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Nanomaterials including noble metal nanomaterials and
some metal oxide nanomaterials exhibit very strong light-
matter interactions under resonant excitation. Very large
absorption and scattering at the localized wavelengths can
been achieved. Because of their attractive optical properties,
optical NPs and nanostructures have been commonly used
in various fields from nanophotonics, analytical chemistry,
biotechnology, and information storage to energy applica-
tions including photovoltaics and photocatalysis [1, 2].

Here, five original research articles seek to address the
new preparation of optical nanomaterials, interesting design
of optical sensor, and energy storage.Moreover, the newphys-
ical phenomena andmechanisms in these fields are discussed.

Dr. S. R. Tahhan and coworkers reported the fabrication
of fiber Bragg grating coating with TiO

2
nanostructured

metal oxide for refractive index sensor. Higher shifts and
narrower peaks in the Bragg wavelength were obtained after
coating the fiber with few hundreds nanometers thick TiO

2

coating of 20 nm–50 nm hole diameters. The sensitivity of
the sensor with the TiO

2
coating is higher than that without

coating due to the nanostructure’s large surface area.
The mode structures of multiphoton induced ultraviolet

laser in a ZnO microrod have been investigated by Dr. G.
Zhu. Hexagonal wurtzite structural ZnO microrods were
fabricated by vapor-phase transport method. Under the
excitation of a pulse laser with 1200 nm wavelength, the
multiphoton induced ultraviolet (UV) laser was observed in
a microrod. The dependence of the laser mode structures
on pump intensity was investigated. The result indicates that
the laser belongs to whispering gallery mode (WGM) at low

pump intensity and Fabry-Perot (FP) mode at high pump
intensity.

Another work around controllable growth of the ZnO
nanorod arrays has been reported by Dr. Q. Liu and cowork-
ers. High quality ZnO nanorod arrays are formed using the
ZnO nanoflakes on the Al substrates as seed layer. They
found that a reversible wettability transition can be easily
achieved via alternation of UV irradiation and dark storage.
The physical adsorption of the watermolecules on the surface
of ZnO nanorod arrays is considered to be responsible for
this transition, which is confirmed by X-ray photoelectron
spectroscopy.

L. Cai andDr. C. Feng have discussed the effect of vacancy
defects on the electronic structure and optical properties of
GaN using the generalized gradient approximation method
within the density functional theory. The results show
that the band gap increases in GaN with vacancy defects.
Crystal parameters decrease in GaN with nitrogen vacancy
(GaN:VN) and increase in GaN with gallium vacancy
(GaN:VGa). The Ga vacancy introduces defect levels at the
top of the valence band, and the defect levels are contributed
by N2p electron states.

In addition, synthesis of xLiMnPO4⋅yLi3V2(PO4)3/Cna-
nocomposites for lithium-ion batteries using tributyl phos-
phate as phosphor source has been reported by Dr. F. Wang
and coworkers. They synthesized new xLiMnPO4⋅yLi3V2
(PO4)3/C nanocomposites, which is a very important issue
for high-performance lithium-ion batteries.

The topic around optical properties of nanomaterials is
very important and timely. They have been widely applied
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in plasmon-enhanced spectroscopy, photocatalysis, energy
storage, and solar cells.This topic is of relevance to the general
research in chemistry, physics, optics, and material science
and will attract great attentions of researchers in these fields
who are new to or experienced in the plasmon-enhanced
application in wide fields. Therefore, the potential broad
audience of this issue will further promote the development
of plasmon-related researches and accelerate their practical
applications in various fields including surface-enhanced
spectroscopy, energy storage, and energy transfer.

Xuanhua Li
Baofu Ding
Xingang Ren

Yongxing Zhang
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Hexagonal wurtzite structural ZnO microrods were fabricated by vapor-phase transport method. Under the excitation of a pulse
laser with 1200 nm wavelength, the multiphoton induced ultraviolet (UV) laser was observed in a microrod. The dependence of
the laser mode structures on pump intensity was investigated. The result indicates that the laser belongs to whispering gallery
mode (WGM) at low pump intensity and Fabry-Perot (FP) mode at high pump intensity. The corresponding positive feedback
mechanisms were discussed.

1. Introduction

ZnO is a promising candidate for developing high efficiency
ultraviolet optic-electronic devices operating at room tem-
perature due to its wide band-gap and large exciton binding
energy. Recent research progress in the fabrication of micro/
nanostructured ZnO has created opportunities for devel-
oping micron-sized or nanosized optoelectronic devices.
Optically pumped lasers have been achieved from various
ZnO micro/nanostructures, such as thin films [1], powders
[2], microtubes [3], nano/microwires [4–6], nanobelts [7],
nanonails [8], microspheres [9], and nano/microdisks [10, 11]
by single-photon absorption in which ZnO serves as both
active gain medium and optical resonant cavity. On the
other hand, multiphoton induced laser has also exhibited
fascinating interest owing to high spatial resolution and
large penetration depth of pump light. For 350 nm pump
light, the single-photon absorption coefficient of ZnO attains
10−5 cm−1, and the corresponding penetration depth is only
100 nm [12]. Therefore, the pump energy is mainly absorbed
near the crystal surface, which limits largely the material
availability. On the contrary, ZnO sample can be fully
pumped inmultiphoton excitation form by visible or infrared
light due to high transmission.

At present, multiphoton induced laser in ZnO micro/
nanostructures has aroused research interest due to a
large nonlinear polarization coefficient. Two-photon and

three-photon induced lasers have been reported in ZnO
microneedle [13], nanodisk [14], and nanonail [15]. However,
the report about the mode structure change with pump
intensity has not been found. In this letter, three-photon
induced ultraviolet laser is obtained in a ZnOmicrorod under
excitation of 1200 nm infrared laser, and the dependence
of mode structure on pump intensity will be discussed in
detail.

2. Experiment

ZnO microrods were prepared by a simple vapor-phase
transport method similar to our previous work [16]. The
mixture of high pure zinc oxide and graphite powders was
put at an end of a two-end-open quartz tube (2 cm diameter
and 24 cm length) as source materials, and a silicon wafer
was placed next to source materials as substrate. Afterwards,
the quartz tube was put into a horizontal tube furnace. The
reaction temperature of source material was set up at 1130∘C
and the reaction time was 30min.

A femtosecond pulse laser with 1200 nm wavelength
from an optical parametric oscillator (OPO) (repetition
frequency 1000Hz, pulse duration 150 fs) was focused into
an ∼100 𝜇m diameter light spot onto the ZnO micro-
rod sides. The output spectra were recorded by a fiber
coupled optical multichannel analyzer (OMA) at room
temperature.
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Figure 1: (a) The XRD pattern of the ZnO microrod and (b) the SEM image of the selected microrods for laser investigation.
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Figure 2: (a)The emission spectra at different pump power and (b) the variation of the spectrum integrated intensity with the cube of pump
emission.

3. Result and Discussion

The XRD pattern of ZnO microrods is shown in Figure 1(a).
All diffraction peaks in the figure match the crystal plane
indexes of hexagonal wurtzite structural ZnO with lattice
constants of 𝑎 = 0.325 nm and 𝑐 = 0.521 nm. The narrow
diffraction peaks imply a high crystalline quality of the ZnO
products. Figure 1(b) exhibits the SEM image of the selected
microrod for laser investigation, which has a∼19 𝜇mdiagonal
diameter.

Figure 2(a) shows the emission spectra at different pump
power. At lower pumppower of 63mW, the spectrum exhibits
a typical spontaneous emission band centered at 392 nm.
When the pump power attains 80mW, some narrow peaks
appear in a range from 391 nm to 398 nm on the broad UV
band, which indicates a lasing process occurring in the ZnO
microrod. Under 94mW pump power, the emission peaks

are narrower and more peaks emerged in long wavelength
edge. It is clearly that the UV lasers contain both exciton
emission and electron-hole plasma (EHP) emission [17] at
above lower excitation intensity. With pump power further
increased to 116mW, the exciton laser nearly disappeared, and
only the EHP emissions exist in the laser modes. When the
pump power attains 154mW, no obvious laser modes can be
observed. However, when the pump power rises to 186mW,
the laser modes appear once again, and with pump power
increase, there are more modes in long wavelength edge.
It is noted that the laser mode spacing obviously changes
with the pump power increase. At lower excitation level,
for example, 94mW, although the mode spacing slightly
varies with wavelength, the average mode spacing is only
about 1.1 nm. However, at a higher pump power of 217mW,
the average mode spacing attains about 1.66 nm. In our
experiment, the excitation wavelength is 1200 nm, and the
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laser wavelength is about 400 nm. It can be believed that the
lasing is generated by three-photon absorption. Figure 2(b)
shows the curve of the emission intensity versus the cube
of pump power. From the figure, two distinctly different
lasing regions can be observed, one showing lower threshold
and larger slope, whereas the other shows high threshold
and small slope. The above discussion implies that the laser
mechanism changes with pump intensity.

It has been known that the laser in ZnO crystal may be
attributed to three types [2, 4, 5]: (a) random laser, (b) F-
P laser, and (c) whispering gallery mode (WGM) laser. The
random cavity model is put forward to explain the lasing in
disordered ZnO mediums, which is attributed to recurrent
scattering by localized photons. F-P resonant cavity model is
introduced to interpret the laser modes in single wire/rod-
like micro/nanostructure, in which two smooth end facets
serve as cavity mirrors. For 𝑐-axis symmetrical hexagonal
ZnO nanostructures, such as micro/nanodisks and micro-
rods, the lasing mechanism can also result from whispering
gallery cavity, inwhich the light wave can propagate circularly
due to multiple total internal reflection caused by the six
sides. In the three mechanisms, random cavity and F-P cavity
cannot provide a high level of light confinement due to
strong scattering and the large transmission, which result
in a relatively low quality factor. On the other hand, WGM
laser based on total internal reflection has unique proper-
ties, including low loss, narrow linewidth, and high quality
factor.

It is obvious that the random laser cannot be generated in
the ZnO microrod. Supposing that the laser originates from
F-P cavity formed by two end facets of the microrod, and
ignoring the variation of refractive index with wavelength,
the laser mode spacing can be calculated according to the
following equation:

Δ𝜆 = 𝜆
2

2𝑛𝐿 . (1)

Here 𝜆, 𝑛 are wavelength and refractive index corresponding
to some mode, and 𝐿 is the length of the microrod. In our
experiment, the microrod length is in magnitude order of
millimeter and 𝑛 is about 2.2 for 395 nm center wavelength;
thus it can be estimated that the mode spacing is about
0.04 nm, which is far less than the experiment value, so the
laser cannot also originate from F-P cavity formed by two
end facets. Due to the high relative refractive index of ZnO
to air for UV light, the six sides of the microrod can also
construct the positive feedback cavity, which includes (1) F-
P cavity in which the light bounces forth and back between
the two opposite faces and (2) WGM cavity in which the
light is fully reflected sequentially by the six sides of the
microrodwith a 60∘ incident angle. In order to further explain
the positive feedback mechanism, the mode spacing of the
laser for WG cavity and F-P cavity will be calculated in the
following section, respectively.

For WGM laser, the resonant conditions of TE (the
electric field is perpendicular to the symmetry axis of the
microrod) and TM modes (the electric field is parallel to the
symmetry axis of the microrod) can be deduced by Fresnel
formula [13], which is expressed as follows:
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Figure 3: The calculation curve of mode order number versus
wavelength in the case of F-P and WG cavity.

𝑛𝐿 = 𝜆(𝑁 + 6𝜋 tan
−1𝛽√4𝑛2 − 3) . (2)

In (2), 𝑁 is mode order number, 𝐿 the path length of a light
circulation, and 𝛽 factor depends on the laser polarization,
𝛽 = 𝑛 for TE polarization and 𝛽 = 1/𝑛 for TM polarization.
For F-P cavity laser, according to standing wave condition,
the mode equation can be deduced as follows:

𝑁𝜆2 = 𝑛𝐿, (3)

where 𝐿 is the distance of the two opposite sides.
As a birefringent crystal, the refractive index of the

wurtzite structural ZnO depends on the polarization. For TE
and TM polarization, the refractive index can be expressed,
respectively, as follows [18]:

𝑛TE = 1.916 + 1.145 × 10−2 (ℎ])2 + 1.6507
× 10−3 (ℎ])4 ,

𝑛TM = 1.9384 + 1.1775 × 10−2 (ℎ])2 + 1.5237
× 10−3 (ℎ])4 .

(4)

The unit of ℎ] is eV in (4).
The mode order numbers and corresponding wave-

lengths of TE and TM mode for WGM cavity and F-P cavity
can be calculated by (2) and (4) or (3) and (4). According
to Nobis et al. reports [18, 19], in needle-like or rod-like
ZnO nanostructures, TM modes are main contents of WGM
laser. So the modes observed should be TM modes in the
experiment if the lasers originate fromWGcavity. In our case,
𝐿 is about 48 𝜇m forWG cavity, the variation of the TMmode
order number with wavelength can be calculated as shown in
Figure 3. For F-P cavity, 𝐿 = 16 𝜇m, it can be deduced that the
position of the Nth order TM mode is nearly the same as the
(𝑁 − 1)th TE mode. So, Figure 3 only shows TMmode order
number variation with wavelength for F-P cavity.The average
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Pump light

(a) (b) (c)

Figure 4: The change of multiphoton absorption region in the microrod with pump power increase: (a) low power; (b) higher power; (c)
high power.

mode spacing is about 1.1 nm for WGM cavity and 1.7 nm for
F-P cavity from Figure 3. Thus, it can be concluded that the
lasing should originate fromWGcavity at low pump intensity
and F-P cavity at high pump intensity.

Based on the above discussion, an interpretation about
laser mechanism variation with pump intensity is proposed.
It is well known that the multiphoton absorption is highly
sensitive to the intensity. In three-photon case, the absorption
coefficient is proportional to cube of pump intensity. Figure 4
shows the region change of multiphoton absorption with
pump intensity in the microrod, in which the region between
the red and the blue hexagon is gain region of WG cavity.
At lower pump level, only a thin layer medium near sides
of the microrod can obtain enough excitation intensity to
generate efficient multiphoton absorption due to the pump
light attenuation with incident depth. The thin layer locates
the gain region of WG cavity (𝑎 ∼ 4 𝜇m depth near the sides
of the microrod in our case). Because the loss of WG cavity
is far less than that of F-P cavity, the laser will preferentially
generate fromWG cavity at lower excitation intensity, which
explains the reason why the WGM lasers present at lower
pump powers of 80mW and 94mW. Due to the depth
increase of efficient multiphoton absorption at higher pump
power (e.g., 116mW), the multiphoton absorption can occur
not only in the region near sides but also in center region.
Thus, the luminescence from multiphoton absorption in the
center region will deplete inversion population in the WGM
gain region by amplified spontaneous emission (ASE), and
lead WGM laser weakens. With further increase of pump
power, the ASE can quench WGM laser, as is observed at
154mWpump power. However, when the excitation intensity
increases to a certain threshold once again, it is possible
to generate F-P laser formed by two opposite sides because
the EHP laser gain is proportional to the difference between
EHP density andMott density, although the F-P cavity loss is
higher than WG cavity. It is the reason why the F-P laser can
be observed at higher pump power of 186mW and 217mW.
Of course, the laser mode spacing will be bigger than that of
the WGM laser because the cavity length shortens relative to
the WG cavity. It is noted that the exciton emission and EHP
emission coexist in laser modes at lower pump intensity. The
coexistence of excitonic lasing with the EHP lasing has been
previously reported in ZnO thin film [20], which is attributed
to the spatial distribution nonuniformity of the carriers in

I

II

III

Pump light

Figure 5: The change of carrier type along the microrod length
direction: (I) pump light spot; (II) EHP region; (III) exciton region.

the sample. In our case, the coexistence of the two lasers can
be attributed to the difference of the carrier density between
the center and the edge of the pump light spot along length
direction of the microrod (shown in Figure 5), because the
pump light is close to Gauss light beam. At lower excitation
level, it is possible that the carriers exist in EHP form in center
region and in exciton form near edge of the pump spot due to
their density difference, which will lead to the EHP laser and
excitonic laser in different region. With excitation intensity
increase, the EHP region outward spreads. So, the excitonic
emission will weaken and the EHP emission enhance, which
cause the spectrum red-shift in whole.

In single-photon excitation condition, ZnO lasing gen-
erally originates from the F-P cavity by two end facets of
nano/microrod [1, 4], or WGM cavity by six sides [5, 18].
It is difficult to form F-P laser from the two opposite sides.
This is due to the fact that the excitation light has a relatively
small penetrating depth (about 100 nm for near-ultraviolet
excitation light) and the excited carrier generally locates in
WGM laser gain region of the nano/microrod with larger
diameter (≥laser wavelength). Thus, the laser preferentially
generates fromWG cavity due to a smaller loss relative to F-P
cavity.When the diameter of the rod is smaller than emission
wavelength, scattering loss is very high and the WGM laser
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usually cannot be generated. In this case, if the rod length
is larger, the F-P cavity by two end facets can still generate
enough gain. So, the lasing can be formed by the two end
facets.

4. Conclusion

In conclusion, the ZnO microrods with hexagonal cross-
sectionwere fabricated by vapor-phase transport process, and
an individualmicrorodwas employed to construct a resonant
cavity. Under the excitation of the 1200 nm nanosecond pulse
laser, the three-photon excited UV laser was obtained. The
result indicates that the lasing resonant mechanism varies
with pump intensity. At lower excitation intensity, the exciton
emission and EHP emission coexist in laser modes, and the
lasers originated from a WGM cavity formed by the six
sides of the ZnOmicrorod. At higher excitation intensity, the
lasers were mainly generated from EHP emission, and the
laser positive feedback was provided by F-P cavities by two
opposite sides.
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To increase the sensitivity of biosensor a new approach using an optical fiber Bragg grating (FBG) coated with a suitable
nanostructured metal oxide (NMO) is proposed which is costly effective compared to other biosensors. Bragg grating was written
on a D-shaped optical fiber by phase maskmethod using a 248 nmKrF excimer laser for a 5min exposure time producing a grating
with a period of 528 nm.Titaniumdioxide (TiO

2
) nanostructuredmetal oxidewas coated over the fiber for the purpose of increasing

its sensing area. The etched D-shaped FBG was then coated with 312 nm thick TiO
2
nanostructured layer to ensure propagating

the radiation modes within the core. The final structure was used to sense deionized water and saline. The etched D-shaped FBG
original sensitivity before coating to air-deionized water and to air-saline was 0.314 nm/riu and 0.142 nm/riu, respectively. After
coating the sensitivity became 1.257 nm/riu for air-deionized water and 0.857 nm/riu for air-saline.

1. Introduction

Swanton et al. in 1996 used the phase mask method to write
uniform photorefractive FBG [1]. To enhance the written
FBGs, high pressure hydrogen gas (H2) was loaded in the
optical fiber to increase the UV photosensitivity before
writing the grating [2]. A novel approach of designing a
chemosensor, based on cladding etched Bragg grating, was
reported by Zhou et al. in 2004, where the FBG sensitivity
to the refractive index of surrounding medium increases
by HF etching. A measured sensitivity of 0.02 nm/% was
obtained for different sugar solution concentrations [3]. FBG
was coated with different thicknesses of SiO2 nanoparticle
mesoporous thin films and used as a refractive index sensor.
This sensor showed a high sensitivity of 1927 nm/riu to RI
changes with a response time shorter than 2 sec [4]. Specific
and highly sensitive chemical sensors for in-water monitor-
ing were made by coating fiber long period gratings with
a nanoscale Syndiotactic Polystyrene (sPS) in nanoporous

crystalline form by dip coating technique [5]. Other methods
of coating were used to fabricate an optical chemical sensor
in which the etched region of FBG was coated by a thin layer
of gold nanoparticles to detect and determine the manganese
concentration inwater [6]. FBGwas coatedwith different film
thicknesses of gold by sputtering deposition technique and
using it as a chemical sensor for ethanol in aqueous solution.
It was found that the 50 nmgold film enhances the evanescent
wave on the optical fiber surface and increases its sensitivity
to detect ethanol with different concentrations [7].

Mantzila and Prodromidis in 2005 [8] anodically formed
films of titaniumoxide at 0.5–65V in 1MH

2
SO
4
for 1 h under

mild stirring. The films were characterized by electrochemi-
cal impedance spectroscopy, scanning electron microscopy,
Raman spectroscopy, ellipsometry, and diffuse reflectance
FT-IR spectroscopy.

Davies et al. in 2008 [11] were the first to investigate the
sol-gel coated FBG for refractive index sensors. The sol-gel
was made from titanium and silicon oxide coatings. The
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Figure 1:Nanostructuredmetal oxide-based biosensors and their applications (IEP, isoelectric point; ChOx, cholesterol oxidase;GOx, glucose
oxidase; HRP, horseradish peroxidase; IgG, Immunoglobulin G; Urs, urease) [9].

results revealed a refractive index sensitivity dependence on
thickness and index of the coating. The sensitivity of the
coated FBG was higher than the uncoated region.

In 2010, Mun et al. [12] stated that optical interferometry
of TiO2 thin film array of nanotubes allows label free sensing
of rabbit immunoglobulin G (IgG) by using protein A as
a capture probe, immobilized on the nanotubes inner pore
walls by electrostatic adsorption.

Liang et al. in 2011 [13] proved that the FBG sensitivity is
based on the effective index for the waveguided mode. This
sensitivity depends on the refractive index change of the
ambient medium and the Bragg wavelength shift.

In the same year, Smietana et al. [14] presented the
temperature sensing properties of a silicon nitride (SiNx)
nanocoated long period grating. The SiNx nanocoating was
applied to tune the external refractive index sensitivity of
LPG, written with UV and electric arc technique. This work
presented for the first time a nanocoating capable of simul-
taneously tuning the RI sensitivity and enabling temperature
measurements in high-RI liquids applied to LPGs.

In 2012, Chen [15] studied and used the FBG sensors for
extreme environments. They also used the KrF excimer laser
to write the FBG by the phase mask method.

In 2013, Zhang et al. [16] coated the FBGwith a bimaterial
microscale using laser assistedmasklessmicrodeposition and
electroless nickel plating. Bimaterial coating enhanced the
sensitivity of the FBG; the temperature sensitivity was dou-
bled as compared to bare FBG.

In the same year, Ho et al. [17] designed a FBG sensor to
detect the presence of the water entering concrete structures
after being cracked by environmental effects. This work
represents the first experiment tested the repeatability of the
sensor to cyclic input of various volumes ofwater, and it tested

the sensor’s response to flooding conditions.The sensor had a
good repeatability with fast response time <10min.

The present work is concerned with the study of the
performance of FBG coated with NMO materials to sense
biomaterials. The main purpose of this research using the
TiO
2
-NMO with FBG is to enhance its sensitivity feature

reaching to the sensing of so many diseases which cannot be
detected conventionally.

The prepared FBG coated with TiO
2
NMO (20 nm holes

diameter) may be used in antibody sensing if we use the
protein type A (5 nm diameter) to fill the pores of the TiO

2

NMO and then bind with the antibody type IgG1 and IgG2
leading to highly likely related Bragg shift corresponding to
expected variation in the effective index.

The main interest is to prepare cost effective, small size,
and less cumbersome biosensor. Large sensing area of FBG
coated with NMO is our proposed biosensor.

2. Theoretical Background

2.1. Nanostructure Metal Oxide. NMO materials have great
potential as immobilizing matrices for biosensor develop-
ment [9]. Their use may lead to the fabrication of novel
biosensor devices needed to enhance diagnostic. Bruggmann
Effective Medium was employed to calculate the effective
index of theNMOwith the biological liquids or tissues (solid-
liquid into and nanobiointerfaces) to fabricate an efficient
biosensor. Figure 1 shows many types of NMOs and their
biosensing applications [9].

2.2. Bruggmann’s Effective Medium Theory. Metal oxide
nanostructure material is a composite material with effective
index worked out by Bruggmann’s effective medium theory
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[10, 18]. Bruggmann’s approximation starts from Clausius-
Mossotti Approximation and involves knowing if a polariz-
able entity is a sphere of dielectric constant 𝜀

1
and radius 𝑎.

If so, then elementary electrostatics polarizability is given by
[18]

𝛼 = (𝜀1 − 1) 𝑎
3

(𝜀
1
+ 2) , (1)

where 𝛼 is the polarizability.
Substituting the above equation in the following equation:

(𝜀 − 1)
(𝜀 + 2) =

(4𝜋𝑛𝛼)
3 (2)

it yields

𝜀 − 1
𝜀 + 2 = 𝜂1

𝜀
1
− 1
𝜀
1
+ 2 , (3)

where 𝜀 is the effective dielectric constant; 𝜂
1
is the fraction of

space occupied by material with dielectric constant 𝜀
1
.

The embedded sphere in a material of dielectric constant
𝜀
0
is then replaced as follows:

𝜀 − 𝜀
0

𝜀 + 2𝜀
0

= 𝜂
1

𝜀
1
− 𝜀
0

𝜀
1
+ 2𝜀
0

. (4)

Equation (4) was derived originally from the following
equation:

𝜀 − 1 = 4𝜋𝑛𝛼𝐸eff𝐸 = 4𝜋𝑛𝛼 (𝐸 + 4𝜋𝑃/3)𝐸 = 4𝜋𝑛𝛼𝜀 + 23 , (5)

where 𝐸eff is the effective field as follows [18]:

𝐸eff = 𝐸 + (43)𝜋𝑃, (6)

where 𝐸 is the space average field, 𝑃 is the polarization which
is equal to (𝑛𝑝), where 𝑛 is the number of polarizable entities
per unit volume, and 𝑝 is the induced dipolemoment of each.

Bruggmann found that the total polarization summed
over the two types of inclusion must vanish; thus,

𝛿
1

𝜎
1
− 𝜎
𝑚

𝜎
1
+ 2𝜎
𝑚

+ 𝛿
2

𝜎
2
− 𝜎
𝑚

𝜎
2
+ 2𝜎
𝑚

= 0, (7)

where 𝜎
1
is the first material conductivity, 𝜎

𝑚
is the effective

conductivity, 𝜎
2
is the second material conductivity, 𝛿

1
is the

first material fraction volume, and 𝛿
2
is the second material

fraction volume, 𝛿
1
+ 𝛿
2
= 100% or 1. This approximation is

the mostly acceptable in this field [18].

3. Tools and Methods

A fiber was coated by a nanostructured TiO
2
followed and

then tested by injecting it in some liquids. The procedure is
explained in Figure 2.

3D nanostructures TiO
2

were papered by Sol-
Gel method, using the following chemicals: Ethanol
(CH
3
CH
2
OH), 7.5 gram

Writing the 
Bragg grating 
on a D-Fiber 

Etching the 
cladding 

(ii) Write the grating by KrF excimer Laser
(iii) Stablilize the grating by annealing

Coating with 

Testing 

(ii) Control its refractive index
(iii) Control its thickness

each liquid and do the same for bare �ber. 

(i) Inject the coated �ber into some 
di�erent liquids.
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Using the HF to remove4 Ｇ ＠ＬＩＧ ＮＢ？(i)

Prepare(i)

（2 for 2 weeks

Ti／2

Figure 2: Procedure structure.

(i) Titanium tetrachloride (TiCl
4
), 0.48 gram

(ii) Hydrochloric acid (HCl), 1.18 gram
(iii) Pluronic-F127, 0.5 gram

Ethanolwasmixed, using a stirrer, with drop by drop addition
of TiCl

4
. The weight measurement was continuously taken

during mixing.The solution was left at room temperature for
a while until reaching ambient temperature. 0.5 gm of
Pluronic F-127 was added to the solution while stirring.
Hydrochloric acid (HCL) was then added slowly, 2 drops per
30min, while stirring till the solution turned clear. The PH
of the solution was adjusted to 0.5 during stirring and HCl
addition. Finally, the solution was stirred for three hours and
finally left to set for 24 hours.

3.1. Refractive Index Measurement. 1 cm by 1 cm Thermal
Oxide wafer [300 nm SiO

2
layer on Si (𝑛 = 1.455)] was spin-

coated by coater (Headway Research Inc.) with TiO
2
sol-gel.

The prepared wafer was placed in a furnace to dry for 2 hours
at 60∘C. The temperature was made to increase at 3∘C/min
rate until reaching 120∘C and stayed there an hour. Special
temperature controller was utilized for this purpose which at
the end reached 600∘C and held there for 2 hours. Finally, the
temperaturewas decreased by 3∘C/min rate until reaching the
room temperature at 25∘C. Figure 3 shows schematically how
the furnace program is run.

To measure the refractive index of the prepared TiO
2

NMO over the wafer, a spectroscopic ellipsometry (HORIBA
JOBIN YVOIN) was employed.
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Figure 4: Fitting procedure for the wafer films coated with NMO-TiO
2
.

Table 1: Different concentrations of sol-gel preparation for thick-
ness measurements.

Ethanol (g) TiCl
4
(g) F-127 (g) HCl (g)

4.5 0.48 0.5 0.7
7.5 0.48 0.5 1.18
9.5 0.48 0.5 1.4
10.5 0.48 0.5 1.42

The samples were fitted as shown in Figure 4, where the
wafer film is Si with a 300 nm of SiO

2
. This wafer is coated

with porous TiO
2
and the third layer is TiO

2
with voids. The

voids represent air porosity. The angle of incidence was 70∘
and the spectrum range is from 400 to 1600 nm by 10 nm
increment. The obtained data is shown in Figure 5.

3.2.Thickness Control. Four different TiO
2
Sol-Gels were pre-

pared with different concentrations (Table 1) as a preliminary
study to find the suitable thickness over the fiber.

The preparation details are presented in Section 3.1 (TiO
2

NMO preparation method).The 4–6 cm long D-shaped fiber
jacket was removed by a fiber-optic stripper and then cleaned
by tissue with some ethanol. The D-shaped fiber was dipped
into the TiO

2
sol-gel for 20–30 seconds and then dried in the

furnace, as explained in Refractive Index Measurement.

JEOL USA JSM-6510LV Scanning Electron Microscope
was utilized to measure the thickness of the NMO material
on the fiber. Picturing the fiber samples necessitated coating
with conducting Palladium ions using CRESSINGTON 108
autosputter coater.

3.2.1. Coating Process. The etched D-shaped fiber was
exposed to TiO

2
sol-gel by drawing the fiber at 5mm/s rate.

Thefiberwas then dried for one day in air and then placed in a
furnace following the same programmentioned in Refractive
Index Measurement.

Testing the Fabricated FBG-𝑇𝑖𝑂
2
. The sensing assembly con-

sists of five main elements. The FBG-TiO
2
NMO was con-

nected from one end to an optical circulator which was con-
nected to a broadband light source typeMPBEBS-7210 with a
center wavelength of 1565 nm and spectral width of 100 nm
at −20 dBm and to Agilent 86140 series optical spectrum
analyzer with a wavelength range of 600 nm to 1700 nm and
accuracy of ±0.01 nm for 1480 to 1570 nm. The FBG-TiO

2

NMO was placed in a glass tube; then deionized water and
saline were injected into this tube for sensing. The assembly
is shown in Figure 6.

The Bragg wavelength was recorded in air, deionized
water, and saline. To ensure that the prepared FBG-TiO

2

NMOwas better than that without NMO coating, the etched
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D-shaped FBG was used in the same assembly to record the
Bragg wavelength for air, deionized water, and saline.

4. Results

4.1. Spectroscopic Ellipsometry Refractive Index Results. The
refractive index of the coated TiO

2
NMO on a thin film was

measured as a function of the incidentwavelengths and found
to be 1.487 at 1550 nm, Figure 7.

4.2. Scanning Electron Microscope Thickness Results. The
theoretical value of the coated TiO

2
NMO thickness over the

D-shaped fiber was deduced from the results published by
Poole et al. of which Comsol multiphysics simulation was
applied [10, 19]. Their work was done for tin dioxide (SnO

2
)

as shown in Figure 8. The figure gives a combined refractive
index and losses percentage for a given set of thicknesses. In
our experiment, the desired 1.6 effective refractive index
requires thicknesses that may range between 200 nm and
300 nm taking into account the difference in the optical
properties of the TiO

2
and SnO

2
. Nevertheless this refractive

index does not satisfy the guiding condition of light through
the fiber; so a control on the thickness of the coated NMO
was needed. This thickness should keep the radiation modes

of light beam propagating inside the optical fiber when it is
dipped in the postulated solutions.

Many TiO
2
sol-gel samples for coating the fiber were

prepared and examined by SEM to find the suitable concen-
tration of the TiO

2
to sense saline.

Figures 9(a) and 9(b) show the SEM images for 4 prepared
coated D-shaped optical fibers.

For (9 : 0.96 : 1 : 1.4) g ratio of ethanol : TiCl
4
: F-127 : HCl

of TiO
2
NMO coating over the optical fiber gave a thickness

of about 339 nm. The ethanol concentration was increased
by 65% of its first value, and the second ethanol : TiCl

4
: F-

127 : HCl (15 : 0.96 : 1 : 2.36) g ratio of TiO
2
NMO coating over

the optical fiber gave a thickness of about 312 nm.The ethanol
concentration was then increased by 25% of its second value,
and the third ethanol : TiCl

4
: F-127 : HCl (19 : 0.96 : 1 : 2.8) g

ratio of TiO
2
NMO coating over the optical fiber gave a

thickness of about 244 nm.
The ethanol concentration was finally increased by 10%

of its third value, and the fourth ethanol : TiCl
4
: F-127 : HCl

(21 : 0.96 : 1 : 2.84) g ratio of TiO
2
NMO coating over the

optical fiber resulted in a thickness of about 207 nm.
Figure 11 shows a relationship between ethanol concentra-

tions and the resultant thickness of the TiO
2
NMO coating

over the D-shaped optical fiber. From these results and
Figure 9, the best TiO

2
sol-gel concentration was the second

one.
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Figure 7: (a) The refractive index (real part (𝑛) and imaginary part (𝑘)) of TiO
2
NMO as a function of the incident wavelength as a result

from the spectroscopic ellipsometry for the sample prepared in Section 3.1 (TiO
2
NMO preparation method). (b) Magnification of the real

part of the refractive index of TiO
2
NMO.

Operating point

D

1.4

1.5

1.6

1.7

1.8

1.9

2.0

Re
fr

ac
tiv

e i
nd

ex

0.4 0.80.0 2.01.61.2
Film thickness (m)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Г 
(%

)

Figure 8: The relation between the effective refractive index of NMO-SnO
2
and its thickness on the optical fiber [10].

4.3. Assembly Results with a Bare FBG. The etched D-shaped
FBG sensing ability was tested as shown in Figure 9. The
reflection spectrum was recorded and presented in Figure 11.
The black line refers to the FBG in air and the green line
refers to the same sample but dipped in deionized water. It
is obvious from this figure that there is a slight shift in the
Bragg wavelength due to the difference in refractive index
between air (𝑛 = 1, 𝜆Bragg = 1549.8 nm) and deionized
water (𝑛 = 1.318, 𝜆Bragg = 1549.9 nm) so the wavelength
shift Δ𝜆Bragg is 0.1 nm. The sensitivity (ratio between the
Bragg wavelength shift and the difference in the surrounding
index, Δ𝑛surrounding = 0.318) was deduced and found to be
0.3144 nm/riu.

The deionized water was replaced by saline water. The
same measurements were recorded and the resultant reflec-
tivity spectrum was recorded as shown in Figure 12, where

the reflection spectrum recorded (the black line) refers to the
FBG in air 𝜆Bragg = 1549.8 nm and the green line refers to
the same sample but dipped in saline water 𝜆Bragg =1549.75 nm. It is obvious from this figure that there is a very
slight shift of 0.05 nm in the Braggwavelength.The sensitivity
was 0.142 nm/riu.

4.4. Assembly Results with FBG-TiO
2
NMO. The etched D-

shaped FBG was coated with ethanol : TiCl
4
: F-127 : HCl at

15 : 0.96 : 1 : 2.36 g ratio of TiO
2
sol-gel and dried at the

ambient temperature for 24 hours. The sample was used in
the assembly shown in Figure 6 to test its sensing ability. The
reflection spectrumwas recorded in air as shown in Figure 13
(black line, 𝜆Bragg = 1549.8 nm). The measurement was
repeated after dipping in a deionized water and the resultant
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(a) (b)

Figure 9: The SEM pictures of the D-shaped fiber coated with nanostructured metal oxide material (TiO
2
). (a) is an amplified image of (b).

The mean values of the resultant thickness measurement are shown in Figure 10.

reflection spectrum is shown in Figure 13, (green line,𝜆Bragg =1549.4 nm). The obtained sensitivity was 1.257 nm/riu.
The deionized water was then replaced by saline water.

The same measurements were recorded and the resultant
reflectivity spectrum was recorded as shown in Figure 14.

The reflectivity spectrum of the TiO
2
NMO coated FBG

in air is in a black line with 𝜆Bragg = 1549.8 nm and the
reflectivity spectrum of the same sample but in saline water
is in a green line with 𝜆Bragg = 1549.5 nm. The sensitivity is
0.857 nm/riu.
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Figure 11: The reflectivity spectrum of the etched-FBG in the air
(black line) and the reflectivity spectrum of the same FBG in the
deionized water (green line).

5. Conclusion

Higher shifts and narrower peaks in the Bragg wavelength
were obtained after coating the fiber with few hundreds
nanometers’ thick TiO

2
NMO of 20 nm–50 nm hole diam-

eters. The sensitivity of the FBG with the TiO
2
NMO is

higher than that without coating due to the nanostructure
large surface area. The detected sensitivity was 1.257 nm/riu
for air-deionized water and 0.857 nm/riu for air-saline. It is
reasonable to be effectively low cost biosensor.
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High-quality ZnO nanorod arrays are formed using the ZnO nanoflakes on the Al substrate as seed layer. A reversible wettability
transition can be easily achieved via alternation of UV irradiation and dark storage.The physical adsorption of the water molecules
on the surface of ZnO nanorod arrays is considered to be responsible for this transition, which is confirmed by X-ray photoelectron
spectroscopy.

1. Introduction

Wettability design andmanipulation have received particular
attention in modern society because of its potential applica-
tions [1–3]. Wettability results from low surface free energy
and surface morphology with special micro- and nanorough
structures [4, 5]. Recently, with the rapid development of the
smart devices, such as intelligent small droplet manipulation,
reversible wettability switch has become a research focus and
been realized by modification of responsive materials [6].
Such responsive materials present intrinsic reaction when
they face the different environmental stimuli such as light
illumination [7], pH [8], electric field [9], and temperature
[10]. Being a photoresponsive semiconductor, the ZnO has
aroused great attention because of its special electronic, opti-
cal, and acoustic properties [11]. Reversible wettability switch
on the solid surface modified by ZnO nanostructure has
been reported [12]. Reversible superhydrophobicity to super-
hydrophilicity switch was observed on the glass wafer coated
by ZnO nanorods [13].

In this paper, high-quality ZnO nanorod arrays are
achieved by hydrothermal and chemical vapor deposition
route on the Al substrate. The wettability transition between
the superhydrophobicity and superhydrophilicity is observed
via alternation of UV irradiation and dark storage. The

nanostructure and special photoelectric properties of the
ZnO are two important factors for the wettability transition.

2. Methods

Theprocedure to growing high-quality vertical ZnOnanorod
arrays consists of two steps: (1) growing two-dimensional
ZnO nanoflakes on the Al substrates using low-temperature
hydrothermal route and (2) the formation of high-quality ver-
tical ZnO nanorod arrays on the surface of two-dimensional
ZnO nanoflakes through chemical vapor deposition route.

In the first step, Al substrate was cleaned thoroughly in
acetone for about 30min by ultrasonic waves and cleaned
with deionized water in sequence. The Al substrate was
suspended in the beaker filled with aqueous solution of zinc
nitrate hydrate (8mM) and hexamethylenetetramine (8mM)
at 95∘C for 2 h. The Al substrate was then taken out from the
solution, rinsed with deionized water, and dried by a nitrogen
stream. Last, the sample was annealed at 450∘C in air for
30min.

In the second step, the alumina boat with Zn powder
(purity: 99.999%) was placed into the horizontal tube fur-
nace.The sample which was prepared in the first step was put
horizontally on the downstream side of the alumina boat at
a distance of 8 cm. Before the growth, argon was introduced
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(a) (b)
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Figure 1: SEM images of the as-grown ZnO samples on the Al substrate. (a) Large-area view of the ZnO nanoflakes on the Al substrate, (b)
top images of the ZnO nanorod arrays and (c) high magnification ZnO nanorod arrays, and (d) side views of the ZnO nanorod arrays.

into the system through a mass-flow controller with a flow
120 sccm and the pressure was maintained at 80 Pa. The
temperature of the furnace was changed linearly with time to
600∘C at the rate of 20∘C/min. Subsequently, oxygen was
given to the system at a flow rate of 100 sccm.The reactionwas
carried out at about 600∘C for 40min. After that, the furnace
was cooled to room temperature, while argon and oxygen
flow was stopped. The as-grown film was stored in the dark
environment for a week before being measured.

The morphologies of sample nanostructure were charac-
terized by scanning electronmicroscopy (SEM, Philips Sirion
200). The component of the sample was characterized by X-
ray diffraction (XRD, D/max-2200/PC). The water contact
angles (WCAs) on the surface were measured with deionized
water of 5 𝜇l by using an optical contact angle meter system at
ambient temperature (Data Physics Instrument GmbH, Ger-
many). The X-ray photoelectron spectroscopy spectrum
(XPS) of the samples was measured by Thermo ESCALAB
250.

3. Results and Discussions

Figure 1(a) shows the typical morphology of ZnO nanoflakes
on the Al substrate using low-temperature hydrothermal
route. Many sheet-like ZnO nanoflakes were produced and
nearly vertical to the Al substrate. Figure 1(b) is image of
the ZnO nanorod arrays coated on the ZnO nanoflakes.

Figure 1(c) is the further magnified image. From the SEM
image as showed in Figure 1(c), the ZnO nanorod arrays have
a flat surface morphology, with almost the same diameters
of about 150 nm. Side image of the SEM view of the arrays
(Figure 1(d)) suggests that the ZnO nanorod arrays grow
completely vertically and the height is about 5𝜇m. Figure 2
compared the XRD spectrum of the ZnO nanorod arrays
(Figure 2(a)) with the ZnO nanoflakes (Figure 2(b)) on the Al
substrate. The XRD spectrum of the ZnO nanorod arrays is
almost the same as the ZnO nanoflakes, indicating that the
orientation of the ZnO nanoflakes is of great importance to
the orientation of the ZnO nanorod arrays. It is well-known
that the effect of seeds layer is very important in fabricating
high-quality vertical ZnO nanorod arrays. So we can deduce
that the role of ZnO nanoflakes on the Al substrate is seeding
which directly leads to the formation of ZnO nanorod arrays.

The wettability of the ZnO nanorod arrays is studied
by water contact angle (WCA) measurement. The WCA on
the surface coated by ZnO nanorod arrays is about 158∘ as
shown in Figure 3(a). After UV illumination, the WCA is
about 0∘. After depositing the film which was irradiated by
the UV in the dark environment for five days, the film is still
superhydrophobic again. This process can be repeated many
times and the corresponding process is shown in Figure 4.

Surface free energy and surface morphology have impor-
tant effects on the surface wettability. The high-quality ZnO
nanorod arrays on the Al substrate in Figure 1 increase the air
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Figure 2: XRD patterns of the as-grown ZnO samples. (a) ZnO
nanorod arrays. (b) ZnO nanoflakes.
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Dark

Figure 3:The shape of water droplet on the ZnO nanorod arrays (a)
before UV irradiation and (b) after UV irradiation.

fraction of the water-air interface.This means that the special
nanostructure will increase the WCA. The superhydropho-
bicity of the ZnO nanorod arrays can be explained by Cassie
equation [14]:

cos 𝜃∗ = −1 + 𝑓
1 (1 + cos 𝜃) , (1)

where 𝜃∗ and 𝜃 are CA on the rough and flat surface and 𝑓
1
is

the solid fraction in contact with water. Because the surface
roughness of ZnO nanorod arrays is much higher than ZnO
nanoflakes,much air is easy blocked among the ZnOnanorod
arrays when the water droplet is placed on it, so the value of
𝑓
1
decreases rapidly and the CA increases. This is the reason

that the Al substrate coated by ZnO nanorod arrays shows
superhydrophobicity.

The wettability of the solid is determined by surface free
energy and the geometric structure.The geometric structures
of the ZnOnanorod arrays do not change before and afterUV
irradiation, indicating that the wettability transition is caused
by surface free energy. Hole of electron-hole pairs generated
in the ZnO by UV irradiation will react with lattice oxygen to
form surface oxygen vacancies [15, 16]. Subsequently, water
molecules absorbed at the surface oxygen vacancies will
produce the hydroxyl groups which lead to the physical
adsorption of the water molecules. The hydrophilicity of film
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Figure 4: Reversible wettability switching by alternating UV irradi-
ation and dark storage.
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Figure 5: X-ray photoelectron spectroscopy spectra of the O 1s level
before and after UV irradiation.

increases. Figure 5 shows the XPS of ZnO nanorod arrays
before and after UV irradiation.The shoulder and intensity of
the O 1s at the higher binding energy are increased. This
confirms the existence of physical adsorption of the water
molecules on the surface of ZnO nanorod arrays. From
Wenzel equation [17],

cos 𝜃∗ = 𝑟 cos 𝜃, (2)

where 𝑟 is rough factor and the hydrophilicity of film will
be enhanced to superhydrophilicity because of the special
nanostructure. Oxygen atoms gradually take the place of
the hydroxyl groups adsorbed on the ZnO nanorod arrays
when the film was placed in the dark. In the end, the surface
wettability changes back to the superhydrophobicity.

In order to acquire the detailed information about the
effect of UV illumination on theWCA, Figure 6 has given the
WCA as the function of UV illumination time. It can be seen
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Figure 6: Contact angle versus UV irradiation time for the water
droplet on the surface of ZnO nanorod arrays.

that theWCA decreases abruptly from 158∘ to 50∘ about after
60min of UV irradiation because of the high speed yielding
of electron-hole pairs after UV irradiation. With the increase
of illumination time from 60 to 160min, the change speed of
WCA is slow and, at last, the wettability of film changes from
superhydrophobicity to superhydrophilicity.

4. Conclusions

Dense and vertically aligned ZnOnanorod arrays with a large
area are fabricated by a simple two-step process on the Al
substrate. The as-grown film shows good superhydropho-
bicity and the contact angle is about 158∘. The film shows
good superhydrophilicity and the contact angle is about
0∘ after UV irradiation. Reversible wettability transition is
achieved via alternation of UV irradiation and dark storage.
The nanostructure and special photoelectric properties of the
ZnO are two important factors for this behavior.
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The effect of gallium vacancy (𝑉Ga) and nitrogen vacancy (𝑉N) defects on the electronic structure and optical properties of GaN
using the generalized gradient approximationmethod within the density functional theory were investigated.The results show that
the band gap increases in GaN with vacancy defects. Crystal parameters decrease in GaN with nitrogen vacancy (GaN:𝑉N) and
increase in GaN with gallium vacancy (GaN:𝑉Ga). The Ga vacancy introduces defect levels at the top of the valence band, and the
defect levels are contributed by N2p electron states. In addition, the energy band shifts to lower energy in GaN:𝑉N and moves to
higher energy in GaN:𝑉Ga. The level splitting is observed in the N2p states of GaN:𝑉N and Ga3d states of GaN:𝑉Ga. New peaks
appear in lower energy region of imaginary dielectric function in GaN:𝑉N and GaN:𝑉Ga. The main peak moves to higher energy
slightly and the intensity decreases.

1. Introduction

GaN is so called third generation semiconductor materials
with wide band gap. With the rapid developments of semi-
conductor technology, it has become the research focus in
semiconductor materials in past decades. The band gap of
GaN is 3.39 eV at room temperature. Particularly, the GaN-
based materials have the advantages of wide band gap, fast
electron drift velocity, high temperature resistance, high pres-
sure tolerance, and antiradiation [1]. So they have attracted
much attention in the preparation of short wavelength lumi-
nescence device and high power microwave device. GaN is
the core material and basic device of the new semiconductor
optoelectronics industry. The defects and impurities in GaN
have a great influence on the electron transport and optical
properties of materials. Simulation is a good method to
study defects in semiconductor materials except experiment.
There is a lot of research on GaN used experiment or
theoretical calculation [2–4]. Neugebauer and Van De Walle
calculated the electronic structure and atomic structure of the
intrinsic defects of GaN by first principles [5]. Boguslawski
et al. simulated the intrinsic defects of GaN using ab initio
molecular dynamics [6]. Kang et al. calculated the defects in

GaN epitaxial layer by first principles. It is believed that C,
O impurity and intrinsic defects may be the sources of yellow
and blue light [7]. Shen and Kang studied the intrinsic defects
of six-party GaN and the electronic structure of C and O
using local density functional theory [8]. These methods are
based on first principles to calculate the formation energy of
GaN and the electronic structure of C and O. In this paper,
we studied the effect of𝑉Ga and𝑉N on the electronic structure
and optical properties of GaN using first principles.

2. Model and Calculation

Pure GaN is hexahedron wurtzite structure. It belongs to
P63mc space group. Its symmetry is C6v-4. The lattice con-
stants are 𝑎 = 𝑏 = 0.3189 nm, 𝑐 = 0.5185 nm, 𝛼 = 𝛽 = 90∘,
and 𝛾 = 120∘. 𝑐/𝑎 is 1.626. It is slightly smaller than the
ideal hexagonal close packed structure of 1.633. Figure 1(a)
shows supercell model of GaN which contains 16 Ga atoms
and 16 N atoms. The coordinate of 𝑉Ga is (0.66667, 0.33333,
0.49926) and that of 𝑉N is (0.33333, 0.66667, 0.4375) (as
shown in Figures 1(b) and 1(c)). The calculation is based on
the CASTEP (Serial Total Energy Package Cambridge) of
Material Studio 7.0 in this paper. The interaction between
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(a) (b) (c)

Figure 1: (a) 2 × 2 × 2 GaN supercell; black stands for N atoms and grey stands for Ga atoms, (b) GaN with Ga vacancy (GaN:𝑉Ga), and (c)
GaN with N vacancy (GaN:𝑉N).

Table 1: Lattice parameters of GaN after geometry optimization.

𝑎/nm 𝑐/nm 𝑐/𝑎
GaN (Exp) 0.3189 0.5185 1.626
GaN 0.3226 0.5253 1.628
GaN:𝑉N 0.3229 0.5241 1.623
GaN:𝑉Ga 0.3224 0.5263 1.632

electrons and ions is described by means of plane wave
pseudopotential method (PWP) with generalized gradient
approximation (GGA). Energy cut-off of planewave is 360 eV.
The convergent accuracy is 2×10−6 eV/atom during iteration.
The maximum force is 0.03 eV/A and the maximum stress
is 0.05GPa. Monkhorst-Pack is used to calculate the total
energy and charge density in the Brillouin zone. 𝐾-point set
is 4 × 4 × 2. Fast Fourier transform (FFT) grid is 40 × 40 × 72.
All the calculations are carried out in the reciprocal space.The
valency electrons in calculation are Ga: 3d104s24p1, N:2s22p3.

3. Results and Discussions

3.1. Structure and Properties. Table 1 shows the lattice con-
stants of pure and vacancy defects GaN after optimiza-
tion. 𝑐/𝑎 is 1.628 in pure GaN, which is close to others’
[9]. The error is only 0.12% comparing with experimental
results 1.626. The lattice constant 𝑐 decreases in GaN:𝑉N and
increases inGaN:𝑉Ga. However, vacancy type has a little effect
on the lattice constant 𝑎. This result is similar to the literature
[10]. The result indicates that 𝑉N causes a larger relaxation
in [1000] direction, but 𝑉Ga has larger relaxation in [0001]
direction.

3.2. Band Structure and Density of States. Figure 2 shows the
band structure of the pure GaN and vacancy defects GaN.
The valence bandmaximum and conduction bandminimum
of pure GaN are located in the G point of Brillouin zone.
The results indicate that GaN is a direct wide band gap
semiconductormaterial with energy gap of 1.66 eV.This result
is consistent with Du et al.’s [11]. But it is significantly different
from the experimental value of 3.39 eV. This is due to the use

of the generalized gradient approximation (GGA) and ignor-
ing the correlation of excited state electrons. It has no effect
on result discussion [12]. It can be seen from Figure 2 that the
numbers of valence band and conduction band significantly
increase in GaN:𝑉Ga and GaN:𝑉N and the band gap is wider
than that of the pure GaN. The band gaps of GaN:𝑉N and
GaN:𝑉Ga increase to 2.30 eV and 1.97 eV, respectively. GaN
becomes an indirect band gap semiconductor because of 𝑉N.
Three acceptor levels are introduced at 0.67 eV near the top
of valence band in GaN:𝑉Ga. The Fermi level (𝐸𝑓) moves to
lower energy regions obviously. The Fermi level occupies the
part of valence band maximum. Electrons in valence band
can jump to this level. Holes can occur in the valence band.
So Ga vacancy is acceptor defect in GaN.

The total density of states (TDOS) of pure GaN and
vacancy defect GaN is shown in Figure 3. It can be seen
from Figure 3 that the valence band of pure GaN is mainly
composed of two group bands. The valence band above is
mainly from Ga3d and N2s states. It ranges from −15.9 eV
to −10.4 eV. The peak of Ga3d state appears at −13.5 eV and
forms a strong local density of states. There are no obvious
interactions with other valence bands. The valence band
below is from −6.9 eV to 0 eV. It is mainly composed of N2p
state which determines the position of valence band. The
conduction band is from 3.0 eV to 7.7 eV. It mainly consists
of Ga4s and Ga4P states and a few of N2p states. N2s states
have less contribution to the valence and conduction band.
Near the Fermi level, the variation of DOS at the bottom of
the conduction band is relatively smooth. The electron has
a small effective mass and high mobility in the conduction
band [13]. Figure 3(b) shows that 𝑉N has great effect on the
TDOS of GaN.The valence and conduction band of GaN:𝑉N
move to lower energy regions obviously. The conduction
bandminimum shifts to lower energy and occupies the Fermi
level. A shallow donor level is produced at the bottom of
the conduction band and its width is about 0.8 eV. GaN
presents n-type conductivity. The valence band of GaN:𝑉Ga
moves to higher energy regions and the Fermi level jumps
into the valence band. But the movement is relatively small.
The Fermi level occupies part of the valence band maximum.
The electrons in the valence band jump to this level and
holes are produced in the valence band. 𝑉Ga is the acceptor
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Figure 2: Band structure of pure GaN (a), GaN:𝑉N (b), and GaN:𝑉Ga (c).
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Figure 3: Total density of state of pure and vacancy GaN.

defect for GaN. The peak of DOS decreases significantly
in the valence band of GaN:𝑉N and GaN:𝑉Ga. The peak of
GaN:𝑉Ga decreases more obviously. The density of states in
GaN:𝑉N shows a significant decline near the Fermi level.
The conductivity is proportional to the density of states at
the Fermi level. So we can confirm that 𝑉N can reduce the

conductivity of GaN. It is also found that vacancy causes band
gap increase from Figure 3.

Figures 4 and 5 show the partial density of states ofGa and
N atoms, respectively. The bottom of the conduction band is
mainly determined by the Ga4s electron states in the pure
and vacancy defects GaN. It can be seen from Figure 5(c) that
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Figure 4: Partial density of state of Ga atom.
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Figure 5: Partial density of state of N atom.

the acceptor level in the valence band maximum of GaN:𝑉Ga
is mainly contributed by N2p electron states. N2p electrons
cross Fermi level to occupy a higher energy level. Unfilled
electron states are formed at the top of valence band. GaN
presents p-type conductivity. Figure 5(b) shows that N2p
states of GaN:𝑉N form level splitting at −4 eV and 4 eV. This
may be the S-like and P-like local states caused by 𝑉N [14]. S-
like states are in the valence band and P-like states are in the
conduction band. Instead of level splitting, a greater level is
formed in GaN:𝑉Ga as shown in Figure 5(c). We can see from

Figure 4(c) that Ga3d states of GaN:𝑉Ga form two split levels
at about −15 eV. The two levels are 0.8 eV apart. It is believed
that the main reason for the level splitting is the quantum
effect interactions between atoms. The absence of Ga atoms
destroys the periodic structure of the perfect GaN. N atoms
superposition and hybridization with Ga cause Ga3d states
split below valence band in GaN:𝑉Ga.
3.3. Influence of Defects on the Optical Properties of GaN.
Adiabatic approximation and single electron approximation
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are usually used in the interaction between light and solid.
The phonon indirect transition can be neglected using the
single electron approximation. Only electronic excitation is
considered [15]. Complex permittivity is 𝜀(𝜔) = 𝜀1(𝜔) +𝑖𝜀2(𝜔) and complex refractive index is𝑁(𝜔) = 𝑛(𝜔) + 𝑖𝑘(𝜔),
which can describe the linear response of the system to the
photoelectric field in thewavelet vector.The imaginary part of
the dielectric constant can be deduced according to the direct
transition probability and dispersion relationship [16]:

𝜀2 (𝜔) = 𝐶𝜔2∑
𝐶,𝑉

∫
𝐵𝑍

2
(2𝜋)3
𝑀𝐶𝑉 (𝐾)2

× 𝛿 (𝐸𝑘𝐶 − 𝐸𝑘𝑉 − ℎ𝜔) 𝑑3𝐾.
(1)

The subscripts of 𝐶 and 𝑉 are the conduction band and
valence band, respectively. BZ is the first Brillouin zone.
𝐾 is the electron wave vector. 𝑀𝐶𝑉(𝐾) is the transition
matrix element. 𝐸𝐾𝐶 and 𝐸𝐾𝑉 are the intrinsic levels of the
conduction band and valence band. Formula (1) provides
the basic theoretical basis for the analysis of the structure
and optical properties of crystal. It reflects the luminescence
mechanism of the electronic transitions between levels. The
spectra are generated by electronic transitions between levels.
Each dielectric peak can be explained by band structure and
density of states [17].

The imaginary dielectric functions of the pure GaN and
vacancy defect GaN are given in Figure 6. It can be seen from
Figure 6 that a very strong peak appears in the range of 5–
10 eV. The principal peak of pure GaN is located at 5.89 eV.
It is supposed to be caused by the Ga3d or N2p electrons
transition to lower levels. The principal peak in GaN:𝑉N
and GaN:𝑉Ga shifts to higher energy regions slightly. The
spectrum shows blueshift.The intensity of the principal peak
is weakened. This is due to the lattice relaxation induced by
vacancy in GaN.There is no dielectric peak in 0–2 eV in pure
GaN. But dielectric peak is found at about 0.82 eV in GaN:𝑉N
and GaN:𝑉Ga. And the peak in GaN:𝑉N is stronger. This
peak comes from the transition between valence band and
conduction band.The peak at 2.83 eV in the pure GaN should
be N2p electrons transition from valence band maximum to
conduction band. There is deviation between the peak and
energy gap, which is probably related to the relaxation effect
of N2p electrons transition. The peak becomes a rising edge
and shifts to higher energy regions in GaN:𝑉N. It is consistent
with the band gap increase in GaN:𝑉N. Ga vacancy will
introduce a deep acceptor level near the Fermi level. So the
peak at 2.83 eV in GaN:𝑉Ga is considered to be the transition
between the conduction band and the deep acceptor level.
Ga vacancy was once believed to be the source of yellow
light (2.2–2.8 eV) [18]. The peaks are the same at 10.97 eV
and 18.22 eV in pure and vacancy GaN. The peak at 10.97 eV
may be the Ga3d or N2s electrons transition between the
valence band above and below. The peak at 18.22 eV should
be the Ga3d transition between the valence band below
and the conduction band. Most electrons in valence band
below jump to valence band above in the first and then
transit from valence band above to conduction band. There
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Figure 6: The imaginary part of the complex dielectric function of
the pure and vacancy defects GaN.

are few electrons transitioning from valence band below to
conduction band directly. So the peak is very weak.

4. Conclusions

The electronic structure and optical properties of pure GaN
and GaN:𝑉N, GaN:𝑉Ga have been investigated by means of
plane wave pseudopotential method (PWP) with generalized
gradient approximation (GGA). The vacancy defects make
lattice constant change and band gap increase. The valence
and conduction band shift to lower energy regions obviously
in GaN:𝑉N compared with pure GaN. The valence band
moves to higher energy regions in GaN:𝑉Ga. Vacancy makes
the density of state decrease obviously in the valence band
below of GaN. The peak decreases more in the GaN:𝑉Ga.
Ga4s electron states decide the conduction band minimum
and the valence band maximum is determined by N2p states
in pure GaN, GaN:𝑉N, and GaN:𝑉Ga. Optical properties are
induced by vacancy defects. New dielectric peaks appear in
lower energy regions in GaN:𝑉N and GaN:𝑉Ga. The peaks
are produced by electronic transitions from the valence band
to the conduction band. Compared with pure GaN, the
principal peaks in GaN:𝑉N and GaN:𝑉Ga shift to higher
energy region slightly. At the same time, the intensity is
weakened and blueshift happened.
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The xLiMnPO4⋅yLi3V2(PO4)3/C (x/y = 1 : 0, 12 : 1, 8 : 1, 6 : 1, 4 : 1, 0 : 1) composite cathode materials are synthesized using tributyl
phosphate as a novel organic phosphor source via a solid-state reaction process. All obtained xLiMnPO4⋅yLi3V2(PO4)3/C
composites present similar particles morphology with an average size of ca. 100 nm and low extent agglomeration. The
electrochemical performance of pristine LiMnPO4/C can be effectively improved by adding small amounts of Li3V2(PO4)3
additives. The 4LiMnPO4⋅Li3V2(PO4)3/C has a high discharge capacity of 143mAh g−1 at 0.1 C and keeps its 94% at the end of
100 cycles.

1. Introduction

Recently, 4 V olivine-structured LiMnPO4 and monoclinic
Li3V2(PO4)3 attract much attention as polyanionic cathode
materials for lithium ion batteries because of their superior
thermal and cycling stabilities [1–4]. LiMnPO4, owing to the
outstanding advantages of low cost and nontoxicity, exhibits
more attraction than Li3V2(PO4)3 for use in power batteries
and energy storage systems. However, the one-dimensional
Li+ transport pathway in LiMnPO4 crystal restricts its elec-
trochemical performance at high charge-discharge currents
[5]. By contrast, the open three-dimensional pathway in
Li3V2(PO4)3 crystal enables fast Li

+ migration, resulting in
the high rate capability [6]. However, the relatively high cost
of raw materials for Li3V2(PO4)3 hinders its large amount of
industrial production.

More recently, several reports have proved that the
electrochemical activity of bulk LiMnPO4 can be effec-
tively enhanced by incorporating with a small amount of
Li3V2(PO4)3 additives [7–9]. On one hand, the structure
modification of V doping at Mn sites can increase the
electronic and ionic transport speed of LiMnPO4 phase

[10–12]. On the other hand, the homogeneous dispersion
of Li3V2(PO4)3 crystallites in LiMnPO4 body reduces Li-
diffusion distance in the LiMnPO4[13]. Li et al. [14] pre-
pared (1 − 𝑥)LiMnPO4⋅xLi3V2(PO4)3/C composites through
a sol-gel route, and 0.5LiMnPO4⋅0.5Li3V2(PO4)3/C showed
the highest discharge capacity of 135mAh g−1 at 0.1 C.
Zhang et al. [15] synthesized LiMnPO4⋅Li3V2(PO4)3/C using
rod-like MnV2O6⋅4H2O as precursor, which provided a
reversible capacity of 126mAh g−1 at 0.1 C. Chen et al. [16]
reported the synthesis of 0.95LiMn0.95Fe0.05PO4⋅Li3V2(PO4)3
composite, which exhibited capacity of 176mAh g−1 at
0.05 C and retained 112mAh g−1 after 50 cycles. Qin et
al. [17] synthesized the LiMnPO4-Li3V2(PO4)3/C compos-
ite materials at the sintering temperature of 600∘C. The
0.6LiMnPO4⋅0.4Li3V2(PO4)3 exhibits the highest discharge
capacity of 126mAh g−1 at 0.1 C, against 76mAh g−1 for
the pristine LiMnPO4/C. Similarly, the synergistic effect of
LiFePO4 and Li3V2(PO4)3 on physical and electrochemical
behaviors is extensively investigated in recent studies [18–24].

It is noteworthy that the particle size, carbon layer, and
phase distribution strongly affect the electrochemical activity
of LiMnPO4-Li3V2(PO4)3 composite. In this paper, we use
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Figure 1: XRD patterns of the xLMP⋅yLVP/C samples.

tributyl phosphate as a novel organic phosphor source to syn-
thesize a series of xLiMnPO4⋅yLi3V2(PO4)3/C (abbreviated as
xLMP⋅yLVP/C) composites by ball-milling followed by sin-
tering process. The physical and electrochemical properties
of LiMnPO4-based composites with different Li3V2(PO4)3
amounts are studied in detail.

2. Experimental

Stoichiometric Li2CO3, Mn(CH3COO)2⋅4H2O, V2O5,
(C4H9O)3PO, and glycine were used as raw materials.
Glycine acted as carbon source and the carbon amount
of final products was controlled about 5wt%. Appropriate
quantities of reactants were ball-milled in ethanol for 6 h at
350 rpm. The obtained mixture was dried at 70∘C and then
heated at 700∘C under Ar atmosphere for 10 h to yield the
xLMP⋅yLVP/C (x/y = 1 : 0, 12 : 1, 8 : 1, 6 : 1, 4 : 1, 0 : 1) cathode
materials.

X-ray diffraction study was performed on X’pert Pro
diffractometer equipped with Cu K𝛼 radiation at 30mA
and 40 kV. Field-emission scanning electronmicroscope (FE-
SEM, HITACHI-S4800) and high-resolution transmission
electron microscope (HRTEM, JEOL-2100F) were used to
investigate the morphology, crystal structure, and elemental
distribution of the samples. The residual carbon amount was
evaluated by PE 2400 elemental analyzer.

The electrochemical properties were studied by charge-
discharge cycling using CR2016 coin-type cells. The cath-
ode materials comprised xLMP⋅yLVP/C, acetylene black,
and poly(vinylidene fluoride) with a weight ratio of 8 : 1 : 1.
Lithium-foil is used as anode, Entek ET20-26 microporous
membrane as separator, and 1M LiPF6 in ethylene car-
bonate/dimethyl carbonate (1 : 1, volume) as electrolyte. The
assembled cells were cycled on a LANHE CT2001 battery
testing systemwith a constant current-constant voltagemode
between 2.0 and 4.5 V at 25∘C. Cyclic voltammetry (CV)
was conducted on a Chenhua CHI650D electrochemical
workstation at a sweep rate of 0.1mV s−1.

3. Results and Discussion

Figure 1 shows the XRD patterns of the as-prepared compos-
ites.The diffraction peaks in the sample with x/y = 1 : 0 can be
assigned to olivine LiMnPO4 (space group Pnmb, JCPDS 74-
0375) [1]. As x/y = 0 : 1, all peaks can be indexed tomonoclinic
Li3V2(PO4)3 (space groupP21/n, JCPDS 47-0107) [22].When
x/y = 12 : 1, 8 : 1, 6 : 1, and 4 : 1, the diffraction peaks of
xLMP⋅yLVP/C consist of LiMnPO4 and Li3V2(PO4)3 phases
without any crystalline impurity. The diffraction peaks of
Li3V2(PO4)3 become stronger with increasing Li3V2(PO4)3
amount. No detectable reflections for graphitic carbon are
observed, which suggests that carbon in all composites is
amorphous.

Figure 2 compares the powder morphologies of LMP/C,
8LMP⋅LVP/C, 4LMP⋅LVP/C, and LVP/C samples. All sam-
ples exhibit narrow particle size distribution with an average
size of ca. 100 nm. Tributyl phosphate is a liquid organic
molecule, compared with solid NH4H2PO4, which can favor-
ably disperse in the precursors during ball-milling process.
The decomposition of tributyl phosphate releases gas and
forms some in situ carbon layer on the surface of xLMP⋅yLVP
nuclei during the heating step. This effectively prevents the
aggregation of small primary particles and further growth.

TEM image of 4LMP⋅LVP/C in Figure 3(a) displays that
the primary 4LMP⋅LVP nanoparticles are connected by
amorphous carbon. The corresponding elemental mappings
forMn, V, and P illustrate that the LiMnPO4 particle contains
Li3V2(PO4)3 phase and the Li3V2(PO4)3 particle contains
LiMnPO4 phase (Figures 3(b)–3(d)). The atomic ratio of
Mn/V/P presented in EDS spectrum basically accords with
the theoretical value of 4LMP⋅LVP/C (Figure 3(e)). HRTEM
image of 4LMP⋅LVP/C in Figure 3(f) shows that the particle
surface is fully coated with amorphous carbon layer. The 𝑑-
spacing values of 0.524 and 0.352 nm correspond to the (020)
and (111) crystalline planes of LiMnPO4, respectively, whereas
the𝑑-spacing value of 0.431 nm is attributed to the (020) plane
of Li3V2(PO4)3. The results demonstrate that both LiMnPO4
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Figure 2: SEM images of LMP/C (a), 8LMP⋅LVP/C (b), 4LMP⋅LVP/C (c), and LVP/C (d) samples.

and Li3V2(PO4)3 nanocrystals coexist in the 4LMP⋅LVP/C
particles.

Figure 4 displays the typical charge-discharge and cycle
life profiles of the xLMP⋅yLVP/C samples at 0.1 C. As
shown in Figure 4(a), the LMP/C gives one reversible volt-
age plateau nearby 4.1 V associating with the phase tran-
sition of LiMnPO4 ↔MnPO4, while the LVP/C presents
three reversible voltage plateaus nearby 3.6 V, 3.7 V, and
4.1 V corresponding to the sequential phase transitions of
Li3V2(PO4)3↔Li2.5V2(PO4)3↔Li2V2(PO4)3↔LiV2(PO4)3,
respectively [9]. As to the xLMP⋅yLVP/C composites, the
distinct voltage plateaus of both LiMnPO4 and Li3V2(PO4)3
are observed. Furthermore, the electrochemical polarization
of LiMnPO4 is effectively alleviated by Li3V2(PO4)3 additive,
especially in the 4LMP⋅LVP/C composite. The discharge
capacities of xLMP⋅yLVP/C composites with various x/y of
12 : 1, 8 : 1, 6 : 1, and 4 : 1 are 115, 124, 131, and 143mAh g−1,
respectively, much higher than that of LMP/C (102mAh g−1).
Figure 4(b) describes the cycle life profiles of the composite
samples. After 100 cycles at 0.1 C, the capacity retention
for LMP/C, 12LMP⋅LVP/C, 8LMP⋅LVP/C, 6LMP⋅LVP/C, and
4LMP⋅LVP/C is 98%, 96%, 95%, 95%, and 94%, demonstrat-
ing good cycling stability. By contrast, the LVP/C provides
relatively lower capacity retention of 90% than the LMP-
based composites, in spite of delivering the largest initial
discharge capacity of 155mAh g−1. Here, the capacity fade of
xLMP⋅yLVP/C can be ascribed to the irreversible structural

changes of Li3V2(PO4)3 when cycling a part of the third Li+
beyond 4.3 V [17].

Figure 5 exhibits the discharge rate profiles of LMP/C and
4LMP⋅LVP/C samples ranging from 0.1 C to 2C. Obviously,
the discharge capacities of 4LMP⋅LVP/C remarkably surpass
that of LMP/C at various rates. Moreover, the 4LMP⋅LVP/C
can retain much higher discharge voltage plateau than
LMP/C at high rates, such as at 1 C and 2C. According to
the HRTEM and EDS analysis in Figure 3, the LiMnPO4
primary particle is further divided by a small amount
of Li3V2(PO4)3 nanocrystals, which shortens Li-diffusion
distance in LiMnPO4 body resulting in the superior rate
capability.

Figure 6 shows the typical cyclic voltammetry profiles
of the xLMP⋅yLVP/C electrodes between 3.0 and 4.5 V. One
redox couple peak at 3.92/4.33 V for LMP/C belongs to the
reaction of Mn2+ ↔Mn3+. Meanwhile, three redox couple
peaks at 3.56/3.61, 3.64/3.69, and 4.02/4.11 V for LVP/C cor-
respond to the reaction of V3+↔V4+. For the 12LMP⋅LVP/C,
8LMP⋅LVP/C, 6LMP⋅LVP/C, and 4LMP⋅LVP/C samples,
the redox couple peaks of LiMnPO4 and Li3V2(PO4)3 are
both detected. More importantly, the interval between the
Mn2+/Mn3+ redox potential peaks decreases from 0.41 V of
LMP/C to 0.33V of all LMP-LVP/C composites. The CV
results coincide with the charge-discharge profiles, which
reveals that the electrochemical activity and reversibility of
LiMnPO4 are improved by incorporating with Li3V2(PO4)3.



4 Journal of Nanotechnology

300 nm
(a)

300 nm

Mn

(b)

300 nm

V

(c)
300 nm

P

(d)

In
te

ns
ity

 (k
cn

t) Element At%

P 15.34%

V 4.26%

Mn 8.10%

Mn
Mn

MnMn

CC

P
P CuCu Cu

Cu
Cu

V
V

V

V

O

O

0 5 10

Energy (KeV)

(e)

(111)

LMP

LMP

(020)

Carbon

LVP

(020)
d = 0.431nm

5nm

d = 0.524 nm

d = 0.352nm

(f)

Figure 3: Elemental mappings for Mn, V, P ((a)–(d)); EDS spectrum (e); HRTEM image of 4LMP⋅LVP/C (f).



Journal of Nanotechnology 5

LMP : LVP

20 40 60 80 100 120 140 160 180 2000

Capacity (mAh g−1)

2.0

2.5

3.0

3.5

4.0

4.5

Vo
lta

ge
 (V

)

8 : 1
12 : 1
1 : 0

0 : 1
4 : 1
6 : 1

(a)

LMP : LVP

20 40 60 80 1000

Cycle number 

8 : 1
12 : 1
1 : 0

0 : 1
4 : 1
6 : 1

60

80

100

120

140

160

180

D
isc

ha
rg

e c
ap

ac
ity

 (m
A

h
g−

1
)

(b)

Figure 4: The charge-discharge capacity profiles (a) and cycle life profiles (b) of xLMP⋅yLVP/C at 0.1 C.
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4. Conclusions

In summary, the xLMP⋅yLVP/C nanoparticles are synthe-
sized via a facile solid-state method using tributyl phosphate
as phosphor source and glycine as carbon source. The use of
tributyl phosphate is favorable for the formation of granular
morphology with small particle size. XRD, HRTEM, and
EDS mapping results indicate that the composites consist
of LiMnPO4 and Li3V2(PO4)3 phases, and the Li3V2(PO4)3
nanocrystals disperse in the LiMnPO4 body particle. Among

the LMP-LVP/C composites, the 4LMP⋅LVP/C delivers the
largest discharge capacity of 143mAh g−1 at 0.1 C along with
superior rate capability and satisfactory cycle life. The LMP-
LVP/C composite is promising as high-performance cathode
material for rechargeable lithium batteries.
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