn
0.20

Ti
0.80
)O
3
-BSTS thin film and BaTiO

3
(BTO)

thin films (inset).

presence of long-range ordering electrostatic forces [34]. It is
well known that the Ramanpeaks should not be present in the
ideal cubic phase. Figure 3 illustrates the room temperature
Raman spectra for BSTS thin films. The room-temperature
Raman spectra of the polycrystalline BSTS films are very
similar and contain all main features typical of BaTiO

3
(BTO)

(Figure 3 inset).
Six characteristic major Raman modes centered

were indexed as E
1
(TO
1
)∼115 cm−1, A

1
(TO
1
)∼177 cm−1,

A
1
(TO
2
)∼222 cm−1, B

1
/E(TO

2
)∼301 cm−1, A

1
(TO
3
)∼

511 cm−1, and A
1
(LO)/E(LO)∼742 cm−1. Similar to pure

BaTiO
3
film sample, BSTS thin film. The E(TO

1
) soft mode

is underdamped and shifted to ∼115 cm−1 [34, 35]. As shown
in Figure 3, the A

1
soft mode only exists in ferroelectric

phase and this A
1
(TO
2
) mode is observed at 221 cm−1; on

the contrary to that of pure BTO at 262 cm−1, a considerable
downshift in Raman frequency is noticed; similar results
were reported for BST-0.3 ceramics and thin films [35].

However the weak B
1
/E(TO

2
) mode which has been

associated with the tetragonal-cubic phase transition was
observed at around 301 cm−1. This mode has a mixed char-
acter of the B

1
and E(TO

2
) derived from the F

2u cubic silent
mode [36, 37]. The interference of the asymmetric sharp
A
1
(TO
1
) mode at 177 cm−1 with the broad A

1
(TO
2
) mode at

about 222 cm−1 results in an antiresonance effect at 177 cm−1.
The asymmetric A

1
(TO
3
) mode couples weakly with the

A
1
(TO
2
)mode [38].Thepresence ofwell-built peak related to

the A
1
(LO) mode confirms tetragonal structure in the BSTS

films at room temperature [39, 40].
Shift in A

1
(TO
1
) and A

1
(TO
2
) modes either to lower

or higher wave number region is attributed to the asym-
metric Ti–O phonon vibrations in BaTiO

3
lattice, while the

A
1
(TO
3
)/E(TO

3
) mode at around 511 cm−1 is due to O–Ti–

O symmetric stretching vibrations. On the other hand, the
peak position of Raman mode B

1
/E(TO

2
) shifted to lower

wave number region and A
1
(LO)/E(LO) mode is shifted to

higher wave number region when compared to pure BaTiO
3

−25 −20 −15 −10 −5 0 5 10 15 20 25

10
−5

10
−4

10
−3

10
−2

Cu
rr

en
t d

en
sit

y 
(A

/c
m

2
)

Voltage (V)

Figure 4: Leakage current behavior (current density versus voltage)
of BSTS thin film.

films. It is well known from the literature that the phonon
frequencies may shift to either lower or higher peak positions
and are compositional dependent. Due to either tensile or
compressive stress, the phonon wave numbers are expected
to shift towards either higher or lower region [35]. Increasing
Sr2+ concentration at BST thin film, the lattice of the films
is compressed; thus the tensile stress which is deduced
from the lattice compression might be accountable for the
A
1
(LO)/E(LO) mode shift towards a higher wave number

region in Raman spectra and as well residual stress is not
released in the films [39].

Moreover we also observed an additional disordered
activated Raman mode at about 567 cm−1 in the BSTS films
marked by asterisk which does not appear for pure BaTiO

3
.

Similar Raman mode was reported for Ba
1−𝑥

Sr
𝑥
TiO
3
thin

films [35, 39]. Wang et al. [41] also reported similar Raman
modes around 535 cm−1 and 750 cm−1 and they shifted to
higher wavenumber region for compositionally graded mul-
tilayered (Ba

0.8
Sr
0.2
)(Ti
1−𝑥

Zr
𝑥
)O
3
(BSTZ) thin films, which

might be attributed to increasing internal strain in the films.
Presence of this disordered activated Raman mode is also
expected from the eight-site model due to disorder of Ti ions,
which can occupy four off-center sites in the tetragonal phase
in perovskite oxides [35]. Apparently Sr2+ substitution at
Ba2+ site in BTO lattice caused local distortions and partially
breaks the translational symmetry in the lattice and there it is
more complicated in disorder-activated background in BST
films [35]. All the main Raman modes in BSTS films become
broadened which is attributed to structural disorder in the
crystalline BSTS lattice [39].

To investigate the leakage current behavior of the films,
current density (log 𝐽) versus the dc bias voltage (𝑉) char-
acteristics on themetal-insulator-metal (MIM) configuration
for the BSTS film annealed at 750∘C for 30min and Figure 4
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(c)

Figure 5: (a) Surface topography (PFM) image, (b) PFM amplitude image, (c) PFMphase image, and square patterns of different areas written
on the surface confirm the switchability of ferroelectric polarization under ±12 V bias voltage of BSTS films.

presents the obtained results. The voltage-step and the delay-
time after applying each voltage-step were fixed at 0.5 V and
1 s, respectively. The films exhibit low to moderate leakage
current density (∼10−5–10−2 A/cm2). For low voltages the
leakage current is low and at high voltages the leakage
currents are increased from the beginning 0 to 20V. The
observed log 𝐽-𝑉-loops are noticeably asymmetrical (Fig-
ure 4). The possible asymmetry of the two branches in the
leakage currents might be due to the fact that the positive
and negative bias were measured on single pad (top electrode
Pt dot on shadow mask), rather than using different Pt
top electrode pad. Low to moderate leakage current density
might be due to the possible degradation effect of the film.
Thin film degradation and asymmetry can be avoidable by
measuring the leakage current for positive and negative
bias are measured on different top Pt electrode pads [42].
Controlling this asymmetric behavior in thin films improved
device reliability and stability can be achieved.

Ferroelectric (piezoelectric) nature at the nanoscale level
is determined by piezoresponse force microscopy (PFM).
PFM is a powerful tool for imaging and characterizing
ferroelectric domain structures at nanoscale level [43, 44].
The piezoresponse for the BSTS films is obtained utilizing
commercially available Si-tip of the PFM in contact mode
by applying a DC voltage between the tip (top electrode)
and the Pt/TiO

𝑥
/SiO
2
/Si substrate as bottom electrode of

the film. As shown in Figure 5(a), the BSTS films exhibit
atomically flat surface with overall mesh-like pattern with a
root-mean-square roughness of approximately 1.5 nm over
an area of 8 × 8𝜇m2. The topographical height image also
reveals a polycrystalline structure with 0.2 Å sized grains.
Square patterns were written on the film with 8 × 8 𝜇m2 areas
(outer square) at −12 V; the domain changes its orientation
and the central 4 × 4 𝜇m2 area (inner square) with +12V
DC bias is applied; it reverses its polarity. Figures 5(b) and
5(c) show the representative out-of-plane PFM phase and
amplitude of ferroelectric domains written on the BSTS film
surface at room temperature. From Figures 5(b) and 5(c) it is
observed that the ferroelectric switching contrast in the BSTS
film. It is also clear from the phase and amplitude images
that there exists a strong domain switching response for both
negative (outer square) and positive bias (inner square). The
square patterns clearly show the oppositely written regions
establishing that the BSTS films show nanoscale switching
behavior which confirms ferroelectric piezoelectric nature.
The out-of-plane piezoresponse local hysteresis loops were
determined as a function of applied voltage and the PFM
hysteresis loop both in amplitude and phase is shown in
Figure 6. The phase change is about 180∘ and is observed
for a complete polarization reversal of the grain. Butterfly
shaped amplitude hysteresis and phase images confirm the
ferroelectric piezoelectric properties at the nanoscale level.
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Figure 6: Local hysteresis loops measured by PFM amplitude and
phase loops from microscopic measurements of BSTS films.

The observed local coercive voltage minima from the ampli-
tude loops are found to be +0.75V and −0.10V.

4. Conclusion

In summary, we have investigated the structural, leakage
current, and nanoscale ferroelectric switching behavior of
(Ba
0.50

Sr
0.50
)(Sn
0.20

Ti
0.80
)O
3
-BSTS thin films by chemical

solution deposition on Pt/TiO
𝑥
/SiO
2
/Si substrates. XRD

and Raman spectra confirm perovskite crystalline structure
in the BSTS films. All the main peaks corresponding to
tetragonal symmetric group were present in the room tem-
perature Raman spectra. Tetragonal A

1
(LO)/E(LO) mode

shift towards a higher wave number region in Raman spectra
might be attributed to tensile stress in the films. Local
piezoelectric activity of the BSTS films was investigated
by Piezoresponse Force Microscopy (PFM) technique. PFM
studies revealed nanoscale ferroelectric switching in the
chemical solution deposited annealed samples.
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The Co and Ni doped diluted magnetic semiconductor nanoparticle TiO
2
is prepared by sol-gel method. Ti

0.97
Co
0.03

O
2
,

Ti
0.97

Ni
0.03

O
2
, Ti
0.97

Co
0.06

O
2
, and Ti

0.97
Ni
0.06

O
2
samples were characterized by X-ray scattering techniques and high resolution

transmission electron microscope. The results show that there are no other phases existing in TiO
2
. As to the sample of high-

concentration dopant, the X-ray scattering techniques have explored the existing of CoTiO
3
and NiTiO

3
. The ferromagnetic

measurement shows that the magnetization of the sample of high-concentration dopant increases in the same external magnetic
field. However, the relatively higher dopant Co andNimay formmore interstitial ions and paramagnetmatters, reducing the oxygen
vacancy concentration and finally leading to the decrease of remanent magnetization and coercivity of the materials.

1. Introduction

The diluted magnetic semiconductors (DMS) share the qual-
ities of both semiconductors and magnetic materials, such as
ferromagnetism andmagnetic andmagnetoelectricity.More-
over, the application of the diluted magnetic semiconductors
is widely promising in various fields, such as spin light-
emitting diode [1], logic device [2], the electric charge of
spin valve crystal and spin of electron [3], and nonvolatile
memory. As a result, it is one of the hottest research spots and
attracts a great number of attentions [4–9].

TiO
2
is a high refractive index transparent and high

dielectric constant material. It is also a wide bandgap semi-
conductor, which can readily generate ferromagnetism when
heat treated in vacuum or hydrogen. Since TiO

2
exhibits the

characteristics of both the semiconductor and the magnetic
material, it can realize the dual control of both electric
and magnetic fields by using the electric charge and spin
properties of electrons. To achieve the application of the
diluted magnetic semiconductors TiO

2
, it is important to

prepare room-temperature diluted magnetic semiconductor
materials with high saturation magnetization intensity. Up
to now, the room-temperature ferromagnetism of diluted
magnetic semiconductors has been improved by changing the
producing method, annealing atmosphere and the appear-
ance of the samples, and doping different metallic ions and

nonmetallic ions. Many methods have been used to prepare
diluted magnetic semiconductors, such as molecular beam
epitaxy (MBE) [10], magnetron sputtering [11], pulsed laser
deposition [12], ion implantation [13], and sol-gel method
[14]. Differentmethods have great influence on the properties
of material. For example, sol-gel method has the advantages
of easy operation and low costs. Moreover, this method
can prepare nanoparticles with narrow size distribution and
controllable chemical composition at a lower temperature.
In this paper, the Co and Ni doped TiO

2
nanoparticles were

prepared by the sol-gel method, and the microstructure and
ferromagnetism of samples were studied.

2. Experiments

The following is the process of the experiments. Firstly, the
0.057mol [CH

3
(CH
2
)
3
O]
4
Ti is added to anhydrous ethanol

(99.9%) with the volume ratio of 1 : 3, and the solution is fully
mixed until it converts into the uniform transparent light
yellow liquid. Secondly, 622mg, 1270mg Co(NO)

3
⋅6H
2
O,

621mg, and 1268mg Ni(NO)
3
⋅6H
2
O are dissolved in 10mL

anhydrous ethanol, respectively. Thirdly, while mixing, 4mL
glacial acetic acid, 2mL concentrated nitric acid, and 3mL
deionized water are added to themixed solution, respectively.
Fourthly, after the mixed solution is stirred for 4 hours
at room temperature, it is aged for 72 hours at room
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Figure 1: XRD patterns of CN-01, CN-02, CN-03, and CN-04 samples annealed at 500∘C for 1 h in the air (A: anatase; R: rutile; and ∗:
disturbance phases).

temperature. When the solution converts into stable collosol,
the stable collosol is put in the drying oven set at 80∘C and
dried for 24 hours, by which xerogel is produced. Finally,
Markov furnace is used to lay xerogel in the air with an
annealing temperature of 500∘C to anneal for an hour.
After being ground, the nanoparticle TiO

2
is obtained with

different concentration and elements. Ti
0.97

Co
0.03

O
2
(CN-

01), Ti
0.97

Ni
0.03

O
2
(CN-02), Ti

0.97
Co
0.06

O
2
(CN-03), and

Ti
0.97

Ni
0.06

O
2
(CN-04) are prepared.

3. Results and Discussion

In the present work, the prepared samples were character-
ized by X-ray diffraction (XRD, D8 advance) with CuK𝛼
radiation (𝜆 = 0.15406 nm). Figure 1 is the XRD patterns of
Co and Ni doped TiO

2
nanoparticles with different doping

concentration. Compared with the standard data (JCPDS,
78-2486), a small amount of rutile is found in the sample
of doped Co, while in the sample of doped Ni there is no
observation of rutile. The doped 3mol% sample is pure TiO

2

phase structure, and no other phases were observed, while
in the doped 6mol% sample there are disturbance phases,
which are producedmainly due to high dosage concentration.
Moreover, from Figure 1, it is observed that the diffraction
peaks of Ni doped sample are sharper and stronger than Co
doped samples, so that the crystallinity of Ni doped TiO

2
is

more superior than that of Co doped sample. By comparing
3mol% Co doped sample with 6mol% Co doped sample, it is
found that there is no obvious change of diffraction angle, and
the only difference is that the diffraction peak of Co doped
3mol% is stronger, which means superfluous doped Co will
decrease the crystallinity. As for the doped Ni, the diffraction
peak of doped 3mol% Ni is stronger than that of doped
6mol% Ni. By using the Scherrer equation 𝐷 = 0.9𝜆/𝛽 cos 𝜃
and taking (101) crystal face diffraction peak as standard, it is

calculated that the sizes of doped 3mol%Co grain and doped
3mol% Ni grain are 29.71 nm and 34.15 nm, respectively.

High Resolution Transmission Electron Microscopy
(HRTEM, JEM-2010) is used to observe themicrostructure of
the sample and the change of the interplanar spacing between
doped samples. Figure 2 shows the results of HRTEM obser-
vation of samples CN-01 and CN-02. Figure 2(a) shows
that the sizes of the prepared nanoparticles are between 30
and 40 nm, and the images of their corresponding electron
diffraction rings are inserted below. The diffraction ring of
the nanoparticles is presented as a spotty ring micrograph,
and there are no other phases of diffraction spots such as
Co, CoO, Co

3
O
4
, CoTiO

3
, or CoTi

2
O
5
. This means that no

structure change of anatase TiO
2
was found. According to

the standard electron diffraction ring data (JCPD, 78-2486),
the corresponding crystal face of the diffraction ring can be
judged; they are (101), (103), (200), and (105) from outside to
inside.

Figure 2(b) is the corresponding lattice structure. In
the figure, there is no extra lattice imperfection; on the
contrary, the observation shows that there are many regularly
arranged wrinkled stripes, which means they have high
crystallisation degree. The interplanar spacing is 0.3533 nm,
and its corresponding crystal face (101) is slightly increased
compared with the standard micrograph (JCPDS, 78-2486),
which is caused by lattice distortion. Thus, it is proved again
that Co2+ replaces Ti2+ in the lattice of TiO

2
. Figure 2(c) is

the appearance of the sample of doped Ni. As the figures
show, the shape of nanoparticles is block, and the sizes are
between 10 nm and 40 nm. The pictures of their correspond-
ing electron diffraction rings are inserted below, and the
diffraction ring of the nanoparticles is also presented as a
spotty ringmicrograph. In Figure 2(d), it is measured that the
corresponding interplanar spacing of crystal face is 0.3528,
which means Ni2+ replaces Ti2+.
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(a) (b)

(c) (d)

Figure 2: (a–d) display the HRTEMmicrographs: (a, b) CN-01; (c, d) CN-03.

Figures 3(a) and 3(b) are the EDS (Genesis XM2) spectra
of the samples CN-01 and CN-03, respectively. The figures
show except the samples come from the characteristic peak
(8.1 and 8.9 Kev) of Cu in the bronze grating which carry
the samples in the experiment; in the samples, there are only
O, Ti, Co (CN-01) and O, Ti, Ni (CN-03) three elements.
In Figure 3(a), the atom percentages of O, Ti, and Co are
65.22, 33.81, and 0.97, respectively, while in Figure 3(b), the
percentages are 65.02, 33.96, and 1.02. The results show that,
in the doped samples, there are only doped elements, and
the percentage of the doped elements is close to the doped
3mol% in the experiment.

The magnetic properties were investigated by a vibrating
samplemagnetometer (VSM7403, Lakeshore,USA). Figure 4
is the magnetic hysteresis loops of the four samples tested
at 300K. The figure shows that all the samples are magnetic
at room temperature. In Figure 4(a), in the relatively weak
applied magnetic field, the intensity of magnetization of
the sample CN-02 reaches its saturation condition, while
the intensity of magnetization produced by sample CN-
01 is stronger than that of sample CN-02. Moreover, in
the applied magnetic field, the intensity of magnetization
sample CN-01 does not reach its saturation condition at 2000

(Oe). The illustrations are residual magnetization (Mr) and
coercivity (H) of sample CN-01 and sample CN-02 measured
at room temperature, from which the residual magnetization
produced by sample CN-01 is higher than that of sample CN-
02, but it is evident that its coercivity is lower than sample
CN-02. It proves that magnetism produced by the samples is
relevant to Co2+ and Ni2+ themselves.

Figure 4(b) is the magnetic hysteresis loops of samples
CN-03 andCN-04.The figure shows that hysteresis produced
by the samples has not reached the saturation condition,
the quality of which also exists in the nanoribbon or
nanoparticles of TiO

2
doped with Co2+ or Ni2+ [13, 14].

After comparing the samples CN-01 and CN-02, the intensity
of magnetization produced by samples CN-03 and CN-04
increases to different extent, but the residual magnetization
(Mr) and coercivity (H) are apparently decreased, as is shown
in Table 1. The major reason is that, with the increase of
dosage concentration, more doping ion Co2+ or Ni2+ replaces
Ti4+ in the samples which increase the intensity of magneti-
zation produced by the samples. The reason why the residual
magnetization (Mr) and coercivity (H) produced by them are
apparently decreased is that the high dosage concentration



4 Journal of Nanomaterials

O Ti

Ti

Ti

(keV)
1

0
2 3 4 5 6 7 8 9 10 11 12

Co

Co Co

Cu

Cu

O: 65.22
Ti: 33.81
Co: 0.97

(a) CN-01

Cu
Cu

(keV)

0
1 2 3 4 5 6 7 8 9 10 11 12

O: 65.02
Ti: 33.96
Ni: 1.02

Ni Ni Ni

O Ti

Ti

Ti

(b) CN-03

Figure 3: EDS spectra of 3mol% doped TiO
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Figure 4: The magnetic hysteresis loops measured at room temperature for the CN-01, CN-02, CN-03, CN-04 samples.

produces paramagnetic phases TiCoO
3
and TiNiO

3
in the

growing process of crystal. Moreover, in Figures 4(a) and
4(b), the intensity of magnetization produced by Co2+ doped
TiO
2
is greater than Ni2+. Since there exist differences in

orbital electron number of Co2+ and Ni2+3d, it is certain
that the room-temperature ferromagnetism produced by the
samples has relevance with the orbital electron of doped Co2+
and Ni2+3d, not from the defects of the samples themselves.

It is still not clear about the origin of DMS ferromagne-
tism.There are currently two theories to explain the observed
ferromagnetism. One is the ferromagnetic exchange cou-
pling mediated by carriers, and the other is the bound
magnetic polaron (BMP) model, which is related to the
defects in materials. The above study means that the origin
of DMS ferromagnetism is due to the carriers exchange
coupling.
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Table 1: TheMs, Hc, and Mr parameters of samples CN-01, CN-02,
CN-03, and CN-04.

Sample Ms (emu/g) Hc (Oe) Mr (emu/g)
6mol% Co 0.027 88.6 0.0009
6mol% Ni 0.020 132.9 0.0003
3mol% Co 0.027 115.2 0.0021
3mol% Ni 0.008 181.7 0.0011

4. Conclusions

By using the sol-gel method, the diluted magnetic semi-
conductor nanoparticle Co and Ni doped TiO

2
is produced

with the concentration of 3mol% and 6mol%. The research
results show that firstly Co2+ doped samples CN-01 and CN-
03 produce the phase of rutile, while in the same condition,
Ni2+ doped samples CN-02 and CN-04 belong to anatase
structure and there is no rutile phase. Moreover, the XRD
peak of Ni2+ doped samples is stronger than Co2+ doped
samples of the same concentration. Secondly, the differences
of electronic states of Co2+ and Ni2+ influence the growth
patterns of the samples: Co2+ doped samples grow spherically
and Ni2+ doped samples grow massively. Finally, the diluted
magnetic semiconductor nanoparticles TiO

2
doped by metal

ion and room-temperature ferromagnetism have relevance
with doped cations themselveswhichmainly rely on the inter-
action between the doped cations and 3D orbital electron.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

[1] G. Kioseoglou and A. Petrou, “Spin light emitting diodes,”
Journal of Low Temperature Physics, vol. 169, no. 5-6, pp. 324–
337, 2012.

[2] D. A. Allwood, G. Xiong, C. C. Faulkner, D. Atkinson, D. Petit,
and R. P. Cowburn, “Magnetic domain-wall logic,” Science, vol.
309, no. 5741, pp. 1688–1692, 2005.

[3] M. Hafeez, A. Ali, S. Manzoor, and A. S. Bhatti, “Anomalous
optical and magnetic behavior of multi-phase Mn doped
Zn
2
SiO
4
nanowires: a new class of dilutemagnetic semiconduc-

tors,” Nanoscale, vol. 6, no. 24, pp. 14845–14855, 2014.
[4] S. Mehraj, M. S. Ansari, and Alimuddin, “Structural, elec-

trical and magnetic properties of (Fe, Co) co-doped SnO
2

diluted magnetic semiconductor nanostructures,” Physica E:
Low-Dimensional Systems and Nanostructures, vol. 65, pp. 84–
92, 2015.

[5] D. Yao, X. Zhou, and S. Ge, “Raman scattering and room
temperature ferromagnetism in Co-doped SrTiO

3
particles,”

Applied Surface Science, vol. 257, no. 22, pp. 9233–9236, 2011.
[6] N. Bahadur, R. Pasricha, S. Chand, and R. K. Kotnala, “Effect of

Ni doping on the microstructure and high Curie temperature
ferromagnetism in sol-gel derived titania powders,” Materials
Chemistry and Physics, vol. 133, no. 1, pp. 471–479, 2012.

[7] Y.-B. Sun, X.-Q. Zhang, G.-K. Li, and Z.-H. Cheng, “Effects of
oxygen vacancy location on the electronic structure and spin

density of Co-doped rutile TiO
2
dilute magnetic semiconduc-

tors,” Chinese Physics B, vol. 21, no. 4, Article ID 047503, 2012.
[8] P. Varshney, G. Srinet, and R. Kumar, “Room temperature

ferromagnetism in sol-gel prepared Co-doped ZnO materials,”
Science in Semiconductor Processing, vol. 15, pp. 314–319, 2012.

[9] G. Drera, M. C. Mozzati, P. Galinetto et al., “Enhancement of
room temperature ferromagnetism in N-doped TiO

2−𝑥
rutile:

correlation with the local electronic properties,”Applied Physics
Letters, vol. 97, no. 1, Article ID 012506, 2010.

[10] S. A. Chambers and T. Droubay, “Clusters and magnetism in
epitaxial Co-doped TiO

2
anatase,” Applied Physics Letters, vol.

82, no. 8, pp. 1257–1259, 2003.
[11] K. A. Griffin, A. B. Pakhomov, C. M.Wang, S. M. Heald, and K.

M. Krishnan, “Cobalt-doped anatase TiO
2
: a room temperature

dilute magnetic dielectric material,” Journal of Applied Physics,
vol. 97, no. 10, pp. D320–D322, 2005.

[12] H. H. Nguyen, W. Prellier, J. Sakai, and A. Ruyter, “Substrate
effects on the room-temperature ferromagnetism in Co-doped
TiO
2
thin films grown by pulsed laser deposition,” Journal of

Applied Physics, vol. 95, no. 11, pp. 7378–7380, 2004.
[13] C. M. Wang, V. Shutthanandan, S. Thevuthasan, T. Droubay,

and S. A. Chambers, “Microstructure of Co-doped TiO
2
(110)

rutile by ion implantation,” Journal of Applied Physics, vol. 97,
no. 7, Article ID 073502, 2005.

[14] R. Suryanarayanan, V. M. Naik, P. Kharel, P. Talagala, and R.
Naik, “Ferromagnetism at 300 K in spin-coated films of Co
doped anatase and rutile-TiO

2
,” Solid State Communications,

vol. 133, no. 7, pp. 439–443, 2005.



Research Article
Photocatalytically Active YBa2Cu3O7−x Nanoparticles
Synthesized via a Soft Chemical Route

Zhenjiang Shen,1,2 Yongming Hu,1,3 Linfeng Fei,1 Kun Li,1 Wanping Chen,1

Haoshuang Gu,3 and Yu Wang1

1Department of Applied Physics and Materials Research Center, The Hong Kong Polytechnic University, Hung Hom, Hong Kong
2College of Physics and Electronic Engineering, Hainan Normal University, Haikou 571158, China
3Key Lab of Ferro- & Piezoelectric Materials and Devices of Hubei Province, Faculty of Physics & Electronic Technology,
Hubei University, Wuhan 430062, China

Correspondence should be addressed to Zhenjiang Shen; zjshenmail@163.com

Received 28 January 2015; Accepted 28 February 2015

Academic Editor: Min Liu

Copyright © 2015 Zhenjiang Shen et al.This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

YBa
2
Cu
3
O
7−𝑥

(YBCO) nanoparticles (NPs) were synthesized via a soft chemical approach and they were found photocatalytically
active at room temperature. Using metal acetate as precursors, a well-designed soft chemical procedure was carried out to produce
YBCO NPs. The very small particle size and/or large number of defects might have led the NPs to semiconductors with vigorous
photocatalytic activities. This work provides a direct and efficient route to obtain multifunction in YBCO based nanomaterials
which are based on specific size and surface effects.

1. Introduction

High temperature superconductivity has been one of themost
important chapters in the field of solid-state physics since
it was discovered in 1986 [1]. As one of the most important
high-Tc oxide superconductors, YBa

2
Cu
3
O
7−𝑥

(YBCO) owns
a well-defined cation stoichiometry and is easy to synthesize
[2]. Research related to YBCO physical and chemical proper-
ties has been reported in a great number of publications [3–5].

Along with industrial advance, environmental issues
such as the remediation of hazardous waste, contaminated
ground-waters, and control of toxic air contaminant have
arisen [6]. Photocatalysis by polycrystalline semiconductor
oxides is a way to degrade organic and inorganic pollutants
[7]. Many semiconductor materials have been investigated
and used because of their photodegradation properties [8].
One of the most famous photocatalysts is TiO

2
, which has

showed excellent photocatalytic effect as reported [9–15].
Meanwhile, doped TiO

2
and many other complex oxides

were also investigated for their photocatalytic properties [16–
19]. As mentioned in the literature, the superconductivity
of YBCO can be derived from its unique structure [20–22].

The distortion of Cu-O crystal plane caused by a certain
amount of oxygen deficiency plays a significant role in
superconductivity [23]. However, in some structure modified
cases, the normal crystal structure related to superconduc-
tivity may be changed, resulting in nonsuperconductivity of
YBCO materials (which may eventually transform to the
semiconductor) [24, 25]. It is known that the fixed band
gap in a semiconductor is the origin of its photocatalysis.
Besides, nanosize single crystal may also exhibit different
characteristics with traditionalmaterials because of its special
structure and size [4, 26–32]. In this case, YBCO may have
photocatalytic activities. Although the electrical properties
of YBCO have been investigated thoroughly and extensively,
few studies if any on photocatalytic activities of YBCO
materials have been reported up until now.

As a conventional synthesis technique, soft chemical
method has potential to be applied for large-scale preparation
on account of many factors: simple instruments, controllable
procedures, cheap original chemicals, and high dimension
uniformity [33–35]. In this work, YBCO nanoparticles (NPs)
were synthesized through soft chemical method. In addition
to conventional structure measurements, the photocatalytic
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Figure 1: (a) XRD patterns of YBCO NPs (NPs, green line) and corresponding ceramics (red line) sintering at 900∘C for 2 h. (b) TEM image
of YBCO NPs. (c) HRTEM image of YBCO NPs, inset: the SAED pattern.

properties of YBCO NPs and YBCO ceramics were sys-
tematically investigated. The superconductivity of the YBCO
ceramics was also studied for comparison.

2. Experimental Methods

YBa
2
Cu
3
O
7−𝑥

NPs were synthesized from precursors
Y(CH

3
COO)

3
⋅4H
2
O, Ba(CH

3
COO)

2
and Cu(CH

3
COO)

2
⋅

H
2
O with stoichiometric ratio of 1 : 2 : 3. The pH value of

the stable solution was adjusted to 1∼2 by adding certain
amount of aqueous ammonia (NH

3
⋅H
2
O) and nitric acid

(HNO
3
). After annealing in flowing oxygen environment at

900∘C for 2 hours, black YBCO NPs powders were obtained.
Furthermore, YBCO ceramics were prepared through
conventional process using YBCO NPs as precursors. The
pellet was sintered in flowing oxygen environment at 900∘C
for 2 hours. In the photocatalytic measurement, YBCO
NPs were dispersed in methylene blue (MB) with certain
concentration, and the ceramics were grinded into powders
as contrast.

Phase structures of the final samples were studied on
a Philips X-ray diffraction (XRD) system using CuΚ𝛼

(𝜆 = 1.5406 Å) as the radiation source. Transmission electron
microscopy (TEM) images and high-resolution transmis-
sion electron microscopy (HRTEM) images were obtained
through a JEOL 2011 transmission electron microscope at an
acceleration voltage of 200 kV. The superconducting transi-
tion temperatures were measured by Closed Cycle Refrigera-
tor System. The UV absorption spectra were measured using
a Shimadzu UV-2550 (Kyoto, Japan) spectrophotometer.
Photocatalytic activities of the NPs for degradation of MB
were evaluated by agitating the solution and irradiating the
samples using a 250W high-pressure Hg lamp. The initial
concentration of MB was 1.8 × 10−5mg/L with a catalyst
loading of 1.5 × 10−3mol/L in the experiment.

3. Results and Discussion

XRD patterns of as-synthesized YBCONPs and ceramics are
shown in Figure 1(a). It can be seen that the diffraction peaks
correspond to pure-phase YBCO, which has a perovskite
structure with an orthorhombic symmetry. In our case, pure-
phase and higher crystallized YBCO NPs could be formed
by using chelate compound as precursor, which can function
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Figure 2: Resistance-temperature curve of YBCO ceramics sample.

stably in a strong acid environment with pH value 1∼2.
Further structure characterizations of YBCONPs were made
using TEMas shown in Figures 1(b) and 1(c). One can see that
the YBCO NPs have an average diameter of about 100 nm.
Figure 1(c) shows the HRTEM image and SAED pattern of
the sample. As presented, the NPs are highly crystallized with
a lattice spacing of about 1.2 nm, corresponding to interlayer
spacing of the (010) planes in the YBCO crystal lattice.

To prove the superconductivity of YBCO ceramics syn-
thesized from YBCO NPs, the conducting properties of the
samples were determined. The resistance versus temperature
curve in Figure 2 clearly shows that the YBCO ceramics
exhibited behaviour of a typical high-Tc superconductor. It
has transition temperature width from onset temperature
89.9 K to zero-resistance temperature 64.9 K.

The photocatalytic activities of YBCO NPs and ceramics
powders were evaluated by the decomposition of methylene
blue (MB) under the irradiation of a medium-pressure Hg
lamp. A group of MB solution with no catalysts was also
treated as contrast. In the literature, MB is usually used
as standard dyes in photocatalytic activity testing for its
photostability. Figure 3 shows the photodegradation of MB
solution as a function of reaction time for different catalysts.
In the photocatalysis measurement, we took groups of pho-
todegraded solution several times and then used the spec-
trophotometer tomeasure theUV adsorption spectra.𝐶

0
and

𝐶

𝑡
represent the intensity of the maximum absorption peaks

of the UV adsorption spectra of solution initially and at time
𝑡. Take nature logarithm function of ratio 𝐶

0
/𝐶
𝑡
to obtain the

ordinate in Figure 3. It can be seen that MB solution without
catalyst is stable under irradiation. This phenomenon was
also found when the YBCO ceramic powders were used as
photocatalyst. However, in the presence of YBCO NPs, the
MB concentration dropped to almost zero after 7 hours of
irradiation. Such remarkable contrast could also be observed
in the insets ((a) and (b)) in Figure 3. The colour of MB
solution using YBCO ceramics powders as photocatalyst
shows no changes during the 7-hour irradiation. On the
other hand, almost all dyes in the MB solution which carried
YBCO NPs were degraded after 7 hours. Therefore it can
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Figure 3: Photodegradation of MB solution with different photo-
catalysts: no catalysts (black line), YBCO ceramics (red line), and
YBCONPs (green line). Inset (a)MB solution usingYBCOceramics
powders as photocatalyst after different hours of irradiation. Inset
(b) MB solution using YBCO NPs as photocatalyst after different
hours of irradiation.

be concluded that YBCO NPs and corresponding ceramics
behaved significantly different in photocatalysis.

Previous studies suggested that an appropriate band-gap
in semiconductor catalysts is the origin of its photocatalytic
activities. In photocatalysis, when the energy irradiation is
higher or equal to the band-gap of the semiconductor cata-
lyst, excited state valence-band holes and conduction-band
electrons would form [6–8]. Then the holes and electrons
could be got trapped inmetastable surface states to recombine
or reactwith electron acceptors and electron donors adsorbed
on the semiconductor surface or within the surrounding
electrical double layer of the charged particles. If a suitable
scavenger or surface defect state is available to trap the
electrons or holes, the recombination could be prevented.
Subsequently, the holes and electrons generated by exciting
photons could have redox reaction with dyes in the solutions.
It means that suitable band-gap energy is a key reason in
photocatalysis. Therefore, photocatalysis cannot take place
in conductors and/or superconductors. From the resistance
versus temperature curve (Figure 2), it is evident that YBCO
ceramics fabricated from NPs show superconductivity. So
YBCO ceramics could not lead to photodegradation of MB.

However, for the YBCO NPs, they show significant pho-
todegradation. As discussed above, surface defects were also
another important reason in photocatalysis for the excited
state valence-bandholes and conduction-band electronswere
trapped inmetastable surface states in the reaction. Generally
speaking, it is easy to attribute this abnormal photocatalysis to
very small particle size (and/or large number of defects). But
their TEM images in Figure 1(b) reveal the nanoparticle size is
about 100 nm, which is relatively large and the surface atoms
are not enough to dominate this novel property. So the main
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reason for this phenomenonmust come frommodified band-
gap energy in YBCO NPs.

As a famous high temperature superconductor, YBCO
also has different conductivities depending on its oxy-
gen content. Researches showed that YBa

2
Cu
3
O
7−𝑥

had a
semiconductor-like resistance characteristic when its oxygen
content is in the range 0.5 < 𝑥 < 0.7 [36, 37]. Besides,
for YBCO NPs in this work, it has single crystal phase as
shown in Figure 1(c). Under the action of many mechanisms,
YBCO single crystal can also perform novel properties [28–
31], such as the formation of oxygen vacancies clusters [32].
Moreover, as compared to our former researches on the high
temperature superconductor YBCO [5], the annealing period
for YBCONPs is relatively shorter in this work. So the oxygen
content of YBCONPs could be dominated by both the single
crystal and the shorter annealing period. As a result, these
might have led the YBCONPs to be nonsuperconductive and
have proper band-gap energy, which consequently make it
possible to exhibit the vigorous photocatalytic activities. As a
matter of fact, there are reports in the literature that, in some
structure modified cases, the superconductivity of YBCO
materials has vanished, which is likely to be consistent with
our samples [20, 23]. This could be an effective method to
investigate the potential properties and application in YBCO
based composites.More characterization (such as PL spectra)
and detailed study on the novel properties of YBCO NPs are
highly desired [38].

4. Conclusions

YBCO NPs with narrow size distribution were obtained
through a soft chemical route.The results showed that YBCO
nanoparticles could produce excellent photocatalytic effects,
while no degradation reactivities were observed for YBCO
ceramics with normal superconductivity. The semiconduc-
tive nature induced by structure modification may be
accounted for the photocatalytic effect of YBCO nanoparti-
cles.
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