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Scientists and engineers are interested in comprehending
and improving the physical and chemical properties per-
formance of nano-, ceramic, and metallic materials for
their applications. This special issue compiles 9 exciting
manuscripts,most of which are using nanoparticles and func-
tional nanofluids to improve the performance and efficiency
of engineering technology and applications.

The modification of nanoparticles synthesized
approaches and applications between multiple engineering
technology is addressed in four manuscripts. One interesting
topic of nanoparticles in chemical mechanical polishing
(CMP) technology to improve the efficacy of polishing steel
substrate is addressed by M. J. kao et al. A nanopowder of
SiO
2
was compounded into polishing slurry for the CMP

of steel substrate. Their results indicated the roughness
of the steel substrate strongly depends on the size of the
abrasive, and the surface roughness decreases as the abrasive
size declines. The paper by C. Y. Wu et al. provided a new
approach for synthesized centrally hollow microspheres of
zinc and employed the permanent floating of zinc particles
as flowing anode of zinc-air fuel cell. Their paper provides
a detailed performance test of this novel zinc-air fuel cell.
V. Loryuenyong et al. described the method to produce
titania (TiO

2
) and controlled the porosity and particle size

of TiO
2
nanoparticles with different quantities of activated

carbon. Their results showed that the specific surface area of
TiO
2
is increased with increasing activated carbon content.

Meanwhile, the photocatalytic activity of porous TiO
2
and its

reduction efficiency are determined by hexavalent chromium
(Cr6+) reduction rate and optimized ultraviolet illumination,
respectively. The paper by H. Zhang et al. studied the effect
of CeO

2
powders on the defect of MgO-CaO refractories.

Their results showed the addition of CeO
2
increased the

lattice constant of CaO, and the bulk density of the samples
increased while apparent porosity decreased.

Three of the manuscripts dealing with the ceramics
materials, nanoparticles, and numerical stimulation for the
energy-savings performance and efficacy are addressed.
Enhancing the pool boiling heat transfer efficiency is one
of the important methods to solve the high power density
system’s cooling problems. Since the bubble formation and
particle size are two factors related to surface wettability, C.-
T. Yang and C.-C. Yu deal with the issues with modified
aluminum surface withmicro/nanoparticles. Vacuum freeze-
drying technology is applicable to the process of high heat-
sensitive products. The uniformity and efficiency of heat
transfer fluid temperature in shelf are critical concerning
improving the quality of high heat-sensitive products. The
paper by H.-p. Cheng et al. addressed the issues with the
three-dimensional numerical stimulation of the shelf vacuum
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freeze-drying process. The influences of different inlet and
outlet positions for shelves on the uniformity of the flow
rate and temperature were discussed.Meanwhile, the impacts
on the temperature gradient of shelves after heat exchange
of different flow rates and low temperature materials are
well explored in great depth. The paper by S. Mohammadi
explores the phenomenon of polarization fatigue in ferroelec-
tric materials and measures the effect of this phenomenon
using PZN-4.5PT single crystal.

Last, two manuscripts addressed the nanofluids applica-
tions. M.-J. Kao proposed and developed an arc-submerged
nanoparticle synthesis system (ASNSS) for fabricating Ni/Ag
nanocompound fluid. The detailed properties analysis of the
nanocompound fluid was provided. The experiment results
showed that the Ni/Ag nanofluid not only preserves the mag-
netic character of the nickel and the ability of silver to absorb
visible light but also enhances the thermal conductivity. The
paper by T. Y. Chen et al. described the effect of the cationic
chitosan dispersant on the thermal conductivity, dispersion,
and suspension of 15 nmAl

2
O
3
/water nanofluid.The cationic

chitosan dispersant was shown to improve the dispersion and
suspension of nanofluid. A better performance of thermal
conductivity was foundwhen comparedwith nanofluidwhen
adding cationic chitosan dispersant.

By compiling these papers, we hope to enrich our readers
and researchers with respect to these exciting, insightful
observations of nano-, ceramic, and metallic materials appli-
cations on various engineering. We hope that this special
issue would attract major attention of the peers.
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Vacuum freeze-drying technology is applicable to the process of high heat-sensitive products. Due to the long drying period
and extremely low processing temperature and pressure, the uniform and efficiency of heat transfer fluid temperature in shelf
are critical for product quality. Therefore, in this study, the commercial computer fluid dynamics (CFD) software, FLUENT, was
utilized for three-dimension numerical simulation of the shelf vacuum freeze-drying process. The influences of different inlet and
outlet positions for shelves on the uniformity of the flow rate and temperature were discussed. Moreover, it explored the impacts
on the temperature gradient of shelves after heat exchange of different flow rates and low temperature materials. In order to reduce
the developing time and optimize the design, the various secondary refrigerants in different plies of shelves were investigated.
According to the effect of heat exchange between different flow rates and low temperature layer material shelves on the temperature
gradient of shelves surface, the minimum temperature gradient was 20 L/min, and the maximum was 2.5 L/min.

1. Introduction

Vacuum freeze-drying technology is widely used for manu-
facturing pharmaceuticals. The requirements of this technol-
ogy are process optimization and long-term storage stability.
There are three stages in the complete vacuum freeze-drying
process, such as freezing, primary drying, and secondary
drying. Most of the water is frozen to the ice during the
freezing stage, and then the ice is removed by sublimation
during the primary drying stage. During the secondary
drying stage, the temperature is usually elevated to remove
the residual water of the products [1, 2]. Due to the extremely
rigor conditions of vacuum freeze-drying process, such as low
temperature, high vacuum, and long processing period, the
process stability and efficiency would be crucial for product
quality.

In the vacuum freeze-drying process, before all the ice is
removed from the product, increasing the shelf temperature
into the secondary drying would likely cause collapse or
eutectic melt of the products. Therefore, the controllability
of the temperature of the heat-transfer fluid in the shelf

is very important for product quality during the freeze-
drying process. Many studies would like to find out how the
temperature of the heat-transfer fluid in the shelf affected
the freeze-drying process. Liapis and Bruttini [3] constructed
the operational control policies by the presented exergy
expressions to minimize the irreversibilities occurring in a
freeze-drying system and enhance the efficiency of energy
utilization in lyophilization. Patel et al. [4] measured the
temperature of 5%mannitol and 5% sucrose by thermocouple
to determine the setting shelf temperature and understood
the time of primary drying end by product temperature.
Gieseler et al. [5] investigated the better drying parameters
by measuring the total amount of removed water from the
product of pure water and a 5% (w/w) mannitol at different
pressure and shelf temperature settings, performed in both
laboratory and pilot scale freeze dryers. For the pharmaceu-
tical and protein formulations, the collapse temperature and
the thermal transition were utilized to find out the optimal
heat-transfer fluid temperature of shelf and chamber pressure
settings required to achieve the target product temperature
[6, 7]. For food products, Sablani and Rahman [8] indicated
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that the heat-transfer temperature of shelf maintained in
−45∼15∘C during primary drying process would result in the
best quality of drying abalone, potato, and brown dates.

From the above literatures, one can see that the heat-
transfer fluid temperature of shelf is one of the most impor-
tant factors in drying process. Therefore, some technologies,
such as manometric temperature measurement (MTM), had
been used to determine the optimal shelf temperature, and
the expert system was utilized to estimate the required shelf
temperature for maintaining product temperature [9, 10]. In
addition, some studies employed the finite element analysis
for 2D simulation of sublimation and heat transfer [11, 12],
discussing the contact heat transfer between shelf and glass
bottle [13, 14] and investigating the temperature distribution
between glass bottle and product during the drying cycle
[15, 16].However, the rare literature discussed the flowpattern
of fluid inside shelves, design of shelves, and effect of fluid
flow and temperature.

The objective of this paper is to investigate the heat
transfer rate of the fluid in shelf by using CFD method.
Several factors, such as the location of inlet and outlet of the
fluid in shelf andmass flow rate, are also discussed in order to
improve the efficiency of shelf for the laboratory scale vacuum
freeze-drying system.

2. Operating Conditions

In this paper, a commercial CFD software, FLUENT, was
adopted to simulate all heat transferring processes in the
heat exchanger, in order to optimize the design. Shelf is
one of the most important devices in the vacuum freeze-
drying system, because of its capability to heat and cool
the products. Therefore, several designs and their operating
procedures will be investigated in the study.The efficient shelf
is able to reduce the required energy of vacuum freeze-drying
equipment during drying process and uplifting the quality of
dried product. The 50% ethylene glycol solution flowing into
the shelf served as the secondary refrigerant. Figure 1 shows
the schematic drawing of the freeze-drying system, including
(a) vacuum chamber, (b) shelf, (c) cold trap, (d) vacuum
pump, (e) heat exchanger, (f) condensers, (g) expansion valve,
and (h) compressors.

This study would focus on numerical simulation of the
flow field and heat-transfer fluid properties conducted for
internal flow channel of shelves, including different inlet
positions and inlet velocities. The simulation included five
cases, as shown in Figure 2 for the detail schematic drawings.
Case 1 is the geometric shape of the shelves of vacuum freeze-
dryingmachine.The inlet position is at the top, and the outlet
position is at the bottom, as shown in Figure 2(a). For Case
2, the inlet position is at the bottom, and the outlet position
is at the top, as shown in Figure 2(b). For Case 3, both the
inlet and outlet are at the bottom, as shown in Figure 2(c).
For Case 4, both the inlet and outlet are at the top, as shown
in Figure 2(d). For Case 5, the increased part is at the bottom,
and inlet and outlet are both at the bottom, as shown in
Figure 2(e).

c

b

d

a

e

f

g

h

Figure 1: Schematic drawing of the freeze-drying system.

2.1. Boundary Conditions. A CFD software, FLUENT, was
adopted to simulate the heat exchanging process. Several
assumptions during the simulation were made as follows:
(1) steady-state flow field; (2) the viscous model uses Lam-
inar; (3) the pressure-velocity coupling uses Simple; (4) the
convection-diffusion term uses First Order Upwind; (5) the
material is maintained at a constant temperature of 233 K in
the computational process.

The numbers of grids in Case 1 to Case 4 were 1304471
and that in Case 5 were 1308602.The computing range under
hypothetical simulation conditions covered one inlet, one
outlet, and liquid entering into shelves, while others were
solid boundaries. The pipes through the shelves were set
as square pipes after hydraulic diameter calculation, so that
grids in GAMBIT were used as a hex map. The grids were
1mmper unit in𝑋-direction after grid testing, 2mmper unit
in𝑌-direction, and 2mmper unit in𝑍-direction, as shown in
Figure 3.The three-dimensional graphics of shelves and shelf
flow channel as shown in Figure 3(a) and the grids exterior
were shown in Figure 3(b) to Figure 3(d).

The boundary conditions of Cases 1 to 5 are as follows. (1)
Inlet and outlet boundaries: the boundary condition of inlet is
set as velocity inlet; the inlet velocities are 2.5 L/min, 5 L/min,
10 L/min, and 20 L/min, respectively; the inlet temperature
was fixed at 253K; the outlet boundary was set as outflow;
(2) heat transfer fluid entering shelves: the fluid boundary
condition settings adopt a 50% ethylene glycol solution;
the fluid properties had density of 1085 kg/m3, specific heat
of 3490 J/kg-K, heat transfer coefficient of 0.42w/m-k, and
viscosity coefficient of 0.029 kg/m-s; (3) solid boundary: this
solid boundary was set as a wall; the material was steel, and
the wall surface was set as heat flux; it was assumed that
the top contacts low temperature material was at a preset
temperature of 233K.

2.2. Method of Analysis. For simulating the freeze-drying
process of heat transfer fluid in shelf, determination of flow
patterns is the first step. Reynolds number is usually adopted
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Figure 2: Geometric shapes of (a) Case 1, (b) Case 2, (c) Case 3, (d) Case 4, and (e) Case 5.

to predict the flow patterns in different flow situations. It can
be calculated as

Re =
𝜌𝑉𝑑

𝑖

𝜇

, (1)

where 𝜌 is the density (kg/m3), V is the average velocity
(m/s), 𝑑

𝑖
is the hydraulic diameter (m), and 𝜇 is the viscosity

(kg/m-s).

In this study, the heat transfer fluid in the shelf uti-
lized ethylene glycol solution, with a concentration ratio of
50%. Its thermodynamic properties are 𝜌 = 1089 kg/m3,
𝑑

𝑖
= 7.92mm, and 𝜇 = 0.0265 kg/m-s. These thermo-

dynamic properties varied with environmental temperature,
according to the source of the thermodynamic properties of
NIST (National Institute of Standards and Technology). The
Reynolds number of the heat transfer fluid in the shelf can be
calculated according to (1). The calculated Reynolds number
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Figure 3: Three-dimensional graphics of shelves and shelf flow channel: (a) overall dimensions of shelves and flow channel structure; (b)
local grid structure distribution; (c) side view of overall grid structure distribution; (d) top view of overall grid structure distribution.

was 12, which is less than 2300. According to the calculated
Reynolds number, the inlet flow is decided as the laminar.
Thus, the CFD simulation for all the cases was according to
the laminar model.

2.3. Heat Transfer Rate. This study would focus on the heat-
transfer fluid in shelf and heat exchange with freeze products.
Therefore, the heat transfer rate was calculated as

𝑄

𝑐
= ℎ

𝑐
𝐴

𝑠
(𝑇

𝑠
− 𝑇

𝐴
) ,

(2)

where𝑄
𝑐
is the heat transfer rate, ℎ

𝑐
is convective heat transfer

coefficient, 𝐴
𝑠
is the body surface area, 𝑇

𝑠
is the body wall

surface temperature, and 𝑇
𝐴
is the ambient temperature.

For calculating 𝑄
𝑐
, the Nusselt number was calculated

first. It can be calculated as

Pr =
𝐶

𝑝
𝜇

𝑘

,

(3)

where Pr is the Prandtl number, 𝐶
𝑝
is the specific heat

(j/kg-k), 𝜇 is the viscosity (kg/m-s), and 𝑘 is the thermal
conductivity (w/m-k).The Prandtl number was located in the
range of 0.48<Pr < 16700.

The laminar Nusselt number equation is used for calcu-
lating ℎ

𝑐
as follows:

Nu =
ℎ

𝑐
𝐷

𝑘

= 1.86(

𝑉𝐷𝜌

𝜇

)

1/3

(

𝐶

𝑝
𝜇

𝑘

)

1/3

(

𝐷

𝐿

)

1/3

(

𝜇

𝜇

𝑤

) ,

(4)

where Nu is the Nusselt number, ℎ
𝑐
is the convective heat

transfer coefficient (W/m2-K), 𝐷 is the hydraulic diameter
(m), 𝑘 is the thermal conductivity (w/m-k), 𝑉 is the velocity
(m/s), 𝜇 is the viscosity (kg/m-s), 𝜇

𝑤
is the wall viscosity

(kg/m-s), 𝜌 is the density (kg/m3), 𝐶
𝑝
is the specific heat

(j/kg-k), and 𝐿 is the characteristic length (m).

3. Results and Discussion

For the laboratory scale vacuum freeze-drying system, most
of the process is carried out on the shelves. How to provide
heat equally and efficiently on the shelves during the freeze-
drying process would be crucial for product quality. There-
fore, in five different types design of shelves, two problems are
discussed: (1) the effect of different inlet and outlet positions
on the same flow rate and temperature when the fluid flows
into different plies of shelves; (2) the effects of different
flow rates on the same temperature gradients of shelves after
heat exchange between fluid in shelves and low temperature
material.

In the application of a laboratory scale vacuum freeze-
drying machine, only the first and second plies of shelves
are used, the third ply is mostly idle. Therefore, only the
temperature, velocity, and heat transfer rate distribution of
the first and second plies are considered in this study. The
results of the third ply are used as a reference.

The simulated results were shown in Figure 4. In Fig-
ure 4, the flow rate of the shelves was 2.5 L/min, In Case 1,
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Figure 4: Variation of heat transfer rate with respect to inlet velocity
at 2.5 L/min in various cases.
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Figure 5: Variation of heat transfer rate with respect to inlet velocity
at 5 L/min in various cases.

the difference of inlet velocity between the first ply and the
third ply of the shelf is small. The performances of 𝑄

𝑐
for

the first and second plies were 386.689W and 388.015W,
respectively.The difference between the first and second plies
was 1.326W. At the flow rate of 2.5 L/min in Case 4, the
first and the second plies have the same inlet velocity of
1.154m/s, and the inlet velocity of third ply was 1.144m/s.
The distribution of heat transfer rate 𝑄

𝑐
for the first, second,

and third plies was 390.728W, 390.035W, and 389.098W,
respectively. The difference of heat transfer rate 𝑄

𝑐
between

the first and second plies was 0.693W, and the difference
of the third ply is 1.63W. The heat transfer rate of the
three shelves in Case 4 was more uniform than other cases.
Therefore, when the flow rate was 2.5 L/min, it was suggested
to use the geometricalmodel ofCase 4 as the reference design.

In Figure 5, the inlet flow rate was set as 5 L/min. The
inlet velocities of the first, second, and third plies of shelf in
Case 1 were 1.909m/s, 1.855m/s, and 1.929m/s, respectively.
In terms of performance in heat transfer rate 𝑄

𝑐
, the heat

transfer rate of the first, second, and third plies was 494.631W,
491.430W, and 496.265W, respectively.The difference of heat
transfer rates between the first and second plies was 4.551W.
In Case 3, the heat transfer rates 𝑄

𝑐
of the first, second,

and third plies were 496.524W, 493.756W, and 500.159W,
respectively.The difference between the first and second plies
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Figure 6: Variation of heat transfer rate with respect to inlet velocity
at 10 L/min in various cases.

was 2.768W, which was the smallest difference. In addition,
the difference of heat transfer rate 𝑄

𝑐
between the first and

second plies of shelves inCase 5was 2.839W.Therefore, when
the inlet flow ratewas 5 L/min, Case 1 could be replaced by the
geometric shape of Case 3.

In Figure 6, the inlet flow rate was set as 10 L/min. The
simulating results of Case 1 show that the inlet velocity of
the first, second, and third plies was 3.859m/s, 3.531m/s, and
3.816m/s, respectively.The inlet velocity of the secondplywas
lower than that of the other two plies. In terms of distribution
of heat transfer rate 𝑄

𝑐
, the first, second, and third plies

were 634.513W, 619.403, and 633.628W, respectively. The
difference of 𝑄

𝑐
between the first ply and the second ply was

14.228W. In the other cases, the differences of 𝑄
𝑐
between

the first and second plies in Cases 2, 3, and 4 were 11.392W,
15.535W, and 13.258W, respectively. The differences in these
cases were above 10W. However in Case 5, the difference of
𝑄

𝑐
between the first and second plies was only 5.553W, which

was the smallest among all the cases.Therefore, when the flow
rate was 10 L/min, the geometric shape of Case 5 could be
used for the design.

In Figure 7, the inlet flow rate was set as 20 L/min. The
shelf inlet velocities of the first and second plies were similar
in Case 5. The inlet velocities of the first and second plies
were 7.767m/s and 7.678m/s, respectively. Their difference
was only 0.089m/s, and the difference in other cases was
above 0.357m/s. For heat transfer rate 𝑄

𝑐
, the difference was

only 4.631W in Case 5, and the difference in the other cases
was 16.641W∼13.435W. Therefore, when the flow rate was
20 L/min, the geometric shape of Case 5 was suggested.

The simulating results have a closer relationship between
temperature gradient and heat flow rate in all the cases.
Average results of all the cases were shown in Figure 8.
In the flow rate range from 2.5 L/min to 20 L/min, the
temperature gradient decreased from 0.062 to 0.018 K/cm
monotonically, and the heat transfer rate increased from
388.7 to 775.5W monotonically. The flow rate had an
inverse linear relationship with the temperature gradient,
however, a positive linear relationship with the heat transfer
rate.
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4. Conclusions

Vacuum freeze-drying is a long-term process and has a close
relation to temperature.This study discussed the effect of dif-
ferent inlet and outlet positions under the same flow rate and
temperature of different plies of shelves and investigated the
influences of different flow rates under the same temperature
gradient of shelves after heat exchange between fluid and low
temperature material in the shelves. The conclusions are as
follows.

(1) When the flow rate was 2.5 L/min, the inlet velocities
of different plies of shelves are closest in Case 4.
The difference of heat transfer rate 𝑄

𝑐
between the

first and second plies was only 0.693W. This was the
preferred design for the cases of lower flow rates, and

it may result in similar quality of materials even with
different plies.

(2) AlthoughCase 1 was an actual case, when the flow rate
was 5 L/min, the results show that Case 3 was more
appropriate, and the difference between the first and
second plies was 2.768W.

(3) Case 5 has a better heat transfer rate when the flow
rateswere 10 L/min and 20 L/min.Theusers can adopt
the geometric shape of Case 5 when requiring the
higher flow rates. In addition, the heat transfer rate in
Case 5was similar to that of Case 3, when the flow rate
was 5 L/min. Therefore, the geometric shape of Case
5 allows a wide range of flow rates.

(4) The temperature gradient and heat transfer rate had a
close relationship with the flow rate.The flow rate had
an inverse linear relationship with the temperature
gradient, however, a positive linear relationship with
the heat transfer rate.

The above results can serve as references for future studies
on the geometric production of shelves and setting inlet flow
rates for different flow rates.
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The seedings of the substrate with a suspension of nanodiamond particles (NDPs) were widely used as nucleation seeds to enhance
the growth of nanostructured diamond films.The formation of agglomerates in the suspension of NDPs, however, may have adverse
impact on the initial growth period.Therefore, this paperwas aimed at the surfacemodification of theNDPs to enhance the diamond
nucleation for the growth of nanocrystalline diamond films which could be used in photovoltaic applications. Hydrogen plasma,
thermal, and surfactant treatment techniques were employed to improve the dispersion characteristics of detonation nanodiamond
particles in aqueousmedia.The seeding of silicon substrate was then carried out with an optimized spin-coatingmethod.The results
of both Fourier transform infrared spectroscopy and dynamic light scattering measurements demonstrated that plasma treated
diamond nanoparticles possessed polar surface functional groups and attained high dispersion in methanol. The nanocrystalline
diamond films deposited by microwave plasma jet chemical vapour deposition exhibited extremely fine grain and high smooth
surfaces (∼6.4 nm rms) on the whole film. These results indeed open up a prospect of nanocrystalline diamond films in solar cell
applications.

1. Introduction

Since chemical vapour deposition (CVD) diamond films
possess many outstanding properties of diamond with low
dimensional structure, they have increasingly attracted inter-
ests in the area of nanomanufacturing including semicon-
ductor, optics, biomedical, and biosensor engineering [1–6].
Also, due to other important features including transparency
over a wide spectral range, good thermal stability, and wear
resistance, the films have been considered as promising
candidates to replace silicon and metal in high performance
devices which operate in harsh environments. High quality
undoped CVD diamond films with n- and p-type charac-
teristics have been successfully manufactured by the most

common techniques including microwave plasma-enhanced
chemical vapour deposition (MPECVD) and hot filament
chemical vapour deposition (HFCVD) [7–10].

The CVD-deposited diamond film normally consists of
diamond grains and grain boundaries containing impurities
as well as nondiamond carbon phase. The diamond grains
and grain boundaries have significant effects on not only
the electrical properties, but also the surface roughness
of the diamond films. Obviously, high surface roughness
may hinder the performance of the diamond-based devices
such as MEMS, biosensor, and p-n junction-based device.
In a typical diamond film grown by CVD techniques, the
surface roughness is directly related to the diamond nucle-
ation enhancement which is also known as “pretreatment”
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procedure. Till now, the enhancement of the diamond
nucleation density for nondiamond substrate can be car-
ried out by various methods including spin-coating with
a diamond slurry, plasma precarburization, scratching with
Al
2
O
3
or diamond powders, ultrasonicating with mixture

of nanometal and nanodiamond particles (NDPs), and bias-
enhance nucleation. Among these, the method of spin-
coating with diamond slurry in air at room temperature
is inexpensive, environment friendly, and relatively simple;
thus it is appropriate for the growth of large-area diamond
film, reduces the production cost, and is suitable for the
commercial applications. It should be noted here that the size
of particle used for spin-coating procedure also influences
roughness of the diamond films, resulting in demand of a
highly dispersed aqueous suspension of diamond particles
with uniform and ultrafine particle size.

Commercial detonation NDPs with round shape are usu-
ally used for nucleation enhancement step in CVD diamond
growth [11]. It is well known that the significant impurities
from nondiamond carbon and metal existing in postsynthe-
sized carbon soot include NDPs and, however, lead to serious
aggregation phenomena of typical ND particles. In this study,
we employed various surface modification techniques to
improve the dispersion characteristics of NDPs in methanol
solution, aiming at the diamond nucleation enhancement
step in a typical CVD diamond growth process.

2. Experimental

Detonation diamond nanoparticles having 4–6 nm in mean
diameter were purchased from Fact Diamond Company, a
famous diamond manufacturing company. The NDPs were
first purified by an acid treatment procedure using an acid
mixture ofHNO

3
: H
2
SO
4
: H
2
O
2
= 1 : 1 : 3 in glass autoclave at

100∘C for 1 h with ultrasonicating enhancement. The purified
powderswere then rinsed in double-distilledwater for several
times until the disappearance of the dark-yellowish color of
the suspension, followed by recovery procedures using cen-
trifuged classification equipment and evaporation in room
temperature. The acid-treated diamond nanoparticles are
denoted as A-NDPs. The hydrogenation of A-NDPs was
carried out using MPECVD system with hydrogen plasma
excited at 600W and 60 Torr of microwave power and
working pressure, respectively. Thermal treatment process
was conducted on the A-NDPs at 550∘C under vacuum
ambient for 3 h. Also, in other experiments of A-NDPs
with surfactant, 50mg of diamond particles was dispersed
in 40mL (CH

2
)
4
O (tetrahydrofuran (THF)) as dispersion

media added by 30wt% oleylamine (OLA). In all examina-
tions of the dispersion of the diamond nanoparticles, the
diamond suspension was obtained using 0.75wt% NDPs in
methanol. The as-received suspensions were then employed
for the diamond nucleation enhancement using spin-coating
technique. In this study, diamond films were deposited
onto nucleated silicon substrate having size of 20 × 20 ×
1mm3 by microwave plasma jet chemical vapour deposition
(MPJCVD) system at 35 Torr and with gas mixture of 8%
CH
4
: 92% H

2
as precursors. The deposition time was 2 h.
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Figure 1: X-ray diffraction patterns for the diamond nanoparticles
after different surface modification procedures using harsh acid
(A-NDPs), hydrogen plasma (H-NDPs), and thermal (T-NDPs)
treatments.
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Figure 2: FT-IR spectra of pristine NDPs and the diamond particles
treated by harsh acid (A-NDPs), hydrogen plasma (H-NDPs), and
oleylamine solvent.

X-ray diffractometer (XRD) with CuK
𝛼
radiation (𝜆 =

0.1542 nm) was employed to characterize the effect of the
hydrogen plasma and thermal treatment procedures on the
crystallinity of theNDPs. Dynamic light scattering (DLS) was
used to investigate the dispersion of the NDPs in organic
solution. Fourier transform infrared (FT-IR) was conducted
with KBr method to analyze the surface functional groups
of the as-prepared NDPs. Scanning electron microscope
(SEM) and transmission electron microscope (TEM, JEOL
JEM-2100F) were used to examine the characteristics of the
nanodiamond particles.

3. Results and Discussion

The effects of the harsh acid treatment and surface mod-
ification procedures on the structural alteration of NDPs
were investigated by X-ray diffraction. Figure 1 shows the
XRD patterns of the diamond particle samples treated with
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Figure 3: Size distribution of NDPs after treatment procedures using (a) harsh acid mixture, (b) vacuum annealing, (c) OLA surfactant, and
(d) hydrogen plasma.

harsh acid (A-NDPs), hydrogen plasma (H-NDPs), and
postannealing procedure (T-NDPs). All spectra show the
characteristic peak of the (111) crystalline orientation of the
diamond structure (2𝜃 = 43.935∘, JCPDS number 89-3441).
The diffraction peak of the acid-treated NDPs with high
intensity exhibits highly crystalline structure of the diamond
particles.The XRD pattern of the A-NDPs also demonstrated
that the heavymetal and nondiamond carbon impurities that
existed in pristine diamond particle samples, on the whole,
were thoroughly removed by the acid treatment procedures.
After 1 h of hydrogenation process, the diffraction intensity
of diamond peak turned to be weaker and broader due to
the graphitization induced by microwave plasma; however,
a further analysis to confirm this suggestion is needed.
In both A-NDPs and H-NDPs, the crystallite size of the
diamond particles was estimated through the full width at
half maximum (FWHM) and in qualitative agreement with
the characteristics of the commercial diamond nanoparticles
synthesized by detonation method which have size range of
5–10 nm. In other words, the hydrogenation used had no
remarkable effects on the size of the diamond core structure
of the NDPs. The diffraction line of the sample annealed in
vacuum ambient for 3 h at 550∘C was relatively weak with
higher intensity of the noise signals revealing the formed
noncubic diamond and impurities component, exhibiting
the surface graphitization as well as a harsh oxidization of
diamond particles.

Figure 2 shows the FT-IR spectra of the pristine diamond
particles and the obtained samples after acid treatment,
hydrogenation, and surface modification using OLA solvent
as surfactant. The spectra of pristine NDPs exhibited the
main features related toC=C (1625 cm−1) andO–H stretching
vibration (3450 cm−1). The apparent peak at 1734 cm−1 in the
spectra of the samples treated with harsh acid mixture indi-
cates the induced C=O stretching as result of the conversions
of original functional groups such as alcohols into carboxylic

acids. Also, the apparent C–O–C bending (1105 cm−1) reveals
the formation of the carbonyl groups on the surface of the
NDPswhichmay have resulted from the ether bonds between
NDPs during the acid treatment procedure. This also can
be observed in other oxidation processes. The FT-IR spectra
of the hydrogenated NDPs show the significant blue shift
and weakening of C=C stretching, indicating the hydrogen
etching of graphite phase and nondiamond impurities ingre-
dient in the NDPs samples. These results demonstrate that
the hydrogenation using microwave plasma contributed to
the elimination of hydrophobic surface functional groups
such carbonyl and carboxyl. For the A-NDPs modified with
OLA solvent, the spectra show the added groups on the
surface of diamond particle corresponding to C–O stretching
(1180 cm−1) and the deformation O–H bending (1630 cm−1)
which were assigned to the esters, alcohols, and aldehydes.

Figure 3 shows the dispersion characteristics of NDPs
samples obtained after different surface modification in
aqueous solution at pH 7. The acid-treated NDPs exhibit
severe agglomeration with about 300 nm in dimension.
After the annealing procedure in vacuum ambient at 550∘C,
the agglomeration size becomes smaller than 200 nm as
over 45% of the particles have measured size range of
140 nm.TheNDPs treatedwithOLA surfactant and hydrogen
plasma possess higher dispersion inmethanol solution which
have wide particle size distribution and are consistent with
the aforementioned surface characterization. The existent
agglomeration of NDPs in solutionmay be led by the C–O–C
bonding between adjacent particles which was observed in
the FT-IR spectra.

Figures 4(a) and 4(b) show the TEM image of the
NDPs treated with OLA surfactant and hydrogen plasma,
which demonstrates that the prepared samples have highly
dispersive property in the methanol solution. Moreover, the
hydrogenated nanoparticles seem to have better dispersion
while agglomeration can be observed in the OLA treated
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Figure 4: High resolution TEM image of NDPs treated by (a) hydrogen plasma and (b) OLA surfactant and the nanocrystalline diamond
films grown with nucleation enhancement using suspension of (c) H-NDPs and (d) OLA treated NDPs.

diamond sample.The diamond nanoparticles suspensionwas
further employed in diamond nucleation enhancement step
for nanocrystalline diamond films growth using spin-coating
technique.Themorphology of the as-prepared diamondfilms
is shown in plan-view SEM. As shown in Figure 4(c), the
diamond films growth with the nucleation enhancement by
H-NDPs suspension exhibits a smoothmorphologywith very
fine grains less than 40 nm in size and without any grain
cluster. The films growth from the nucleated substrate using
OLA treated suspension possesses coarser diamond grain and
higher surface roughness (10.7 nm), as shown in Figure 4(d).
These above results confirm the aforementioned trends on the
size distribution of the NDPs in methanol.

4. Conclusion

In this study, various surface modification methods for
commercial nanodiamond particles have been employed
to improve their dispersion in aqueous solution, aiming
at high performance diamond nucleation enhancement for
nanocrystalline diamond films growth with low surface
roughness. The hydrogen plasma was found to significantly
improve the dispersive of the NDPs due to the elimination
of the contained covalent bonds and hydrophobic functional
groups, while OLA could be good surfactant for diamond
suspension due to the added hydrophilic surface functional

groups. The hydrogenation also had no remarkable effects
on the crystalline structure of the diamond particles but
contributed to the etching of the existed nondiamond phases.
The deposited diamond films with nucleation enhancement
using the as-prepared diamond suspension exhibited highly
smooth surface whose measured surface roughness was 7 nm
below.The achieved results demonstrate an avenue to scale up
the production of diamond films for solar cell applications.
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Chemical mechanical polishing (CMP) technology is extensively used in the global planarization of highly value-added and large
components in the aerospace industry. A nanopowder of SiO

2
was prepared by the sol-gel method and was compounded into

polishing slurry for the CMP of steel substrate. The size of the SiO
2
abrasives was controlled by varying the sol-gel reaction

conditions. The polishing efficacy of nano-SiO
2
was studied, and the CMP mechanism with nanosized abrasives was further

investigated. The proposed methods can produce SiO
2
abrasives whose size can be controlled by varying the sol-gel reaction

conditions. The size of the SiO
2
abrasives was controlled in the range from 58 to 684 nm. The roughness of the steel substrate

strongly depends on the size of the abrasive, and the surface roughness decreases as the abrasive size declines. A super-smooth
surface with a roughness of 8.4 nm is obtained with nanosized SiO

2
. Ideal CMP slurry can be used to produce material surfaces

with low roughness, excellent global planarization, high selectivity, an excellent finish, and a low-defected rate.

1. Introduction

As the requirements for precise microcomponents have
increased dramatically for the last few years, finishing tech-
niques to improve the surfaces of microstructures have
attracted more attention. For example, the surface quality of
microlenses critically affects the performance of an optical
system. To produce glass, ceramics, and semiconductors with
surfaces of superior quality, abrasive polishing is commonly
required as a finishing step [1]. Chemical mechanical polish-
ing (CMP) is a suitablemethod for smoothing the surface. It is
used inmany industrial processes, including themanufacture
of devices and materials. It has recently attracted much
interest owing to its strong performance in terms of material
removal rate (MRR) and surface quality.

Steel substrate could be applied to the surface grind-
ing machine, slideway, air bearing, and so on. There were
more and more ultraprecision machines with the use of
CMP technique in order to produce steel substrate. During

the CMP process, the formation and removal of the oxide
layer are done repeatedly. Thakurta et al. [2] used slurry
hydrodynamics, mass transport, and reaction kinetics to
predict the polishing rate of a steel film.These steps include (1)
mass transport of the oxidizer to the steel surface; (2) reaction
of the oxidizer with steel to form a reacted layer, and (3)
subsequent removal of the reacted layer by mechanical abra-
sion [3]. In the CMP process, the extension of surface defect
formation must be minimized while good planarity and
optimal material removal rates are maintained. Removing
materials from films’ surfaces in the CMP process is typically
performed by chemical reaction and mechanical abrasion.
The major process parameters of CMP are slurry, polishing
pressure, and polishing pad. In CMP, the abrasive critically
affects the quality of the polished surface. Its properties,
including type, size, shape, and concentration of particles,
significantly affect CMP performance. Presently, alumina,
silica, and ceria are extensively used in CMP slurries as
traditional inorganic abrasives [4, 5].
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One of the most critical problems is the high cost of
consumables (COC), such as the pad and slurry, which are
responsible for over 70% of cost of ownership (COO). Since
enough slurry is required to yield a high removal rate and
low nonuniformity, the purchase of slurry is responsible for
approximately half of the COC for a typical CMP process.
Silica (SiO

2
) is used in CMP slurry because it has relatively

significant advantages. It can be easily prepared as monodis-
persed spheres by the sol-gelmethod and the preparation cost
is low.

Nanoparticles have attracted much interest in recent
years due to their excellent physical and chemical properties.
They are different from conventional bulk materials in their
extremely small size and larger specific area of surface. The
preparation and applications of nanoparticles for adding in
slurry have become important fields of research. Nanoparti-
cles have been prepared by precipitation, solvothermal meth-
ods, radiolytic methods, electrochemical methods, chemical
reduction, plasma, chemical vapor deposition, and the sol-
gel method. Of these approaches, the sol-gel method is
particularly useful. Its advantages are effective stoichiometric
control and the production of ultrafine particles with a
narrow size distribution in relatively short processing time at
low temperatures.

SiO
2
nanoparticles have particular physical, chemical,

and optical properties that have led to its wide use in many
fields.They are used as functional materials, catalyst, plastics,
rubbers paints, biomedicine, and semiconductive material.
High-quality SiO

2
nanoparticles cannot be produced by

conventional methods. The sol-gel approach is one of the
most important methods for preparing high-quality nano-
SiO
2
powders [6].

The colloidal silica of monodispersed sizes is commonly
synthesized by the Stöber et al. [7] process by hydrolysis
and the condensation of TEOS precursors in an alcoholic
medium, catalyzed by ammonia or acid. In this work, SiO

2

particles of uniformly distributed sizes were synthesized by
the sol-gel method. The obtained SiO

2
particles have many

advantages, including narrow size distribution and desirable
characteristics, such as very small size, high chemical purity,
and high chemical homogeneity. However, this method has
rarely been applied to synthesize SiO

2
abrasives for CMP

slurry [8].
According to Seo and Lee [9], the polishing mechanism

in the CMP process involves repeated passive layer forma-
tion by the oxidizer and abrasion by the abrasives in the
slurry. However, balanced etching and passivation reactions
are required to avoid a high etching rate and to ensure
a high global surface planarity. Larsen-Basse and Liang
[10] reviewed the fundamental mechanisms of the material
removal in lapping and polishing processes and identified
key areas where further work is required. Zhang and Lei
[11] discussed material removal mechanisms in the finishing
of advanced ceramics and glasses. To improve planarization
in the CMP process, the nature of the contact between the
abrasive and the oxide layer must be understood in detail,
and the effect of the abrasive slurry studied. Understanding
the effect of an oxidizer on the metal passivation film is
important to increase the removal rate and achieve a very low

nonuniformity. Future optimization ofCMPmetal patterning
will require a deeper understanding of the mechanisms of
material removal during polishing [11, 12].

Xie and Bhushan [13] provided a theoretical model,
based on the abrasion mechanism, to predict the effects of
particle size, the polishing pad, and the contact pressure
during the CMP process. Luo and Dornfeld [14] took a step
toward determining the effect of the distribution of sizes
of abrasives on the surface roughness of material in CMP.
The main cause of microscratches is reportedly very large
particles in the slurry. A CMP experiment conducted by
Basim et al. [15] revealed that the frequency ofmicroscratches
increased with the size and the number of the largest abrasive
particles. Zhong et al. [16] observed that the density of
the microscratches increased with polishing pressure and
their size increased with the abrasive particles. Mechanical
abrasion by the sliding indentation of abrasive particles is
believed to be the main cause of microscratching [1].

Presently, larger abrasives are typically used in the pol-
ishing of silicon wafers, commonly damaging their surfaces
severely and causing CMP to create a polishing haze. The
main problems in the final CMP processes include surface
scoring, a polishing haze, and contamination by metal ions
and residual particles. Smaller abrasions are usually recog-
nized to produce surfaces with better finishes. No conclusive
results have been obtained concerning the effect of the
abrasive particle size on the roughness of CMP material. In
this work, single crystalline SiO

2
particles with various mean

sizes were synthesized by the sol-gel method. Therefore, the
effects of polishing on the average roughness (Ra) of the
surface were studied in a steel substrate that had undergone
CMP with the prepared SiO

2
nanoparticles abrasives.

2. Experimental Procedure

2.1. Materials. The formation of SiO
2
nanoparticles via sol-

gel approaches was studied (Lindberg et al. [6]; Satoh et al.
[17]; Zhao et al. [18]). A precursor solution was prepared
from tetraethyl orthosilicate (TEOS: Si(OC

2
H
5
)
4
, technical

grade, 97%); ethanol (95%) was adopted as the solvent of
the precursor. Ammonia (NH

3
, 28%) solution was used to

increase the pH to promote gelation. H
2
O was distilled and

underwent ion-exchange. All reagents were used without
further purification. The workpieces were made of steel disk
substrates (AISI 52100 steel; composition: 0.95–1.05% C,
0.15–0.35% Si, 0.2–0.4% Mn, <0.027% P, <0.020% S, 1.3–
1.65% Cr, <0.3% Ni, and <0.25% Cu), containing surface
hardness of 60–62 HRC. The surface average roughness (Ra)
of disk substrates before polishing is around Ra = 0.1𝜇m. A
commercial polishing pad was made by Sense Tek Co., Ltd.
Taiwan; Table 1 presents its physical properties.

2.2. Preparation of SiO
2
Nanoparticles. The SiO

2
nanoparti-

cles were prepared by the following procedure. Solution A
was a mixture of TEOS (0.025–0.3mol) and ethanol (0.25–
1.5mol). Solution B was a mixture of NH

3
(0.1–0.75mol),

H
2
O (0.25–2.0mol), and ethanol (0.25–1.5mol). Solutions

A and B were then mixed together with vigorous stirring
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Table 1: Physical properties of the pad supplier.

Thickness (mm) 1.2
Weight (g/m2) 350
Density (g/m3) 0.40
Compressibility (%) 8.5
Elasticity (%) 82
Pore size (𝜇m) 40

for 30min. The final mixture was dried at 80∘C for 6 hours
and calcined for 24 hours at 120∘C. Finally, different sizes
of SiO

2
nanoparticles were obtained. Figure 1 presents the

procedure for synthesizing SiO
2
nanoparticle. The particle

size distribution of the SiO
2
nanoparticles was measured by

using a laser particle size analyzer.

2.3. Preparation of Slurries for CMP. To study the CMP
performance of the synthesized SiO

2
abrasives, a polishing

test was performed using six slurries with different sized abra-
sives. The polishing slurries were prepared with nanosized
SiO
2
powder and DI water. SiO

2
particles were added to DI

water in a container with continuous stirring. This mixed
slurry was sufficiently dispersed by using a stirrer before
polishing to prevent aging and the precipitation of the mixed
slurry. H

2
O
2
as an oxidizer was used. Ultrasound was used

to disperse the oxidizer in the slurry. After the pH value was
adjusted to between three and four by adding NaOH, the
mixture was milled for one hour in a vibrator that contained
ZrO
2
balls. Then, the mixture was filtered with a 1𝜇m pore

filter. The baseline slurry was used to compare the relative
polishing performance of the slurries developed in this study.

2.4. Polishing Tests. Figure 2 schematically depicts a typical
CMP process. Before polishing, the slurry was agitated
continuouslywith amagnetic stirrer tomaintain good disper-
sion. The slurry was constantly fed to the center of the platen
[10]. Table 2 presents the ranges of the down force, down
pressure, table speed, and slurry flow rate. The polishing
time in the CMP process on the polishing performance was
measured.

2.5. Measurements of Polishing Material Surface Roughness.
The roughness of the steel substrate was measured before and
after polishing with a surface profiler. The average roughness
(Ra) of the polish surface was measured to evaluate the
effects of polishing in various slurries. The abrasive particles
and polished samples were studied via using SEM. All of
the above factors served as incentives to develop the basic
understanding and the necessary tools to control the CMP
process closely.

3. Results and Discussion

3.1. Characterization of SiO
2
Nanoparticles. Figure 3 presents

the FE-SEM micrograph and particle size distribution of the
SiO
2
nanoparticles obtained under different sol-gel condi-

tions. The photograph of the SiO
2
nanoparticles indicates

Mixing

Stirring for 30min

Drying at 80∘C
(6hour)

Calcined at 120∘C
(24hour)

Analysis (SEM)
(EDX) (zeta plus)

TEOS/ethanol

A solution B solution

NH3/H2O/ethanol

SiO2 nanoparticles

Figure 1: Experimental procedure for the synthesis of SiO
2
nanopar-

ticles using sol-gel method.

PadPolishing
slurry

Steel
substrate

Load

Figure 2: Schematic representation of the CMP.

Table 2: CMP test conditions.

Down force (N) 20
Down pressure (N/cm2) 0.52
Table speed (rpm) 200
Polishing time (min) 20
Slurry flow rate (mL/min) 100

the uniform distribution of their sizes and their spherical
shape. Figure 3 shows the distribution diagram, 684 nm,
420 nm, 362 nm, 215 nm, 140 nm, and 58 nm, which almost
showed narrow size distribution. The composition of SiO

2

nanoparticles was qualitatively analyzed by EDS presented
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Figure 3: Continued.
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Figure 3: SEM micrographs and size distribution of SiO
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nanoparticles.

in Figure 4. The nanoparticles are clearly composed of Si
and O elements. No other elements were present in the
SiO
2
nanoparticles. Therefore, SiO

2
nanoparticles can be

effectively synthesized through the sol-gel method.

3.2. Morphology and Roughness of Polished Steel Substrate
Surface. In chemical mechanical polishing of surfaces, abra-
sives are critical. As precisely controlled, stable distribution
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Figure 5:The roughness of steel substrates surfaces and thematerial
removal amount with various sizes of slurries of silica particles.

of particle sizes is a key contributor to maintaining low defect
levels. Figure 5 presents the roughness of surfaces of steel
substrates that were polished with slurries of silica particles
of various sizes, dispersed in 2wt.% H

2
O
2
and DI water.

The effect of the particle size on the roughness of a polished



6 Advances in Materials Science and Engineering

(a) Before polishing

(b) 684 nm (c) 420 nm

(d) 362 nm (e) 215 nm

(f) 140 nm (g) 58 nm

Figure 6: Surface profiles of steel substrates polished in different slurries.
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steel substrate surface was evaluated through silica with a
fixed solid content (2 wt.%) under the conditions that were
specified above. Figure 5 shows that the surface roughness is
128 nm with the polished particles diameter of 684 nm and
that it declined rapidly to 16 nm with 140 nm. In addition, it
is 8.4 nm with up to 58 nm.

Figure 5 presents that the use of big SiO
2
particles made

the roughness of steel substrate surface and the amount of
removal material in CMP bigger. On the contrary, the use
of small SiO

2
particles made the roughness of steel substrate

surface and the amount of removal material in CMP smaller.
The big SiO

2
particles possess more cutting. Cutting had a

strong impact on bigger roughness of steel substrate surface
as well as bigger amount of removal material. The amount of
removal materials lowered down with the decreasing size of
SiO
2
particle.

Large-sized SiO
2
causes larger cutting depth. The main

mechanism is removal of material. Since the use of larger
particles results in a more unequal distribution of the applied
load on the surface of the steel substrate, it commonly results
in the formation of defects. The reduction of nanosized SiO

2

particles made cutting depth decline rapidly. The reason why
thematerial removed is plastic flowage. Finally, the smoothest
surface with a roughness of 8.4 nm was obtained. [8].

The observed variation in the roughness of the polished
material is attributed to two factors. (1) Indentation increases
with particle size, increasing the roughness of the material,
and (2) the number of particles per unit area between the
substrate and the pad is reduced since the concentration is
constant. Samples that are polished with slurries containing
smaller particles are less rough because the indentations are
shallower. Polishing with slurry that contains smaller abra-
sives effectively reduces microroughness and the thickness of
the damaged layer that is formed by the abrasion.

3.3. Observation of Polished Surface. Figure 6 presents typical
SEM images of the steel substrate surface before and after
CMP. The surface before polishing is uneven and has many
a large number of scratches (Figure 6(a)). The presence of
larger particles in the CMP slurry increases the defect density
and surface roughness of the polished steel substrate (Figures
6(b) and 6(c)). Polishing in the slurry with small abrasives
(58 nm)makes the surfacemuch smoother (Figure 6(g)) than
an unpolished one (Figure 6(a))with no observable scratches.
The surface of the steel substrate becomes uniform and flat
after it is polished for a long time, and the coarseness of the
original surface is eliminated.

3.4. CMP Process andMechanism. TheCMPprocess involves
a combination of chemical, mechanical, and hydrodynamic
effects.Manymodels ofmaterial removalmechanisms during
CMP have been proposed based on basic principles of
polishing, contact mechanics, hydrodynamics, and abrasive
wear mechanisms. Although there is a lack of a model of
the entire CMP process, corrosion and abrasive wear may
be agreed to be two basic effects of the material removal
process [19].

Research reveals that CMP is a complex multiphased
reaction process. It primarily involves the following two
dynamics. First, the active component in the polishing slurry
reacts with the atoms in the steel substrate; this step is
an oxidation-reductive chemical reaction. Second, the new
steel surface which is polished by slurry exposure after the
resultant slowly separates from the surface. The abovemen-
tioned two steps determine the rate of material removal and
completeness. Therefore, key means of influencing the two
dynamic processes and related theory must be known before
the degree of finishing and CMP can be effectively studied
[20].

In this study, CMP reduced the uniformity of surface
because the particles in the slurry that contained large
abrasives had a wide size distribution. This result reveals
that an optimal size of the abrasive in the slurry system
that minimizes surface roughness exists. Based on the above
process analysis, a new polishing mechanism that uses small
abrasives, rapid reaction, and a rapid desorption is pro-
posed. Polishing slurry with smaller abrasives yields a lower
roughness and a thinner damaged layer. Therefore, control
of the size of SiO

2
abrasive particles and the uniformity of

the particle size distribution are important parameters in
ensuring the uniformity of surfaces in the CMP process.

4. Conclusions

This study focuses on the effects of SiO
2
abrasives on

polishing performance during CMP of a steel substrate. All in
all, the polishing steel substrate was measured by CMP SiO

2

slurries. Their roughness reduced from 128 to 8.4 nm while
the size of nanoparticles decreases from 684 to 58 nm. The
material removal amount reduced from 334 to 113 nm as the
size of nanoparticles decreases from 684 to 58 nm.

SiO
2
nanoparticles were prepared with the use of sol-gel

method as CMP slurries. It could produce higher chemical
purity and ultrafine particles with a narrow size distribution.
SEM results reveal that CMP with these SiO

2
slurries yielded

surfaces of high quality. Finally, the CMP mechanism of the
steel substrate was determined.
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In this study, centrally hollow microspheres of zinc were synthesized. The microspheres were then mixed with KOH electrolyte to
form zinc sol, which was coagulated and precipitated. Afterward, we employed a novel technique to enable the permanent floating
of zinc particles, which involved stirring zinc sol with air using a magnetic stirrer. This resulted in the formation of foam in which
the zinc particles permanently floated. We then added 65wt% of the electrolyte (KOH) to prepare 35 wt% of zinc sol. We tested the
cell and found the values of current density, specific energy, and electric capacity to be 7.41mA/cm2, 840.14Wh/kg, and 3023mAh,
respectively.

1. Introduction

Currently, the technologies used for shale oil refining,
methane clathrate mining, and oil excavation in the melting
waters of the Arctic Ocean are being widely promoted. How-
ever, horizontal drilling and hydraulic fracturing could trig-
ger earthquakes and pollute the groundwater. Also, the emis-
sions resulting fromburning oil, hydrocarbons, CO,CO

2
, and

NOx pollute the environment and amplify the greenhouse
effect, thereby increasing the likelihood of global disasters [1].

The zinc-air fuel cell could be a source of clean energy
owing to its simplicity, high efficiency, high energy density,
high power density, low operating temperature, low cost, and
environment friendliness.

In this study, we beganwith feeding the fuelmanually into
the zinc-air fuel cell. However, we soon realized that if we
wanted to feed the fuel continuously, the anode would have
to be modified from a solid state to a fluid state. Therefore, it
was necessary that the zinc particles float.

In 2001, Colborn and Smedley proposed the concept of
a zinc-air fuel cell system and single fuel cell management
[2]. In their single fuel cell, the zinc pellets were introduced
on the top of the zinc electrode, and then circulated in the
electrolyte using a pump. The air was blown using a blower
into the electrolyte in a top-down manner (Figure 1).

In our study, the zinc particles, which were mixed with
the KOH electrolyte, were aggregated and precipitated. The
aggregation increased with the increasing concentration of
KOH.

The micelle technology was used to generate chemical
particles whose sizes were consistent with those of the
polymer microspheres. Next, the chemical modification of
the surface functional groups afforded the reduction and
hence deposition of the silver and zinc particles on the surface
of the microspheres.

We mixed the microspheres with the electrolyte to form
zinc sol, which was then floated and flown through a porous
current collector using an electrolyte circulation system, thus
resulting in a fluid anode. By incorporating appropriate fuel
fluidity and current collection, the design and performance
of the zinc-air fuel cell were improved.

2. Working Principle

In the zinc-air fuel cell, the zinc metal is oxidized, releasing
chemical energy in the form of electrical energy [3]. The
anode reaction is as follows:

Zn + 2OH− → Zn(OH)
2
+ 2e−

Zn(OH)
2
+ 2OH− → Zn(OH)

4

2−
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(1) Zinc pellets introduced into
top of zinc electrode
(2) Positive terminal
(3) Air inlet from air blower
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(8) Electrolyte out
(9) Negative terminal

Figure 1: Metallic power company cell.

Zn(OH)
4

2−
→ ZnO +H

2
O + 2OH−

Total Anode: Zn + 2OH− → ZnO +H
2
O + 2e−

(1)

𝐸

0
= 1.25V.
The existence of zincate species containing Zn2+ such as

ZnO, Zn(OH)
2
, ZnO

2

2−, and Zn(OH)
4

2− depends on the
temperature and concentration of OH− and supersaturation
of zincate.

The oxygen can be reduced to hydroxyl ions according to
the following reaction:

Cathode: 1
2

O
2
+H
2
O + 2e− → 2OH− (2)

𝐸

0
= 0.40V.
However, direct electrochemical (four-electron) reduc-

tion to hydroxide ions described in (2) will occur only in the
presence of special catalysts. In the absence of such a catalyst
(e.g., on the surface of carbon substrate), the electrochemical
(two-electron) reduction to peroxide ions dominates as the
cathodic reaction of the zinc-air battery, as shown in the
following equation:

O
2
+H
2
O + 2e− → O

2
H− +OH− (3)

The resulting peroxide ions are generally unstable and get
decomposed via the disproportionation reaction of oxygen
to produce hydroxide ions and molecular oxygen, as shown

Electrolyte

Electrolyte

Electrolyte

Electrolyte

Electrolytely
EE
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40H−
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e− e−
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Air

Air

Air/fuel
Electrolyte/solution
Carbon/conductor

Catalyst/activator
3-phase interface

Figure 2: Three-phase interface within catalyst of zinc-air fuel cell.

in (4). The schematic of the catalytic reaction involving
interactions with three phases is shown in Figure 2 [4],

O
2
H− → OH− + 1

2

O
2

(4)

Overall: Zn + 1
2

O
2
→ ZnO (5)

𝐸

0
= 1.65V.
The reaction schemes are shown in Figures 3 and 4.
The equation pertaining to the conversion of chemical

energy to electrical energy is mentioned below:

𝐸

𝑟
=

−Δ𝐺

𝑛𝐹

,

𝐸 = 𝐸

𝑟
− 𝜂all

(6)

𝐸

𝑟
: voltage between anode and cathode, Δ𝐺: free energy

change, 𝑛: electronic number, 𝐹: Faraday constant, 𝐸: dis-
charge voltage, and 𝜂all: overvoltage.

In general, in terms of the condition of overvoltage
(𝜂all), three phenomena are observed in zinc-air fuel cells:
activation overvoltage, concentration overvoltage, and ohmic
overvoltage. These three phenomena also serve as the best
standards to determine the quality of cells (Table 1).

According to the IUPAC definition, a colloidal particle
retains its properties within the range 1–1000 nm in the three-
dimensional space.

The solution of colloidal particles (dispersed phase) dis-
persed in a solvent molecule (dispersion medium) is called a
colloidal solution. A colloidal dispersion solution is depicted
in Table 2 [5].

Sol phenomenon: collisions due to the thermal motion
of the solvent molecules containing the particles result in an
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Table 1: Causes of three types of overvoltage and their solutions.

Cause Solution

Activation
overvoltage

If HO
2

− ions are absorbed on the electrode surface, the
reaction mechanism by which O2 changed to OH− ions will
slow down. This leads to activation polarization and results
in activation overvoltage

Elevate the temperature of a cell, as well as the reaction
speed of three-phase boundaries

Concentration
overvoltage

Because of poor gas diffusion, O2 supply in the reaction
becomes too slow; as a result, O2 concentration becomes
insufficient. This causes concentration polarization and
results in concentration overvoltage

Elevate the flow speed of O2 at the anode and increase
the O2 concentration

Ohmic
overvoltage

Because of improper design, poor conductivity of
electrolytes or impurities in the electrodes increasing
resistance to current flow, ohmic polarization may occur,
resulting in ohmic overvoltage

Use electrode materials and electrolytes with higher
conductivity

Table 2: Types of colloidal dispersion.

Dispersed
phase

Dispersion
medium Name

Solid Solid Solid suspension

Solid Liquid Sol, colloidal suspension;
paste (high solid concentration)

Solid Gas Solid aerosol
Liquid Solid Solid emulsion
Liquid Liquid Emulsion
Liquid Gas Liquid aerosol
Gas Solid Solid foam
Gas Liquid Foam

ZnFuel in

ZnO

Zn
Zn

Zn2+

Zn2+

2OH

H2O
ZnO

O2

O2

O2

e−e−

e−

e−

e− e−

e−

e−
Air

Air

Air

V

2e−2e−
Air in

1/2O2

1 2 3 4 5 6 7

(1) Fuel/Zn
(2) Anode

(5) Catalyst layer
(6) Diffusion layer

(3) Electrolyte
(4) Cathode

(7) Fuel/air

Figure 3: Working schematic of zinc-air fuel cell.

uneven force in all directions. Therefore, a Brownian move-
ment is created, which results in the coagulation of colloids.

The colloidal particles in the electrolyte solution or such
other polar solution undergomechanisms such as ionization,
ion adsorption, and ion dissolution to generate surface
charges. This attracts the adjacent, oppositely charged ions
(counter-ion) in the solution to the particle surface and repels

Anode

ZnO

Cathode
KOH

Air

AirZn

2e−

2e−

4e−

2OH−

2OH−

4OH−
Zn(OH)2

K+

K2CO3

H2O
O2H−

OH−

Zn(OH)2−4 2H2O

e− e−

CO2 +−

V

1 2 3 4 5 6 87

O2

O2

(1) Zinc powder
(2) Current collector net
(3) KOH
(4) U-type current collector slice

(5) Catalyst layer
(6) Diffusion layer
(7) PTFE layer
(8) Atmosphere

Figure 4: Reaction schematic of zinc-air fuel cell.

ions with the same charge (coion) away from the particle
surface.

Therefore, the condition of charge distribution from the
surface of the colloidal particles to the solution is called
electric double layer.

Because of Brownian motion, colloidal particles undergo
successive collisions with other particles.

(1) If the repulsion between the particles is smaller
than the force of gravity, the particles, after colliding
with each other, will permanently integrate and form
collectives. This phenomenon of precipitation of col-
loidal particles is called coagulation.

(2) If the repulsion between the particles is larger than
gravity, the particles, after colliding with each other,
will remain dispersed in the solution in an individual
state. Such colloidal particles remain suspended in the
solution [6, 7].

When the particle diameter is <5 𝜇m, it will be influenced
by the Brownian motion.

Because charged colloidal particles in suspension repel
each other through the electric double layer, they can stably
float in solution without coagulation. If a salt-based elec-
trolyte is added to the solution, it will destroy the electric
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double layer and reduce the electric repulsion between the
particles, thereby coagulating the colloidal particles [8–10].

The colloidal stability is determined by the electrostatic
repulsion and van derWaals forces between the particles [11].

The van der Waals force 𝐹V:

𝐹V =
𝑘V𝑟

16𝜋𝑅

2
(7)

𝐹V: van derWaals force, 𝑘V: van derWaals constant, 𝑟: particle
radius, and 𝑅: distance between two particles.

3. Experimental

3.1. Precipitation of Zinc Particles. The critical barriers for
establishing a fluid electrode include precipitation of zinc
particles, cluster aggregation of the zinc paste, and congestion
of the current collector.

We attempted to float the zinc particles using dispersants
carboxymethyl cellulose (CMC), polyvinyl alcohol (PVA),
and polyacrylic acid sodium (PAAS), but in vain.

(1) When only zinc particles were mixed with water,
the dispersion of zinc (fluid effect) was achieved.
The flowing time was very short; for a short time
interval, no stirring was carried out. As a result,
although the precipitation of zinc started, it did not
cascade to aggregation. On the other hand, when the
zinc particles were added to water containing KOH,
zinc particles showed significant aggregation and thus
precipitation, which increased with the increasing
concentration of KOH.

(2) Then, 30wt% zinc powder was mixed with 30wt%
KOH electrolyte; as a result, aggregation and precipi-
tation occurred.

(3) Next, 20wt% KOH was mixed with 3wt% CMC,
followed bymixing with 30wt% zinc; as a result, there
was significant aggregation followed by precipitation.

(4) Subsequently, 20wt% KOH was mixed with 3wt%
PVA, followed by mixing with 30wt% zinc; as a
result, there was significant aggregation followed by
precipitation.

(5) Finally, 20wt% KOH was mixed with 3wt% PAAS
and then added to 30wt% zinc; as a result, there
was neither aggregation nor precipitation. However,
as the KOH concentration was increased to 30wt%,
the effect of zinc was completely lost because all the
zinc particles settled at the bottom (sedimentation),
and aggregation did not occur.

Floating test of centrally hollow zinc microspheres.
Surfactants are amphiphilic compounds.Their molecular

structure mainly comprises hydrophilic groups (polar or
ionic moieties) and hydrophobic groups (nonpolar hydrocar-
bon chains).

When the concentration of the surfactant in the solution
is very low, it is usually present in the monomeric form. On
the other hand, when the concentration of the surfactant is
increased to saturation, the surfactant molecules aggregate

6𝜇m

Figure 5: Scanning electron microscopy image of polystyrene/Ag
microspheres.

0 1 2 3 4 5 6 7 8 9

246

Ag

C

Figure 6: Energy-dispersive X-ray spectral analysis of polystyrene/
Ag microspheres.

(tens to hundreds). The hydrophilic ends are in contact
with the water molecules outwardly; such aggregates are
referred to as “micelles.” When the micelles are formed, the
concentration of the surfactant is called the “critical micelle
concentration” (CMC).

When the surfactant was added to a water-oil system,
the surface tension was reduced to about 1mNm−1, and
the resulting micelle size was about 100 Å. With such a
dimension, Δ𝑆 and Δ𝐴 were large, but surface tension 𝛾
was small. However, the free energy was less than 0 (Δ𝐺 <
0). This indicated that the micelles were thermodynamically
stable [12, 13]. By using the Gibbs free energy, we obtain the
following relation:

Δ𝐺 = 𝛾Δ𝐴 − 𝑇Δ𝑆 (8)

𝑇: temperature, 𝐴: area, 𝑆: entropy, and 𝛾: surface tension.
We synthesized the centrally hollow zinc microspheres

by employing the micelle technology on the zinc particles as
follows [14]:

(1) micelle emulsion microspheres → nanopolymer
microspheres;

(2) surface modification using functional groups →
polystyrene microspheres;
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Table 3: The experimental parameters and data of constant current electrolysis.

Original weight After electrolysis weight Electrolysis voltage Electrolysis current Electrolysis time Stir Current efficiency
(g) (g) (V) (A) (min) (Y/N) (%)

Sample 1 0.9323 0.9679 2.3 0.03 5 Y 0.3242
Sample 2 0.9441 0.9466 2.2 0.03 3 Y 0.0379
Sample 3 1.0618 1.0875 2.6 0.06 5 Y 0.1170
Sample 4 1.0257 1.0634 2.3 0.03 5 N 0.3434

30 35 40 45 50 55 60

2𝜃

(1
.0

.2
)(1

.0
.1

)

(1
.0

.0
)

(0
.0

.2
)

Figure 7: X-ray diffraction patterns of zinc metal precipitation by
flow electrolysis. (a) Background, black. (b) Sample 1, red. (c) Sample
2, green. (d) Sample 3, blue. (e) Sample 4, light blue. (Unindexed
peaks mean steel background signal.)

(3) (i) current electrolysis → centrally hollow zinc metal
microspheres,
(ii) spray granulation → centrally hollow zinc metal
microspheres.

The steps can be elucidated as follows.

Step 1. Synthesis of polystyrene (PS) microspheres using
micelle technology.

Step 2. Surface modification by functional groups involving
silver mirror reaction (PS + Ag) (Figures 5 and 6).

Step 3. (i) Current electrolytic zinc metal making centrally
hollow zinc metal microspheres (PS + Ag + Zn) (Figures 7, 8,
and 9).

The experimental parameters and data of constant cur-
rent electrolysis are shown in Table 3.

(ii) Spray deposition of zinc metal making centrally
hollow zinc metal microspheres (PS + Ag + Zn) (Figure 10).

4. Results and Discussion

After forming the zinc particles using the micelle technology,
we synthesized the centrally hollow zinc microspheres.These
were then mixed with the KOH electrolyte to form the zinc
sol, which coagulated and precipitated, at least initially. As the
concentration of the electrolyte increased, the zinc particles
became more prone to precipitation [15]. The results of the

10𝜇m

Spectrum 2

Figure 8: Scanning electron microscopy image of sample 1 plated
layer.
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Full scale 100 cts cursor: 0.000 keV
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Figure 9: Energy-dispersive X-ray spectrum composition analysis
of local region.

80𝜇m

Figure 10: Scanning electron microscopy image with 750x magnifi-
cation.
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40𝜇m

Figure 11: Scanning tunneling microscopy image of zinc sol.

Figure 12: Successful floating of zinc sol.
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Figure 13: Voltage curve of 35 wt% zinc sol under a constant-current
discharge at 200mA.

scanning tunneling microscopy (STM) studies are shown in
Figure 11.

Next, we added air into the zinc sol,and stirred the mix-
ture using a magnetic bar. As a result, the zinc sol gradually
foamed like a milkshake, thus enabling the permanent float-
ing of the zinc particles [15, 16] (Figure 12).

We added 65wt% of the electrolyte to prepare 35wt% of
the zinc sol. The cell, as Figure 13 shows, was tested under a
constant-current discharge at 200mA. The values of current
density, specific energy, and electric capacity were found to
be 7.41mA/cm2, 840.14Wh/kg, and 3023 mAh, respectively
[15].

5. Conclusions

The critical barriers in the preparation of fluid electrodes
are coagulation and precipitation of zinc particles, floating
zinc particles, flowing of zinc particles, and congestion of
the current collector. We addressed these challenges by
employingmicelle technology to prepare the centrally hollow
zinc microspheres and then successfully floated the zinc sols
by stirring with a magnetic bar. In this study, the zinc sol
was allowed to flow through a porous current collector using
an electrolyte circulation system.The results showed that the
electrolyte circulation system correctly regulated the internal
temperature of the cell, dynamically adjusted the concentra-
tion of KOH, and removed the impurities from the electrolyte
to help maintain its optimal condition. Through the use of
appropriate fuel fluidity and current collection, the design
and performance of zinc-air fuel cells could be enhanced.
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The phenomenon of polarization fatigue in ferroelectric materials is defined and the effect of this phenomenon on harvested energy
using these materials has been studied. In order to illustrate this effect, the harvested energy using PZN-4.5PT single crystal was
compared in two cases of fatigued and nonfatigued samples.The results have been calculated between two temperatures of 100 and
130∘C using Ericsson thermodynamic cycle.

1. Introduction

Ferroelectrics have been the particular popular materials of
research for several decades due to their excellent proper-
ties which offer potential for development of many mod-
ern technological devices, such as microactuators, sensors,
and transducers [1–6]. But further studies are necessary to
improve the long-time reliability of these devices. A limiting
problem to extensive use of ferroelectrics is the suppression
of switchable polarization, after certain number of AC drive
cycles [5–8]. This is called the polarization fatigue and popu-
larly observed by polarization-electric field (P-E) hysteresis
loop measurements. Fatigue in the ferroelectric capacitor
corresponds to a decrease of the switchable polarization
as a result of bipolar electric field cycling and has been
phenomenologically described by many authors [6, 9–12].
Indeed, polarization in a ferroelectric material is a function
of the applied electric field cycle’s numbers. Electric field
cycling continuously reversing the polarity of the dipoles
induces certain changes in a ferroelectric and alters the
P-E hysteresis loop. The experimental results on the elec-
trothermal and fatigue characterization of the lead-zirconate-
titanate ceramic, PbZr0.53Ti0.47O3 (PZT-5H), for actuator
applications have been presented in [13]. Also, fatigue effects
due to unipolar cycling of a bulk lead-zirconate-titanate were
demonstrated in [14]. Furthermore, polarization and strain
hysteresis (P-E and S-E) measurements have been performed

simultaneously during fatigue tests under AC fields with a
triangular wave form [15].

In the present work, the PZN-4.5PT single crystal that
has remarkable pyroelectric properties has been used. Pyro-
electric effect converts thermal energy into the electrical
current or voltage [16]. This thermal energy can come from
many different sources such as ambient temperature, human
body temperature, solar energy, and other temperatures of
environment. This material possesses several phase changes
in the vast range of temperature variations [17]. When the
phase change occurred, the sudden increase in current and
consequently in polarization is observed. Khodayari et al.
[17] show that the phase change increases the harvested
energy. Also, it was shown that the results of modeled
Ericsson cycle have compatibility with the experimental
Ericsson cycle. They measured the value of 216.5mJ/cm3
under phase transition using PZN-4.5PT material on the
application of Ericsson thermodynamic cycle at 100 and
160∘C. This energy has been calculated on the application
of 2 KV/mm electric field. Guyomar et al. [18] studied the
possibilities of harvesting energy fromPVDF (polyvinylidene
fluoride) film using pyroelectric effect. Materials with high
pyroelectric activity or those exhibiting a transition can be
used for energy harvesting by converting thermal energy
into electrical energy. In this paper, the effect of polarization
fatigue on the harvested energywill be studied usingmodeled
thermodynamic Ericsson cycle.
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2. Pyroelectric Thermodynamic Conversion

The constitutive equations to describe pyroelectric material
are [19]

𝑑𝐷 = 𝜀𝑑𝐸 + 𝑝𝑑𝑇,

𝑑Γ = 𝑝𝑑𝐸 +

𝜌𝑐

𝑇

0

𝑑𝑇,

𝑝 = (

𝑑𝐷

𝑑𝑇

) , 𝑐 = (

𝑑𝑈

𝑑𝑇

) ,

(1)

where𝐷,𝐸,𝑇, Γ,𝜌,𝑝,𝑈, 𝜀, and 𝑐 are the electric displacement,
electric field, temperature, entropy, mass density, pyroelectric
coefficient, internal energy, dielectric coefficient, and thermal
capacity, respectively. In order to harvest energy the Ericsson
thermodynamic cycle has been used which consists of two
constant electric fields and two isothermal processes. Har-
vested energy is equal to the enclosed area in the polarization-
electric field curve as the following equation [20]:

𝑊harvested = ∮𝐸𝑑𝑃. (2)

The energy taken from the high temperature reservoir is as
the following:

𝑄hot = 𝑐 (𝑇2 − 𝑇1) + ∫
𝐸𝑀

0

𝑝𝑇

2
𝑑𝐸,

(3)

where 𝑇
2
and 𝑇

1
are the temperatures at high and low

reservoir, respectively, and 𝐸
𝑀
is the maximum electric field

amplitude. The efficiency is calculated as the following:

𝜂 =

𝑊harvested
𝑄hot
. (4)

The electrocaloric effect is very small in the majority of
ferroelectric materials, in comparison with thermal capacity
multiplied with temperature variations [21], leading to the
assumption which is

𝑐 (𝑇

2
− 𝑇

1
) ≻≻ ∫

𝐸𝑀

0

𝑝𝑇

2
𝑑𝐸.

(5)

Therefore, the efficiency can be written as the following:

𝜂 =

𝑊harvested
𝑐 (𝑇

2
− 𝑇

1
)

. (6)

3. Results

Ozgul and his colleagues [22] present a schematic of the
polarization decay in a ferroelectric material as a function
of the number of applied electric field cycles. Also, they
show that the remnant polarization decreases steadily with
increase of the number of cycles. This phenomenon is the
polarization fatigue process in the ferroelectric materials.
The polarization hysteresis exhibits very slight decreases in
the remnant polarization and continuously shifts to lower
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Figure 1: Comparison of dynamic hysteresis loops (polarization-
electric field) before (pointed line) and after the fatigue occurrence
(continuous line, 600th cycle).

polarization values. These shifts of hysteresis loops display
an exponential dependence on the number of measurement
cycles. Also, they show that the polarization fatigue is not very
perceptible for applied small electric fields, but it began to
decrease after about 100 cycles for high electric fields and the
fatigue process occurred [22].

In the present work, the bipolar cyclic electric field is
applied to the PZN-4.5PT single crystal with dimensions of
8×4×1mm3 and 8000 kg/m3 density at 130∘C. Two electrodes
of the sample are electrically connected to the power supply
and immersed in a bath of silicon oil in order to avoid
arcing. This test was performed under application of bipolar
triangular voltage waveform switching cycles with amplitude
of 2 kV/mm. The cycling field was steadily increased from
zero to the maximum field value within 0.25 s; thereafter it
was reduced to zero again within 0.25 s. Based on the Ozgul
results [22], this field is high and fatigue should occur.There-
fore, polarization starts to decrease quickly, approximately
after 100 cycles. Figure 1 presents the polarization hysteresis
loop versus the electric field for the considered sample, when
the sample is not fatigued and then after 600 cycles when
the fatigue occurred. The existence of fatigue is confirmed
by the shift of polarization hysteresis loop to the lower
polarization values as observed. The remnant polarization
variations between two cases are about 10 percent.

A pyroelectric converter directly transforms heat energy
into electrical energy. Along with the pyroelectric conversion
a basic thermodynamic cycle (from the electrical energy
producing point of view) will be helpful. The production
of the electrical energy may be described in terms of the
polarization-electric field behavior of a ferroelectric material.
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Figure 2: Polarization-electric field characteristics of PZT-4.5PT at
two different temperatures of 100 and 130∘C.

Figure 2 illustrates P-E (polarization versus applied electric
field) behavior of a ferroelectric material which may be
utilized for pyroelectric conversion. The area of each cyclic
process on P-E diagram represents an electrical work (2).
The direction of the path on the cycle (clockwise or coun-
terclockwise) determines whether the electrical energy is
produced or dissipated. Electrical energy production cycle
may be realized by appropriate phase changes in temperature
and applied electric field. Figure 2 is an overlay of the
polarization-electric field characteristics of a ferroelectric
(PZT-4.5PT) at two different temperatures. It also shows how
the clockwise cycling may be achieved when operating is
between two temperatures. Starting at point A at low electric
field and low temperature (100∘C) then at this temperature,
the ferroelectric (FE) is recharged by increasing the externally
applied electric filed until point B.Then it is heated at constant
electric field until a high temperature (130∘C) (path BC). At
this temperature, it is discharged by reducing applied electric
field (path CD). Then it is cooled at low electric field (path
DA). Therefore, the electrical cycle may be performed in a
clockwise manner in which the produced electrical energy
per cycle is equal to

𝑊harvested = ∮𝐸𝑑𝑃 = Hatching area (ABCD) . (7)

The cycle is an electrical analogue of the Ericsson thermody-
namic cycle.

In this paper, the aim is the effect of polarization
fatigue on the harvested energy. Is the fatigue reducing the
value of harvested energy? To respond to this question, the
Ericsson thermodynamic cycle was modeled with measured
polarization at 100 and 130∘C for the cases in which fatigue
occurred and did not occur. The experimental results have
been presented in Figure 3. This cycle is an effective thermo-
dynamic cycle and practically feasible [23–26]. It consists of
two isothermal and two constant electric field processes. As
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Figure 3: Normalized unipolar polarization Ericsson cycle for 2
samples of PZT-4.5PT, fatigued (after 600 cycles) and nonfatigued
(after 30 cycles) between 100 and 130∘C.

shown in Figure 3, Ericsson cycle starts at a temperature 𝑇
1
,

with the application of an increasing electric field until 𝐸
𝑀

(𝐸
𝑀
= 2 kV/mm) which increases the polarization to the

value of 𝑃
1
(path AB). Temperature is then increased to 𝑇

2

under constant electric field 𝐸
𝑀
(path BC) and consequently

polarization decreases to 𝑃
2
. Then the applied electric field is

decreased to 0 which causes a decrease of polarization to 𝑃
3

(path CD). Finally, the temperature is decreased to its initial
value at zero electric field (path DA). For more information
about modeling of the Ericsson thermodynamic cycle please
refer to [17].

The enclosed areas by Ericsson cycles (harvested energy)
in two cases of fatigued and nonfatigued are approximately
equal and their difference is less than 5%, although there
is a remarkable difference in their curves of polarization-
electric field (Figure 1). The harvested energies in the cases
of nonfatigued and fatigued are equal to 20.53mj/g and
19.59mj/g, respectively. Furthermore, the phase change is
not observed in the case of fatigued sample. These results
indicate that dielectric behavior of ferroelectric materials is
undergoing fatigue but their pyroelectric properties is not
fatigued.

4. Conclusions

The polarization fatigue was observed by polarization-
electric field (P-E) hysteresis loop measurements. Fatigue in
the ferroelectric capacitor corresponds to a decrease of the
switchable polarization as a result of bipolar electric field
cycling. Indeed, polarization in a ferroelectric material is a
function of applied electric field cycle’s number. Also, the
effect of polarization fatigue on the value of harvested energy
was studied under applied cyclic switching using modeled
thermodynamic Ericsson cycle. According to the results,
the polarization fatigue is not very perceptible for applied
small electric fields. It is shown that the electrical energy
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production can be described in terms of polarization-electric
field behavior of a ferroelectric material. Although there is
a remarkable difference between polarization-electric field
curves in two cases of fatigued and nonfatigued samples,
enclosed areas by Ericsson thermodynamic cycles (the value
of harvested energy) in two cases are slightly different.
Therefore, the polarization fatigue does not have a serious
effect on the value of harvested energy.
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Titania (TiO
2
) nanoparticles with periodical mesopore size (up to 150 Å) have successfully been synthesized by sol-gel template

method, using titanium(IV) tetraisopropoxide as a starting precursor and isopropanol as a solvent. Different quantities of activated
carbon (0%, 5%, and 10% by weight) were used as templates to control the porosity and particle size of titania nanoparticles. The
templates were completely removed during the calcination in air at 500∘C for 3 hr. The results showed that the specific surface area
of titania is increased with increasing activated carbon content. The optical bandgap of synthesized titania exhibits a blue shift by
0.3–0.6 eV when compared to the reported value for the bulk anatase and rutile phases.The photocatalytic activity of porous titania
is determined with its reduction efficiency of hexavalent chromium (Cr6+). The reduction efficiency is optimized under ultraviolet
illumination.

1. Introduction

In general, chromium has two stable oxidation states, that
is, Cr(VI) and Cr(III). The toxicity is mainly caused by
hexavalent chromium, Cr(VI), which is virtually found in
wastewater from industrial processes such as leather tanning,
paint making, electroplating, and chromate production. This
oxidation state has been classified as a carcinogen and
mutagen not only to humans but also to other creatures. In
many countries, as a consequence, the wastewater must be
treated until the limit of Cr(VI) is below 0.05mg/L before
releasing to the water source [1]. One solution method is
to convert it into Cr(III), which is considered as a nontoxic
and essential trace metal in human nutrition. By chemical
process, Cr(VI) is precipitated into Cr(III) as Cr(OH)

3
in

neutral or alkaline solutions and removed as a solid waste
[2, 3]. However, this process requires reducing agents such as
ferrous sulfate, sodium hydrogen sulfite, sodium pyrosulfite,
hydrazine hydrate, and sulfur dioxide, which are expensive

and dangerous with human skin and to release other
unwanted chemicals [1].

Recently, there are many research works related to the
use of semiconducting materials such as TiO

2
and ZnO

as photocatalysts for various applications. This has many
benefits including low cost, high efficiency, reusable per-
formance, cleanliness, natural safety, and nontoxicity. The
photocatalytic mechanism begins when a semiconducting
material absorbs light with energy larger than its bandgap.
As a consequence, electrons from the valence band would
be excited to the conduction band, leaving holes behind.
These electron-hole pairs could react with oxygen and water
in air to produce free radicals such as hydroxyl radical,
hydrogen peroxide, and superoxide anions. Such free radicals
have an ability to destroy the structure of the bacteria, hold
back the virus, and react with organic compound to become
carbon dioxide and water. In addition, They can react with
toxic gas and carcinogen such as acetaldehyde, benzene, and
formaldehyde.
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Due to an oxygen defect, titania (TiO
2
) exists naturally

as an n-type semiconducting photocatalyst with an intrinsic
bandgap of 3.0–3.2 eV. Among four major phases, anatase,
rutile, brookite, and titania-B, anatase is generally the most
photocatalytically active, owing to its wide bandgap, high
specific surface area, and low recombination rates of electron-
hole pairs [4–6]. On the other hand, rutile is a high-
temperature stable phase and has high refractive index and
weatherability. Nevertheless, many researchers have reported
that the mixed phase of anatase and rutile has higher
photocatalytic activity and better optical properties than pure
anatase phase [7]. Despite phase, other important properties
including well-controlled porosity and crystallinity are also
desirable in photocatalytic applications [8].

In this research, activated carbon was used as a template
for producing uniform mesoporous TiO

2
with anatase phase

by sol-gel method. The physical properties of synthesized
TiO
2

were studied. The reduction efficiency of Cr(VI)
performance by synthesized TiO

2
as a photocatalyst was

determined. The effect of wavelength lighting source with
photocatalytic performance was also discussed.

2. Materials and Methods

2.1. Synthesis of TiO
2
Nanoparticles. Thesynthesiswas carried

out as reported in the literature [6, 7]. All reagents including
titanium(IV) tetraisopropoxide (TIP) (Sigma-Aldrich, USA)
as a Ti precursor, 37% HCl (Merck KGaA, Germany) as a
sol-gel catalyst, isopropanol (Merck KGaA, Germany) as a
solvent, and activated carbon (CGO-200, C. Gigantic Car-
bon) as a template were used without further purification.

5.5mL TIP was dissolved in 71.8mL isopropanol, and
then, if applicable, 0.073 g (5% activated carbon by weight of
synthesized TiO

2
) or 0.145 g activated carbon (10% by weight

of synthesized TiO
2
) was added to the solution. The mixed

solution of 19mL water and 1.68mL HCl was then added
dropwise to titania-activated carbon suspensions under vig-
orous stirring at room temperature. The mixture was further
stirred for 3 hr, and the obtained gel was centrifuged, washed
to remove excess reactants and catalyst, and dried in the
oven at 80∘C for 24 hr. The dried samples were grinded and
calcined at 500∘C for 3 hr at the heating rate of 5∘C/min. The
samples would be labelled as 0% AC, 5% AC, and 10% AC
for TiO

2
synthesized with 0%, 5%, and 10% activated carbon,

respectively.

2.2. Characterization. Thermogravimetric analysis (TGA)
(TGA7, Perkin Elmer) was used to characterize the thermal
stability of the samples by measuring the change in weight
as a function of temperature. Fourier transform infrared
spectroscopy (FTIR) (Vertex70, Bruker Optics) was used
for studying the functional groups in the samples. X-ray
diffraction (XRD) patterns were obtained on a Miniflex
II, Rigaku diffractometer. Transmission electron microscope
(TEM) (JEM-1230, JEOL) was employed to study the mor-
phology of the synthesized samples.The specific surface area,
the pore size distribution, and the average pore size of samples
were evaluated by nitrogen adsorption and desorption as
a function of relative pressure, usingBrunauer-Emmett-Teller
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Figure 1: The absorbance spectrum of the filter.

(BET) and Barrett-Joyner-Halenda (BJH) methods. The %
absorbance of samples was analyzed by UV-Vis spectropho-
tometer (UV-1800, Shimazu).

2.3. Reduction of Cr(VI). In order to prepare 50mg/L
K
2
Cr
2
O
7
aqueous solution, 50mg K

2
Cr
2
O
7
was added to

a 1000mL volumetric flask, and then the deionized water
was poured until the solution level reached the 1000mL
mark on the neck of the flask. 0.02 g TiO

2
(0%, 5%, or

10% AC) was then added to 20mL K
2
Cr
2
O
7
solution in

separated 50mL beakers. The suspensions were maintained
at pH = 5 and vigorously stirred for 5 minutes before being
illuminated by a light source.The illuminationwas performed
at 150 watts and at a distance of 11 cm, measured from the
tip of the lamp, using Newport’s Oriel Solar simulator with
actual spectral irradiance reported elsewhere (150W low cost
solar simulator, Newport Corporation). The absorbance of
illuminated suspension was measured every 10 minutes for a
total of 120minutes.The effects of UV light illumination were
conducted by the use of filter with light absorbance spectrum
shown in Figure 1.

3. Results and Discussions

Figure 2 shows TGA and DTA graphs of synthesized TiO
2

nanoparticles before calcination. The graph illustrates a
weight loss at 100∘C due to the release of the humidity and
organic compounds. The samples synthesized with 5% and
10% activated carbon template, however, show two clearly
defined steps of weight loss. Additional weight loss at the
second step occurs at 500∘C due to the decomposition of
activated carbon. After calcination, as shown in Figure 3, it
is found that the weight loss at 500∘C disappears, confirming
that activated carbon template is completely decomposed.

Figure 4 shows FTIR spectra of synthesized TiO
2
nano-

particles before calcination. It is observed that all of the
graphs have 3 main peaks: (1) O–H stretching at 3400 cm−1,
(2) O–H bending at 1635 cm−1, and (3) Ti–O stretching at
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Table 1: Physical properties of P25 Aeroxide TiO2 and synthesized TiO2 nanoparticles.

Samples Specific surface area
(m2/g)

Pore diameter
(nm)

Pore volume
(cm3/g)

XRD particle size
(Å)

0% AC 69.28 11.25 0.19 132
5% AC 94.34 7.92 0.19 105
10% AC 82.46 10.21 0.21 111
P25 61.00 67.3 1.03 180
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Figure 2: TGA-DTA of synthesized TiO
2
nanoparticles using

an activated carbon template in different quantities and with no
calcination: (a) 0%, (b) 5%, and (c) 10%.

700–400 cm−1. After calcination, however, the intensity of
peaks at 3400 cm−1 and 1635 cm−1 is decreased due to the
condensation of Ti–OH followed by the formation of a TiO

2

network structure (Figure 5). In addition, the intensity of
the peak at 700–400 cm−1 is evidently increased due to the
stretching vibration of Ti–O–Ti in anatase phase.

Figure 6 shows the X-ray diffraction (XRD) patterns of
TiO
2
nanoparticles. All the XRD peaks could be indexed as

(101), (004), (200), (105), (211), (118), and (315) at 2-theta =
25, 38, 48, 53, 55, 63, and 75∘, respectively, which corresponds
to an anatase phase. The particle size of TiO

2
was calculated

with the Scherrer formula using theXRDpeak of anatase (101)
plane as shown in Table 1. Smaller particle size is observed
with the use of activated carbon template. In comparison to
P25 Aeroxide TiO

2
which contains anatase and rutile phases,

the results show that pure anatase TiO
2
could be made via

the hydration of titanium(IV) isopropoxide using a sol-gel
technique and activated carbon template.

Themorphologies of calcinedTiO
2
are shown in Figure 7.

It is found that TiO
2
nanoparticles are spherical in shape and

donot agglomerate together.Theparticle size is similar to that
predicted from XRD analysis. It could be predicted that the
activated carbon as a template restrained the growth of TiO

2

particles, consistent with that reported previously [7].
Figures 8 and 9 show the N

2
adsorption/desorption iso-

therms and the corresponding BJH pore size distribution
of titania nanoparticles, respectively. From the figure, it is
observed that the isotherm of the synthesized TiO

2
can be

ascribed to type IV. A summary of BET results is illustrated
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Figure 3: TGA-DTA of synthesized TiO
2
nanoparticles using an

activated carbon template in different quantities and with calcina-
tion at 500∘C for 3 hr: (a) 0%, (b) 5%, and (c) 10%.
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Figure 4: FTIR graphs of synthesized TiO
2
nanoparticles using

an activated carbon template in different quantities and with no
calcination: (a) 0%, (b) 5%, and (c) 10%.
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Figure 5: FTIR graphs of synthesized TiO
2
nanoparticles using an activated carbon template in different quantities and with calcination at

500∘C for 3 hr: (a) 0%, (b) 5%, and (c) 10%.
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Figure 6: XRD pattern of synthesized TiO
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nanoparticles: (a) 0% AC, (b) 5% AC, and (c) 10% AC (A: anatase).

in Table 1, in comparison with those of commercial P25
Aeroxide TiO

2
nanoparticles. As shown, activated carbon

templates are likely to increase the specific surface area.
All of the samples exhibit monodispersed mesopore size
distribution up to 150 Å. The specific surface area as high
as 94m2/g could be obtained with the addition of 5% AC
template and by a simple and inexpensive sol-gel method.

The optical bandgap of TiO
2
nanoparticles has been

determined from the absorption spectrum (Figure 10) using
the following Tauc relation for a direct bandgap: 𝛼𝑡ℎ] =
𝐴(ℎ] − 𝐸

𝑔
)

1/2, where 𝛼, 𝑡, ], 𝐴, 𝐸
𝑔
, and 𝑛 are the absorp-

tion coefficient, the thickness of the sample, frequency of
the light, a constant, and the bandgap energy, respectively.

The average bandgap was then estimated from the intercept
of linear portion of (𝛼𝑡ℎ])2 versus ℎ], as shown in Figure 7
[9]. From the figure, the bandgap energy of TiO

2
prepared

using activated carbon in the amount of 0%, 5%, and 10%
by weight was 3.58, 3.48, and 3.59 eV, respectively. Generally,
the particle size of the TiO

2
has the bandgap energy between

3.0 and 3.2 eV. The observed large bandgap could be due to
the effect of restrictedmovement of electrons, called “electron
confinement.”

In this experiment, the efficiency of catalytic TiO
2

was tested by using the reduction of potassium dichro-
mate (K

2
Cr
2
O
7
) as the model compound (Figure 11). The

absorbance peaks of K
2
Cr
2
O
7
are found at 273 nm and
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Figure 7: TEM images of synthesized TiO
2
nanoparticles: (a) 0% AC, (b) 5% AC, and (c) 10% AC.
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Figure 9: The BJH pore size distribution graphs of synthesized TiO
2
nanoparticles: (a) 0% AC, (b) 5% AC, and (c) 10% AC.
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Figure 10: The relationship between (𝛼𝑡ℎ])2 and ℎ] of synthesized TiO
2
nanoparticles: (a) 0% AC, (b) 5% AC, and (c) 10% AC.

350 nm. Without a photocatalyst, K
2
Cr
2
O
7
is not degradable

under the light irradiation using solar simulator (not shown
here). With TiO

2
as a photocatalyst, however, TiO

2
can

absorb photons with energy higher than its bandgap, causing
electrons to jump across the bandgap into conduction band.
These free electrons involved in the reactions with the
K
2
Cr
2
O
7
solution and Cr6+ could be reduced to Cr3+ in the

form of Cr(OH)
3
, following the equations below [10, 11]:

TiO
2
+ ℎ] → TiO

2
(e− + h+)

H
2
CrO
4
+ 6H+ + 3e− → Cr3+ +H

2
O

HCrO4− + 7H+ + 3e− → Cr3+ + 4H
2
O

Cr
2
O
7

2−
+ 14H+ + 6e− → 2Cr3+ + 7H

2
O

CrO
4

2−
+ 8H+ + 3e− → Cr3+ + 4H

2
O

(1)

As a result, the absorbance intensity decreased over expo-
sure time.

In addition, it is found that the maximum peaks were
red-shifted toward longer wavelength. This could be due to

the transformation from dichromate K
2
Cr
2
O
7
into chromate

K
2
CrO
4
caused by hydroxyl groups on the surface of TiO

2

nanoparticles, following the equation

Cr
2
O
7

2−
+OH− → 2CrO

4

2−
+H+ (2)

With optical filter, a decrease in absorbance intensity of
K
2
Cr
2
O
7
aqueous solution is less than that without filter.This

indicates that the reduction is less likely to take place due to
less energy from the light to sufficiently excite electrons across
the bandgap. Comparison of reduction capacities of synthe-
sized TiO

2
(10% AC) with P25 Aeroxide TiO

2
, as shown

in Figure 12, shows a higher photocatalytic activity. This
suggests that the photocatalytic activity could be improved
by changes in crystalline phase as well as specific surface area
of photocatalytic materials.

4. Conclusions

TiO
2
with controllable mesoporous anatase phase could

be synthesized using sol-gel method and activated carbon
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Figure 11: The absorbance spectrum of K
2
Cr
2
O
7
aqueous solution with various TiO

2
as photocatalysts as a function of illumination time:

(a) 0% AC, (b) 5% AC, and (c) 10% AC.The solar simulator with xenon 150W lamp with and without a filter was used as a light source.
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Figure 12: The absorbance spectrum of K
2
Cr
2
O
7
aqueous solution with (a) P25 Aeroxide TiO

2
and (b) TiO

2
synthesized with 10% AC as

photocatalysts as a function of illumination time. The solar simulator with xenon 150W lamp with a filter was used as a light source.

template. The bandgap energy of synthesized TiO
2
is 3.48–

3.59 eV due to the effect of electron confinement. The per-
formance of TiO

2
as a photocatalyst gave a good result

when using lighting source system in the UV region. Over
irradiation time, the concentration was decreased, indicating
an increase in reduction of Cr6+. Furthermore, there was
evidence that the twomain absorption peaks were red-shifted
to the right due to the transformation of dichromate Cr

2
O
7

2−

into chromate CrO
4

2− form by hydroxyl group on TiO
2

surface.
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This study aimed to investigate the effect of the cationic chitosan dispersant on the thermal conductivity, dispersion, and the
suspension of 15 nm Al

2
O
3
/water nanofluid. The study employed two-step method to mix the Al

2
O
3
powder, deionized water,

and dispersant to conduct an experiment of the settling properties and thermal conductivity of nanofluid in a stable environment,
analyzing the adhesion of nanofluid to copper pipe walls in practical operations. The results indicated that 1.0 wt.% Al

2
O
3
/water

nanofluid with 0.05wt.% cationic chitosan dispersant increased its thermal conductivity up to 4.1% and 12.6% compared with
nanofluid with deionized water at the temperature of 15∘C and 55∘C. At the flow ratio of 2 L/min, the overall heat conductivity
improved by 8.3% and 17.4%, respectively, under 60W and 150W heating power. The solution performed better in dispersion and
suspension than that in the original sample with no cationic chitosan dispersant. The cationic chitosan dispersant, as a result, was
proved to improve the dispersion and suspension of nanofluid. It also helped to reduce the frequency of nanoparticles sticking to
the pipe wall, increasing the practicability of nanofluid.

1. Introduction

The application of nanofluid, such as application in heat
pipe, heat exchanger, practical utilization of solar energy, and
water cooling system, is gradually expanding [1–5]. Previous
studies had already suggested adding nanoparticles to the
substrate solution to increase its thermal conductivity [6–
18]. However, thermal conductivity of nanofluid may not
be influenced other than the particle size, agglomeration,
and precipitation [12, 14, 15, 19–21]. On the other hand, the
millimeter-sized and micron-sized particles added to the
working fluidmay lead to pipe blockage and abrasion [22]. To
improve the suspension and settling properties of nanofluid
and to prevent blockage possibilities of pipelines resulting
from nanofluid have become important issues [23].

In 2009, Zhu et al. [24] studied the effect of the sus-
pension behavior of Al

2
O
3
/water nanofluid on different pH

values and different concentrations of sodium dodecylben-
zene sulfonate (SDBS) dispersant on thermal conductivity.

The result indicated that the stability and thermal conduc-
tivity of Al

2
O
3
/water nanofluid had a significant correlation

with different pH values and different concentrations of
SDBS dispersant. The thermal conductivity increased by
10.1% when the weight concentration of Al

2
O
3
nanoparticle

reached 0.0015.
Wusiman et al. [25] applied the SDBS and sodium do-

decyl sulfate (SDS) dispersant to the carbon nanotube solu-
tion in 2012. These two surface-active agents enabled better
dispersion and long-time stability of the fluid.

In 2012, Hung et al. [1] proposed the Al
2
O
3
/water nano-

fluid and applied the nanofluid with cationic chitosan disper-
sant to heat pipe operation. Such an application increased the
working efficiency by 22.7%–56.3% more than the substrate
solution. Dispersant helped to increase the suspension and
stability of fluids; however, it also reduced the heat conduc-
tivity ratio of the fluid [1, 25].

This study employed a series of experiments in precipita-
tion, adhesion on themetal surface, and thermal conductivity
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of the fluids to discuss the influence of dispersant on the
nanofluid and its practicability.

2. Interrelated Theories

2.1. Agglomeration. Agglomeration refers to a phenomenon
in which single particles agglomerate with each other to
reduce the surface energy in each particle. The smaller the
particle is, the higher the surface energy is. Agglomeration
can be divided into hard agglomeration and soft agglomera-
tion in terms of different cohesion of particles. The chemical
bonds among particles in hard agglomeration make them
uneasy to disperse. There are, however, no chemical bonds
among particles in soft agglomeration, resulting in looser
structure than those among particles in hard agglomeration.
Particles in soft agglomeration, consequently, may easily
disperse into single particles [26, 27].

2.2. Dispersion Technology. There are three methods in
fluid dispersion technology as follows: mechanical control,
medium control, and agent control. Mechanical control
applies disintegrator, ultrasonic oscillator, and electromag-
netic stirring to particle dispersion. Medium control applies
different mediums to different particles in terms of surface
properties and like polarity to reach better dispersion effects.
Agent control applies different dispersants to different parti-
cles in terms of the physical and chemical conditions of the
medium to improve the rejection among particles [26, 27].

2.3. Zeta Potential. Zeta potential is an important parameter
of particle suspension behavior. Due to surface energy, the
well-dispersed suspended particles may agglomerate with
each other, leading to precipitation. The repulsive energy
of suspended nanoparticles in a solution is small, generally
speaking. Agglomeration may occur when the attracting
energy among particles is larger than the repulsive energy.
The repulsive energy, therefore, should be improved to
prevent agglomeration. As a result, a relatively high zeta
potential will confer stability of nanofluid [26, 28].

2.4. Settling Rate. Theexperimentwas designed to investigate
the correlating process of changes between density and time
on the fluid added with the 15 nm Al

2
O
3
nanoparticles and

dispersant. The density changes, based on the same fluid
sample, were measured initial and final in experimental.
Therefore, the ratio of the pre- and postmeasurement as well
as the initial density measurement was utilized to represent
the settling rate of the fluid. It is shown in

𝑟

𝑠
=

𝜌final − 𝜌initial
𝜌initial

, (1)

where 𝜌initial is the initial measurement density and 𝜌final is the
final measurement density.

2.5. The Overall Heat Transfer Capacity Ratio. This study
employed water and 15 nm Al

2
O
3
nanoparticles as the sub-

strate solution to compare the overall heat transfer capacity

ratio of solution with dispersant and solution without disper-
sant.The experimentwas designed to calculate the differences
in thermal conductivities of nanofluid and water with the
same control variables and heat exchanger. The overall heat
transfer capacity ratio (𝑟OHTC) in the heat exchanger can be
implied by the following:

𝑟OHTC =
𝑈nanofluid
𝑈water

=

(𝑇wall − 𝑇𝑚)water
(𝑇wall − 𝑇𝑚)nanofluid

, (2)

where 𝑇wall is the mean temperature of the base plate and
𝑇

𝑚
is the average temperature of liquid traversing the heat

exchange, 𝑇
𝑚
= (𝑇liq.in + 𝑇liq.out)/2.

3. Experimental

3.1. Experimental Apparatus and Procedure. The study em-
ployed the 15 nm Al

2
O
3
/water nanofluid with cationic chi-

tosan dispersant to analyze the properties of nanofluid,
among which the powder concentrations of the solution were
0.5 wt.% and 1.0 wt.%, and the dispersant concentrationswere
0.0 wt.%, 0.05wt.%, 0.1 wt.%, 0.3 wt.%, and 0.5 wt.%. All the
samples were concocted in light of the two-level allegation.
The pending experimental samples were made by operating
through ultrasonic cleaner (TOHAMA, DC400, Taiwan) and
electromagnetic stirrer (PC-420D, CORNING, Taiwan) 3
times each and the interval of each operation was 1 hour.
Basic procedures of the experiment were listed as follows. (1)
Zeta potentials of the fluid samples at the same temperature
weremeasured by Zetasizer (Nano ZS90,MALVERN, United
Kingdom). All the measured samples were selected at the
fixed distance under the same fluid level and then tested in
themeasuring containers. (2)The fluid samples were selected
from 15 cm below the fluid level every 24 hours and the
density changes were measured by densitometer (DA-130N,
KEM, Japan) in the consecutive 20 days. The experimental
samples were placed in the environmental temperature of
25∘C during the testing period. (3) The heat conductivity
ratio of the fluid samples at the same temperature and fluid
level was measured by thermal property analyzer (KD2,
DECAGON, United States). The temperature was controlled
by setting a desired temperature onto the thermostatic sink
(B403L, FIRSTEK, Taiwan) and the experimental samples
were then placed in it to wait until the temperature became
stabilized before reaching the desired temperature. The ther-
mostatic sink was temporarily shut down to reduce the
impact of vibration on the properties during the experimen-
tal period. (4) Components of the copper pipe wall that
had direct contact with nanofluid were analyzed by energy
dispersive spectrometer (7852, OXFORD Instruments, UK).
The copper patch was placed in the inner layer of the
beaker in which the fluid sample was filled and then taken
out to be examined and measured after 40-hour operation
by electromagnetic heating stirrer (PC-420D, CORNING,
Taiwan) under the condition of 35∘C and 200 rev/min. The
study aimed to investigate the disparity, suspension, thermal
conductivity capacity, and applications of the nanofluid by
means of the basic experimental procedures.
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Figure 1: Layout of device in heat exchange experiment.

Table 1: Parameters in heat exchange experiment.

Items Parameters
Volume of the fluid sample 750mL
Inlet water temperature of
heat exchanger 20∘C, 40∘C

Sample of fluid
Solution without dispersant:
0.5 wt.% and 1.0 wt.% Al2O3/water
Solution with 0.05wt.% cationic
chitosan dispersant:
0.5 wt.% and 1.0 wt. % Al2O3/water

Heating power 60W, 90W, 120W, and 150W
Flow ratio 1 L/min and 2 L/min
Temperature 25 ± 2

∘C

Experiment on the overall heat transfer capacity ratio was
employed bywater circulating system, as shown in Figure 1, to
analyze the thermal exchange capacity of the nanofluid with
dispersant. Thermostatic sink was in place to supply stable
inlet water temperature of heat exchanger, DC water pump
(MCP-655, SWIFTECH, USA) was equipped with the flow
meter to enable a constant flow ratio, and heater combined
with power supply (GPC-3030DQ, GW INSTEK, Taiwan)
was applied to provide stable heating power. The data was
obtained and analyzed through data logger. Parameters of the
experiment are shown in Table 1.

3.2. Uncertainty Analysis. The uncertainty of the experi-
mental result was determined by the bias of experimental
measurement parameters. The density was measured by the
densitometer and the steel ruler was used to measure the
distance from that below fluid level in the precipitation
experiment. The thermal property analyzer was applied to
measure thermal conductivity coefficient and T-type ther-
mocouple was to measure fluid temperature in the thermal
conductivity coefficient experiment. In the overall thermal
exchange experiment, the flow was measured by flow meter
and T-type thermocouple was used to measure inlet and
outlet water temperatures of the fluid heat exchanger and
mean temperature of the base plate. Power supply was there
to provide stable heating power. The uncertainty of settling

rate, heat conductivity rate, and overall heat transfer capacity
ratio was displayed as follows:

𝑢

𝑟𝑠
= (

Δ𝜌initial
𝜌initial
+

Δ𝜌final
𝜌final
+

Δ𝐿

𝐿

+

Δ𝑇ambient
𝑇ambient

)

1/2

,

(3)

𝑢

𝑘nf/𝑘bf
= (

Δ𝑘nf
𝑘nf
+

Δ𝑘bf
𝑘bf
+

Δ𝑇liq.

𝑇liq.
)

1/2

,

(4)

𝑢

𝑟OHTC
= ([

Δ

̇

𝑄

̇

𝑄

+

Δ𝑇wall
𝑇wall
+

Δ𝑇liq.in

𝑇liq.in
+

Δ𝑇liq.out

𝑇liq.out
+

Δ𝑊

𝑊

]

water

+ [

Δ

̇

𝑄

̇

𝑄

+

Δ𝑇wall
𝑇wall
+

Δ𝑇liq.in

𝑇liq.in

+

Δ𝑇liq.out

𝑇liq.out
+

Δ𝑊

𝑊

]

nanofluid
)

1/2

.

(5)

Theaccuracy of density, steel ruler, power supply, andflow
meter was ±0.001 g/cm3, ±1mm, ±0.1W, and ±0.02 L/min,
respectively. The maximal value of the uncertainty of experi-
mental conditions of settling rate, heat conductivity rate, and
overall heat transfer capacity ratio was ±12.6%, ±16.3% and
±28.9%, respectively, on the basis of forgoing formulas (2)–
(4).Thus, the uncertainty of the experiment can be controlled
at lower than ±12.6%, ±16.3%, and ±28.9%, respectively.

4. Results and Discussion

Figure 2 shows the behavior change of zeta potential of the
cationic chitosan dispersant in different concentrations. The
figure indicated that cationic chitosan dispersant did increase
the zeta potential of nanofluid up to 24%–30%. However, the
relationship between the additive amount of dispersant and
zeta potential was not proportional; redundant dispersant
might depress the zeta potential. The experimental result of
the zeta potential suggested that dispersant did improve the
dispersion of nanoparticles in fluids, whereas, particle sus-
pension was also influential to the application of nanofluid,
in which better dispersion and suspension would increase
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Figure 2: Correlation between zeta potential and weight fraction of
dispersant.

the stability and heat conductivity of nanofluid. Figures 3
and 4, respectively, indicate the precipitation of 0.5 wt.%
and 1.0 wt.% Al

2
O
3
/water nanofluid in different dispersant

concentrations in 20 days. The figures show that the sample
with 0.5 wt.% dispersant had the most severe precipitation,
while the sample with 0.05wt.% dispersant reached better
suspension; the maximum settling rates were, respectively,
0.21% and 0.26%. Considering agglomeration and precipita-
tion, Al

2
O
3
/water nanofluid with 0.05wt.% cationic chitosan

dispersant was selected as the working fluid for the following
procedures.

Figure 5 indicates the increment of heat conductivity
ratio at different temperatures. Nanofluid with no dispersant
had the most increment of heat conductivity at the same
temperature and powder concentration; dispersant may drop
the heat conductivity ratio and block the increment of heat
conductivity by adding the nanoparticles to the fluid. 1.0 wt.%
Al
2
O
3
/water nanofluid with no dispersant and 1.0 wt.%

Al
2
O
3
/water nanofluid with cationic chitosan dispersant,

respectively, reached 14.2% and 12.6% of conductivity incre-
ment compared with the deionized water at the temperature
of 55∘C. The nanofluids, respectively, reached 4.8% and 4.1%
of conductivity increment at the temperature of 15∘C.

Dispersion of and suspension of nanoparticles and pipe
blockage may be influential to the practical application of
nanofluid. Table 2 is the component analysis and surface
distribution on the copper surface after 40 hours of relative
operation with the nanofluid with no dispersant and with
the nanofluid with 0.05wt% cationic chitosan dispersant.
Powder particles on the surface of copper pipe could be
clearly seen after operating the nanofluid with no dispersant.
Fluid with higher powder concentration hadmore significant
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Figure 3: Correlation between weight concentration and precipita-
tion behavior (0.5 wt.% Al
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Table 2: Analysis of the component of copper surface in operation.

Concentration of
nanofluid Dispersant added Surface distribution Component analysis

0.5 wt.% Al2O3/water
No dispersant added

Cu

Cu

Cu

O Al

(keV)
Full scale 2462 cts cursor: 0.000 keV
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Spectrum 11

0.05wt.% cationic chitosan
dispersant added

Cu

Cu

Cu

O

(keV)
Full scale 2462 cts cursor: 0.000 keV
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Spectrum 1

1.0 wt.% Al2O3/water
No dispersant added

Cu

Cu

Cu

O

(keV)
Full scale 2462 cts cursor: 0.000 keV
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Spectrum 12

Al

0.05wt.% cationic chitosan
dispersant added

Cu

Cu

Cu

O

(keV)
Full scale 2462 cts cursor: 0.000 keV

20 4 6 8 10 12 14 16 18

Spectrum 8

trend of particle adhesion on the surface. The surface of
copper pipe had no significant powder particle adhesion after
operating the nanofluid with dispersant. The study employed
energy dispersive spectrometer to analyze the surface of
copper, showing that nondispersant fluid sample resulted in
the aluminum adhering to the surface of copper, but fluid
with cationic chitosan dispersant prevented the aluminum
from adhering to the surface of copper. The results suggested
that nanofluid with cationic chitosan dispersant effectively
reduced the possibility of nanoparticles adhering to the
surface of copper and copper wall. This result also estimated
that nanofluid with cationic chitosan dispersant reduced
agglomeration in the pipeline in practical system operation.

Figures 6, 7, 8, and 9, respectively, indicate the increasing
trend of the overall heat transfer capacity ratio of nanofluid at
different flow rates and heating power. The results suggested
that the increasing trend of the overall heat transfer capac-
ity ratio resembled the heat conductivity ratio. Deionized
nanofluid without dispersant showed higher increasing trend
than deionized nanofluid with cationic chitosan dispersant
under all operating conditions, but difference in trends of
the overall heat transfer capacity ratio was less significant
in the same power concentration than in trends of thermal
conductivity ratio analysis. The dispersant improved the
agglomeration and suspension of nanofluid, so the contact
area and convection of heat exchange were promoted. The
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overall heat transfer capacity ratio of 1.0 wt.% Al
2
O
3
/water

nanofluid with 0.05wt.% cationic chitosan dispersant was
17.4% at the flow ratio of 2 L/min heated by 150W power and
8.3% heated by 60W power.

5. Conclusions

Adding appropriate amount of cationic chitosan dispersant to
the Al

2
O
3
/water nanofluid yielded the following results.

(1) It improved the agglomeration and precipitation of
nanofluid by elevating the dispersion and suspension
of nanofluid.

(2) It effectively reduced the risks of pipe blockage result-
ing from nanoparticles adhering to the pipe wall in
the process of operation.

(3) Comparing with deionized water, the 1.0 wt.%
Al
2
O
3
/water nanofluid had, respectively, 4.1% and

12.6% thermal conductivity at the temperature of
15∘C and 55∘C. At the flow ratio of 2 L/min, increment
of overall heat transfer capacity, respectively, reached
8.3% and 17.4% when the nanofluid was heated by
60W power and 150W power.
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The purpose is to investigate the boiling heat transfer affected by different wettability aluminum surfaces. The hydrophobic and
hydrophilic surfaces were modified from regular surfaces by sol-gel method. The water contact angles of sample surfaces are 150,
75, and 5 degrees. All the samples were tested by a carefully designed thermal system.The experimental results revealed that, at the
same wall superheat condition, the hydrophilic surface had higher boiling heat flux and hydrophobic surface possessed the lowest.
The boiling bubble generation images suggested that bubble formation rate and shape strongly affected the values of heat flux. The
lower contact angle surface generated fewer bubbles at high heat flux state such that liquid could contact with larger part of solid
interface and transfermore heat than other kinds of surfaces. For the high contact angle surface, at very high heat flux condition, the
bubbles even collapsed into vapor film. Part of heat transferred to liquid was blocked by the film and caused the wall superheat to
increase dramatically and finally damaged the sample.This heat flux limitation was called critical heat flux.The hydrophilic surface
that possessed higher critical heat flux was also measured in this study.

1. Introduction

A lot of heat could be transferred to liquid through the heat-
ing surface during pool boiling heat transfer.The temperature
of fluid remained saturated and the superheat of heating
surface changedwith the heat flux [1].Themaximumheat flux
of boiling curve where wall superheat was going to increase
dramatically was called critical heat flux (CHF). And the
heating surface wettability is one of the important factors that
affect CHF [2]. Also bubbles generated from heating surface
were easily observed during pool boiling heat transfer. The
number and size of bubbles affect heat flux significantly. Since
to enhance the pool boiling heat transfer is an important
issue for high power density cooling system, there are many
researchers focusing on studying the relationship between
CHF and wettability. But most of them concentrated on
the copper surfaces [3]. However, considering the lighter
density and easy manufacturing of aluminummaterial, there
are also many cooling systems harnessing those character-
istics to solve the heat dissipation problems, for example,
heat pipe, vapor chamber, and evaporator heat exchanger.

Jo et al. [4] used E-Beam to deposit platinum thin film as
heater on one side of water and the other side modified as
sample surface. The sample surfaces included regular water
surface whose water contact angle was 54∘ and also was called
hydrophilic. And the other sample surface was modified by
MEMS processes to coat hydrophobic material, Teflon, with
patterned structures. The contact angle was 123∘ (called as
hydrophobic). They concluded that under very low heat flux
transfer condition, the hydrophobic surface offered better
nucleate boiling heat transfer. Also, a heterogeneous wettabil-
ity surface provided better nucleate boiling heat transfer than
that of the homogeneous ones.Hsu et al. [3]modified the cop-
per surfaces to be with homogeneous or interlaced wettability
by nanoparticles self-assembly method. Experimented with
home-made setup, they observed the CHF of heating surfaces
from high to low were interlaced, iso-hydrophilic, regular,
and iso-hydrophobic surfaces. Phan et al. [5] also used
nanocoating techniques to modify the regular steel surfaces
to formdifferent wettability.The surface contact angles varied
from 20∘ to 110∘. Due to the disagreement of results with
classic model, they proposed macro-and micro contact angle
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Figure 1: Illustration of surface modification processes.

model to explain the observed phenomenon. In this study,
regular aluminum surfaces were modified to be hydrophobic
or hydrophilic by self-assembly method. In order to improve
the uniformity and the adhesion of particles, dipping process
was replaced by air spraying. After surfaces modification, the
samples were attached to the thermal test system and mea-
sured the boiling heat transfer flux against heating surface
superheat. The temperature data and bubbles generation or
vapor film formation images were taken for discussion.

2. Materials and Methods

2.1. Aluminum Surface Modification. The different wettabil-
ity aluminum surfaces were modified by the self-assembly
method. The rough structures were formed on surface with
particles of dual sizes of diameters and silane acting as cou-
pler. In the modification processes the dipping was replaced
by air spraying in order to form firm structure on surface.The
hydrophobic surface of rough structure in micro-/nanoscales
was first reported by Barthlott and Neinhuis [6]. But the
theory was proposed much earlier. Young [7] stated that
when a liquid drops on a flat homogeneous solid surface, the
contact angle was decided by the balance of surface tension
forces which are between the solid, liquid, and vapor. The
relation was expressed as

cos 𝜃 =
𝛾SV − 𝛾SL
𝛾LV
, (1)

where 𝜃 is contact angle in degree; 𝛾SV is surface tension, and
the subscripts S, L, andV represent solid, liquid, and vapor
respectively. If the surface was with roughness rather than
plan, Cassie and Baxter [8] modified Young’s expression as

cos 𝜃
𝐶
= 𝑓

1
cos 𝜃
1
+ 𝑓

2
cos 𝜃
2
, (2)

where 𝜃
𝐶
is contact angle predicted by Cassie-Baxter model

𝑓

1
and𝑓
2
are fractions of solid and air inside an interval

length of roughness. 𝜃
1
is contact angle predicted by Young’s

model. When a water drop is in air, 𝜃
2
is 180∘. As pre-

dicted by Cassie-Baxter model, different wettability surfaces
could be obtained by forming rough-structure on surfaces

and controlling the ratio of micro-and nanoparticles. The
modification processes were illustrated in Figure 1. The first
step was to mix methyltrimethoxysilane (METMS), distilled
(DI) water, ethanol, and some Hydrochloric Acid, to form
solution, and then uniformly dispersed (by ultrasonic vibra-
tor) micro-/nano silica dioxide particles into the solution.
The following procedure was to clean to and airspray the
gel-like solution onto the aluminum surface. The final step
was to put the sample into oven to bake it with some pre-
set temperature cycles. The water contact angles of modified
surfaces were measured by contact angle goniometer (model
100SL, Sindatek, Taiwan). With the analysis of the provided
software, themeasurement accuracy could bewithin 1 degree.
The contact angles showed in this paper were the average of
nine measurements at different locations for each sample.

2.2.Thermal System. Theheating system used tomeasure the
heat transfer flux of aluminum surfaces is shown schemat-
ically in Figure 2. There are three-nominal power of 200W
heaters inside the heating copper cylinder. The diameter of
heating cylinder is 60mm. The AC line is connected to
voltage regulator and the output current flows through power
meter and finally into heaters. Such that power supplied from
power control unit could be controlled by regulating the
voltage and read from the power meter panel. The heating
surface is on the top of neck cylinder which is the same block
of heating cylinder. The diameter of neck cylinder is 19mm,
but the length is only 10mm. And two K-type thermocouples
(0.079mmofwire diameter, TPK-0.1-40G, TECPEL, Taiwan)
were placed inside this cylinder. The distance between the
two thermocouples was 4mm. The temperature reading
collected by the data logger (DTM319, TECPEL, Taiwan) was
transferred to PC for analysis. According to the Fourier law
and under one-dimensional assumption, 𝑞 the heat flux to
heating surface could be calculated as

𝑞 = 𝑘

𝑇

1
− 𝑇

2

Δ𝑧

,
(3)

where 𝑘 = 402W/m∘C is thermal conductivity of copper, 𝑇
1

and 𝑇
2
are the temperatures measured by the two thermo-

couples, and Δ𝑧 is the distance between two thermocouples.
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Figure 3: Aluminum surfaces of different wettability.

The top part of cylinder neck was brazed to a water container
and the heating surface (top surface of neck cylinder) had
the same level with bottom plate of container. Two other
thermocouples were used (not shown in figure) to monitor
the temperatures of water and interface between heating
surface and water which both were kept at the saturated state
during experiment. In order to minimize the thermal contact
resistance, a copper cover plate with a hole of 19mmdiameter
was used to fix the aluminum sample. The cover plate was
fastened to the bottom plate by four screws. Also, thermal
grease was applied between heating surface and sample. The
temperature of sample surface was extrapolated by 𝑇

1
and 𝑇

2

with actual distances from surface. Insulating material was
fully filled betweenwater container and support box to reduce
heat transfer to the surrounding area. One extra thermometer
was attached to the surface of box tomonitor the temperature
change. By doing the energy balance analysis, the heat loss
through insulation was proportional to heat transfer flux.The
maximum heat loss was 3.1% of the power supplied.

3. Discussion and Result

3.1. Hydrophobic and Hydrophilic Samples. As predicted by
Cassie and Baxter’s model, formation of roughness structure
on aluminum surface really did improve the water contact
angle whichmeant to bemore hydrophobic. In ourmodifica-
tions, METMS silane solution with addition of 9.6 wt% of sil-
ica oxide particles formed the best hydrophobic surface. The
silica oxide particles included 80% of nanoparticles (99.5%
diameter between 10 and 20 nm, Sigma-Aldrich, USA) and
the rest of microparticles (80% diameter between 1 to 5𝜇m,

Sigma-Aldrich, USA). The contact angle changed from 75∘
to 150∘, as shown in the left part of Figure 3. The SEM
images shown in Figure 4 could reveal the microstructure
dispersed on the modified aluminum surface and the higher
resolution image also could show the nanostructure around
the microparticles which was very similar to the lotus leaf
structure [5]. The contact angle of regular plain aluminum
surface is 75∘ which was also reported in many papers. The
hydrophilic surface modification procedures were the same
as those of the hydrophobic one, except one more high
temperature baking. The bond attraction of METMS silane
to water molecule is higher than to silica particles. The water
drop laid flatly on the surface. The water contact angle was
only 5∘. Since the particles were deposited to the surface by
air spraying, the adhesive force was stronger than the dipping
method. Also the surface wettability could be kept longer for
at least more than 1 year.

3.2. BoilingHeat Flux of Copper Surface. Theheating cylinder
wasmade of copper and the heating surface also can be as one
sample surface. Without attaching any sample to the heating
surface, the boiling heat transfer flux of copper surface could
be tested. Water with temperature of near 100∘C was added
to the container. Power consumed by heaters was controlled
by voltage regulator. Two temperatures inside the cylinder
neck and two inside the water container were recorded by
PC. The temperature curves were shown in Figure 5. After a
period of time, the two temperatures, top and bottom liquid
temperatures, inside the water container were approaching
100∘C. And the other two temperatures were approaching
two steady values which were 𝑇

1
and 𝑇

2
in (3). The one far
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Figure 4: Low and high resolution SEM images of structure on surface (CA = 150∘).
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Figure 5: Temperature curves for one heat flux experiment.

away heating surface was called 𝑇
1
, such that the heat flux

transferred to heating surface could be calculated by (3).
However, the calculated heat flux was smaller than that of
direct reading from power meter, because part of the heat
still could dissipate to the surrounding through the insulation
material. But the calculated heat fluxmust be very close to the
heat flux through heating surface for the short length design
of cylinder neck. For all test cases, the maximum heat flux
dissipated to surroundingwas 3.1%.Theheat flux in this study
was all calculated from (3). The heating surface temperatures
employed similar equation to extrapolate. At the interface of
heating surface and water, the temperature was kept the same
as liquid. This was the reason why it was not easy to measure
the wall temperature directly. However, assuming the heat
flux was conservative in short length cylinder, it was much
easier to extrapolate the wall temperature and calculate the
wall superheat. If any test sample plate was attached to the
heating surface, the thermal conductivity in (3) should be
modified as compositematerial. Figure 6 was the comparison
of copper surface boiling heat flux curve with Hsu et al. [3].
The trend was very similar. The contact angle of our regular
copper surface was 85∘, but it was 73∘ for Chen’s sample. For
our system, if the heat flux was too low, the voltage regulator
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Figure 6: Comparison of copper surface boiling heat flux curvewith
Hsu et al. [3].

was hard to control. The two temperatures 𝑇
1
and 𝑇

2
were

close and hard to determine. So there was a lower limitation
to measure the heat flux.

3.3. Boiling Curves of Aluminum Surfaces. The aluminum
surface’s heat flux against wall superheat plots were shown in
Figure 7. The opened circle symbol line represented boiling
curve of hydrophobic surface. In comparison with copper
surface (Figure 6), if both are at the same heat flux the
wall superheats of aluminum surfaces are much higher.
The reason was that the thermal conductivity of aluminum
was smaller than that of copper. For aluminum surface,
according to (3), the smaller thermal conductivity needs
higher temperature gradient to keep the same heat flux.
From the plot, CHF of hydrophobic surface was 603 kW/m2
when the surface superheat was 163∘C. The solid square
symbol line was the heat flux curve for regular aluminum
surface. Being close to the hydrophobic curve, when the
wall superheat reached 186∘C the boiling heat flux rise was
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Figure 8: Film or bubbles formed during boiling heat transfer for different wettability surfaces.

as high as 703 kW/m2. Larger than this wall superheat, the
boiling condition turned into being unstable gradually. If
only the heat flux slightly increased, the wall superheat then
would have been increasing very quickly. On the surface,
part of the bubbles collapsed into vapor film and blocked
the heat transfer into the liquid. Then, most of energy would
heat up the aluminum sample and cause the wall superheat
increase out of control. Finally, the temperature was over
the limitation of material and damaged the sample. The
solid delta symbol line represented the hydrophilic surface’s
boiling curve. At lower wall superheat, the boiling curve
was steeper than others. There were few bubbles generated
during this stage. If the wall superheats were between 17
and 64∘C, the wall superheats increased dramatically with
only a little increasing of heat flux. Higher bubbles generated
rate was observed in this period of time. The CHF of the
hydrophilic surface could reach as high as 914 kW/m2 and
the correspondingwall superheat was 143∘C. Figure 8 showed
the pictures which were taken at the boiling heat flux around
600 kW/m2. When the surface was hydrophilic, bubbles were

not as many as others.The saturated liquid still could contact
with major part of heating area directly and transfer energy.
The wall superheat was the lowest at this heat flux. For the
regular aluminum surface, the contact angle was 75∘ and
bubbles were generated easily. Most of the heating area was
covered with small size bubbles. The bubbles prevented heat
dissipation from surface into liquid and then increase the
wall superheat. Compare to the hydrophilic surface, the wall
superheat increased about 50∘C at the same heat flux. When
the surface was hydrophobic, very different phenomena were
observed. The modified micro-/nanostructure trapped a lot
of air to form hydrophobic characteristic. This kind of struc-
ture generated bubbles easily during boiling heat transfer. For
higher heat flux case, even some bubbles collapsed into film
and increased the wall superheat very much.

4. Summary

Concluding the discussion, the sol-gel method successfully
modified the regular aluminum surfaces to be hydrophobic
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or hydrophilic. In this study the contact angles were 150∘ and
5∘, respectively. The bubble number and size were smaller for
the hydrophilic surface which let the saturated liquid contact
with heating surface easily. This was a benefit to boiling heat
transfer. Such that the boiling heat flux and CHF depended
on the wettability of the surfaces. For regular aluminum the
CHFwas 703 kW/m2, but for the hydrophilic surface theCHF
could be as high as 914 kW/m2 and only was 603 kW/m2 of
the hydrophobic surface.
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An arc-submerged nanoparticle synthesis system (ASNSS) is proposed and developed for fabricating Ni/Ag nanocompound fluid.
In the development process, the positive and negative electrodes in the system are Ni and Ag, respectively. Applied electrical energy
then produces heating source by generating an adequate arc with a high temperature that can melt and vaporize the two electrodes.
The nanocompound fluid that is generated by the synthesis system is analyzed by morphological analysis, Zeta potential analysis,
heat conductivity analysis, magnetic characteristic analysis, and UV-Vis absorption spectra analysis. Experimental results show
that increasing the concentration of added particles and the higher temperature can be helpful to the enhancement of thermal
conductivity. The Ni/Ag nanofluid not only preserves the magnetic character of the nickel and the ability of silver to absorb visible
light but also enhances the thermal conductivity. The absorption occurs at 406 nm wavelength (redshift from 396 nm to 406 nm),
whichmeans that, under the excitement of visible light range (400∼700 nm), it can let more easy electrons jump to the conductivity
zone from the valence electron zone.

1. Introduction

Ni nanofluid is ferromagnetism and can be used to target
drug to treat localized disease. The applications of nanomag-
netic particles have recently been expanded to such fields as
biomedicine, ferrofluids, data storage, and others. Clinically,
drugs against cancer can be desorbed from [1]. Nickel, a mag-
netic material, is also widely used, in electrical generators,
adaptors, tape recorders, and other devices [2, 3].

Considering metallic silver (Ag) as a multifunctional
material, the antimicrobial effects of Ag ion or salts are well
known; the National Aeronautics and Space Administration
used silver containers to preserve the purity of drinkingwater
on spacecraft in the 1970s. Silver foil was used to protect
wounds from infection during Word War I [4, 5].

In the fabrication process, the positive electrode uses an
Ag rod and the negative electrode uses a Ni rod, and the two
electrodes are processed in the dielectric liquid to formNi/Ag
nanofluid [5, 6]. Nanocomposite fluid is analyzed bymorpho-
logical analysis, heat transfer analysis, and magnetic analysis.
Nanocomposite fluid had a small size of a nanomaterial, and
the number of atoms on its surface increases with its volume
and the surface potential also increases and an increase in

the concentration of the added particles and temperature rise
can be helpful to the enhancement of thermal conductivity
[7, 8]. Furthermore, when the wavelength of illumination
light is in the range of 410 nm∼800 nm, the produced Ni/Ag
nanocomposite fluid has stronger light absorbance.

2. Materials and Methods

Low-pressure controlmethods for ASNSSwere proposed and
developed for the Ni/Ag nanofluid, which is a suspension
of nanoparticles in deionized water [6]. Figure 1 shows the
schematic of fabrication system. The pressure control system
uses the pressure differential created between the chamber
bodies of the working chamber and collection chamber to
induce the particles that become nucleus after vaporization
into the collection chamber from the working chamber. The
nanofluid collection system and cooling circulation system
precondense the dielectric liquid to maintain a low tempera-
ture during the collection of nanofluid and further suppress
the overgrowing and clustering of the particles.

The particles suspended in the loading solution will lower
its reactivity in a low temperature environment and they will
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Figure 1: Schematic of fabrication system.

steadily become nuclii because of their difficulty in contin-
uous growth, acquiring smaller nanoparticles. Finally, the
collected Ni/Ag nanocomposite fluid is extracted for relative
examination of its material properties.

The high energy produced by an electrical arc will
vaporize the metal into vapor. The theory of droplet nucleus
generated by vapor can be used to approximate the crystalline
nucleus generated by balanced gas phase. Supersaturated
vapor would generate cluster of molecular agglutination.
Nucleation requires a considerable amount of undercooling
to grow into a crystal. There are two kinds of free energy
changes that must be considered: (1) the surface energy
required to form the new solid surfaces and (2) the vol-
ume free energy released by the liquid-to-solid transforma-
tion.The free energy change, Δ𝐺, of the generated globe with
radius of 𝑟 during the process of clustering can be expressed
as the following equation:

Δ𝐺 = 4𝜋𝑟

2
𝜎 +

4

3

𝜋𝑟

3
Δ𝐺V (1)

in which 𝜎 is the interfacial tension andΔ𝐺V is the free energy
change during the generation of unit dimensional liquid
by the vapor. The process parameters of this device can be
controlled by different working currents. A nanofluid col-
lection system and cooling circulation system are used to
precondense the deionized water so as to maintain a low
temperature during the collection of nanofluid and further
suppress the overgrowing and clustering of the particles. X-
ray diffraction (MAC-MXP18) is used to obtain the pattern
of nanoparticles. Through XRD analysis, the related XRD
pattern of the nanocompound fluid under analysis is shown
in Figure 2.

FE-SEM (EM0039) and a Decagon KD2 measure meter
also are used to obtain the nanoparticles’ images and the
thermal conductivity. To analyze their magnetic properties, a
SuperconductingQuantum InterferenceDeviceMagnetome-
ter (MPMS7) is used with magnetic field intensity set from
−105 to +105 Gauss at 25∘C. Meanwhile, Zeta meter is used to
analyze the produced nanoparticle suspension and through
UV-vis light absorption spectrum meter the absorbency can
be tested.
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Figure 2: XRD pattern of nanocompound fluid.

Figure 3: FE-SEM image showing the Ni approach to sphere.

3. Results and Discussion

Comparing the peaks generated in Figure 2, the compound
fluid is associated with Ni and Ag. EDS and FEG-SEM are
used to check the further identification and confirmation
can check the fluid particle’s components and appearance.
Figure 3 shows that the Ni particles are in ionic state and will
formmetallic oxides after reacting with oxygen ions in water,
which would form a more spherical shape. In Figure 4, the
FEG-SEM shows the figure of nonoxidized Ag.

The Zeta potentials of mixedNi/Ag nanocomposite fluids
with different pH values are measured.The results in Figure 5
reveal that when the pH value of the produced nanofluid is
about 9.6 and the Zeta potential carried on the particles is
zero, this is called the isoelectric point (IEP). As the surface
potential becomes farther from the IEP, the suspension
becomes more stable.

When the pH value is greater than 9.6, the surfaces of
the particles carry negative charge. Figure 6 plots the ratio of
coefficient of thermal conductivity. A higher Ni/Ag nanofluid
concentration is associated with higher thermal conductivity,
clearly verifying that adding nanoparticles improves the
coefficient of thermal conductivity of the working fluid. The
effect of temperature can be evaluated as follows. When
the temperature of the working fluid is 10∘C, the curves of
concentration (wt%) versus thermal conductivity coefficients
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Figure 4: FE-SEM image showing the almost spherical Ag ap-
proach.
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Figure 5: Zeta potential and the pH value.

approach linearity. At 30∘C, the curve is similar to that at 40–
60∘C but with a steeper slope. When the temperature reaches
60∘C, the curve’s slope becomes negative for 0.4% weight
concentration. The weight concentration between 0.3 and
0.4% is in negative slope. It seems to the nanoparticle’s cluster
due to temperature rising, especially in temperature at 60∘C.
The temperature dependence of the thermal conductivity
enhancement is considered to be attributed to the variation of
Brownian motion velocity for the particles. As the cluster is
decreased, the effect of random motion becomes dominant.
The experiment reveals that when the temperature exceeds
30∘C and concentration (wt%) is over 0.3%, particles in the
nanocompound fluid would aggregate to form sediment at
a certain ratio, which will reduce the thermal conductivity
of nanofluid. Overall, this experiment has shown that both
temperature and concentration will have substantial influ-
ence on the thermal conductivity coefficient of a nanofluid.
By comparing the rates of temperature rise and concentration
(wt%) rise, the influence of thermal conductivity coefficient
ratio to the rate of temperature rise is clear.

Figure 7 presents the UV-Vis absorption spectra of a
suspension of silver nanoparticles and reveals that their
absorbance is maximal at around 396 nm; this result has been
confirmed elsewhere. The UV-Vis absorption spectrum of
Ni/Ag nanofluid is redshifted and its absorbance is maximal
at about 406 nm so it has greater ability to absorb visible light.

Figure 8 displays that the Ni/Ag nanofluid’s saturated
magnetized amount at 0.895 emu/g is smaller than Ni nano-
fluid’s saturatedmagnetized amount at 0.905 emu/g and satu-
rated strength is 1250Oe. The hysteresis slopes are very close
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to each other. The residual magnetism and coercive force
are close to zero, confirming that the magnetic particles are
superparamagnetic particles. For 0.4%Ni/Ag weight concen-
tration in this work, it is too small for saturated magnetized
amount to change.That is, the reason for adding Ag in Ni did
not improve the properties of Ni.

4. Conclusions

Based on above results and analyses, we propose the following
three conclusions concerning the Ni/Ag nanocompound
fluid.

(1) The thermal conductivity experiment confirmed that
a higher Ni/Ag nanofluid concentration is associated
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with higher thermal conductivity and therefore better
heat transfer.

(2) Ni/Ag nanocompound fluid absorbs at 406 nm wave-
length (redshifted from 396 nm to 406 nm), so it can
be excited under visible light (400∼700 nm).

(3) Ni/Ag nanofluid has a residual magnetism and coer-
cive force close to 0, confirming that its particles
are superparamagnetic particles.TheNi/Agnanofluid
not only preserves the magnetic character of the
nickel and the ability of silver to absorb visible light
but also enhances the thermal conductivity.
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MgO-CaO refractories were prepared using analytical reagent chemicals of Ca(OH)
2
andMg(OH)

2
as starting materials and CeO

2

as dopant, then sintered at 1650∘C for 3 h. The effect of CeO
2
powders on the defect of MgO-CaO refractories was investigated.

The sample characterizations were analyzed by the techniques of XRD and SEM. According to the results, with the addition of
CeO
2
, the lattice constant of CaO increased, and the bulk density of the samples increased while apparent porosity decreased. The

densification of MgO-CaO refractories was promoted obviously. In the sintering process, MgO grains grew faster than CaO, pores
at the MgO-CaO grain boundaries decreased while pores in the MgO grains increased gradually, and no pores were observed in
the CaO grains. The nature of the CeO

2
promoting densification lies in the substitution and solution with CaO. Ce4+ approaches

into CaO lattices, which enlarges the vacancy concentration of Ca2+ and accelerates the diffusion of Ca2+.

1. Introduction

MgO-CaO refractories have been widely used in metallurgy
industry [1] and cement rotary kilns [2] owing to their
excellent properties such as high melting points, excellent
thermal shock resistance, and slag corrosion resistance [3].
They have also been considered as one type of chrome-
free refractories that are suitable for substituting the MgO-
Cr
2
O
3
refractories [4]. Furthermore, MgO-CaO refractories

are beneficial to removing inclusions frommolten steels; thus,
they have been considered to be one of the effective refractory
types for processing clean steel products [5, 6]. In recent
years, with the increasing demands of molten steel purity, the
awareness of environmental protection and resource shortage
grows [7], and MgO-CaO materials have become one of the
attractive steelmaking refractories because of their low cost
and high ore reserves [8].

However, the application of MgO-CaO refractories has
been limited by their poor hydration resistance [9, 10]. MgO-
CaO materials are susceptible to hydration because the free
lime in them can react easily with water, volume expansion
of the resultant can cause severe damage to the materials.

The hydration resistance of free lime materials can be
improved by treating them in a CO

2
atmosphere [11] which

leads to the formation of a dense maskant on the surface

of CaO. Further improvement may be made by adding
metal oxides such as CuO [12], Fe

2
O
3
[13], and SiO

2
[14]

to react with lime to form a low-melting point phase or by
adding ZrO

2
[15–17] to form high-melting stable compounds

with CaO. However, the improvements made by using these
methods are at the expense of reducing the free lime content,
which deteriorates the high-temperature property of MgO-
CaO refractories. It has been reported that the addition of
rare earth oxides can appreciably improve the properties of
the MgO-CaO refractories. However, the mechanisms for
the improvements, especially the role played in the improve-
ments by the lattice defects generated as a result of the doping
of this type of oxides have not been adequately understood.
In the present work, the effect of CeO

2
addition on the

sintering and microstructure of the MgO-CaO refractories
are investigated with an aim to delineate the effects of the
lattice defects on improving the sintering and hydration
resistance of MgO-CaO refractories.

2. Experimental Procedures

2.1. Raw Materials. In all the experiments, analytical reagent
chemicals of Mg(OH)

2
, Ca(OH)

2
, and CeO

2
are used as raw

materials. Powders of appropriate amounts of Mg(OH)
2
and
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Ca(OH)
2
were weighed (𝑚MgO :𝑚CaO = 8 : 2) into a ceramic

pot, then mixed in a planetary ball mill for 2 h at a speed of
180 r/min; the ball-to-powder weight ratio used was 3 : 1. The
mixtures obtainedwere then light-roasted in amuffle furnace
at 800∘C for 30min to obtain the MgO-CaO powders. 0-
1 wt% of the CeO

2
powder was then dry-mixedwith the light-

roasted MgO-CaO powder. The mixture was then pressed
to cylindrical samples of 20mm in diameter and 20mm in
length under a pressure of 150MPa.The samples were heated
in an electric furnace at a rate of 3∘C/min to 1650∘C and
kept for 3 h, followed by cooling to room temperature in the
furnace.

2.2. Characterization of MgO-CaO Materials. The sintered
samples were characterized by bulk density and apparent
porosity measurements, microstructure, and phase composi-
tion analyses. The bulk density and apparent porosity were
measured by Archimedes’ principle using kerosene as an
immersion medium under vacuum. The microstructure was
analyzed by scanning electron microscopy (SEM, 20 kv).
Phase compositions were determined by X-Ray powder
diffraction (XRD, Cu target, 40 kv and 40mA).

3. Results and Discussion

3.1. Densification. Figure 1 shows the effect of CeO
2
addition

on bulk density and apparent porosity of the samples sintered
at 1650∘C for 3 h. It is observed that the bulk density increased
gradually and the apparent porosity decreased with the
addition of CeO

2
. The bulk density increased to 3.35 g/cm3

when the amount of CeO
2
added increased to 0.75wt%.With

further addition of CeO
2
, however, the bulk density slightly

decreased. These results indicate that adding small amounts
of CeO

2
promoted the sintering and densification of MgO-

CaOmaterials, but this enhancing effect reaches a maximum
and starts to decrease when the amount of CeO

2
exceeds a

certain level.

3.2. XRD Analysis. Figure 2 shows the XRD patterns of
samples with and without CeO

2
additions. Periclase and

lime were the main crystalline phases in all the samples.
However, the intensity of diffraction peaks was higher for the
samples with CeO

2
additions than for the sample without

CeO
2
addition, indicating that CeO

2
promoted the growth of

MgO and CaO grains, especially for the sample with 0.5 wt%
CeO
2
added.Theposition of the diffraction peaks attributable

to the CaO (2 2 2) crystallographic was shifted as a result
of adding CeO

2
, suggesting that Ce4+ entered into the CaO

lattice, changing the lattice parameter of CaO. However, no
apparent change in the positions of MgO diffraction peaks
was detected.

The CaO lattice constant of the samples was determined
(Table 1) by comparing the peak positions (2𝜃) of the XRD
patterns using the least square method.

The lattice constant of CaO in the samples without CeO
2

addition was found to be 4.7978 Å, which was in accor-
dance with the lattice constants of pure CaO. Adding CeO

2

increased the lattice constant of CaO. When the amount of
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Figure 2: XRD patterns of pure and doped MgO-CaO samples.

CeO
2
added was 0.5 wt%, the lattice constant of CaO reached

the highest point at 𝑎CaO = 4.8232 Å. The lattice constants of
CaOdecreasedwith the further increase in CeO

2
content, but

they were never below the value of the samples without CeO
2

addition.
Generally, the solid solution ofmetal oxides formsmainly

by the replacement of positive ions in the solvent. Radius of
positive ions directly affects the binding energy of positive
and negative ions in ionic crystals and hence influences the
solid solubility. When the difference in the radius of positive
ions is less than 15%, it is easy to form a solid solution; when
the difference is larger than 30%, it is not possible to form a
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Table 1: Calculated lattice constant for sintered samples.

Sample Parameters (h k l)
𝑎 (Å)

(1 1 1) (2 0 0) (2 2 0) (3 1 1) (2 2 2)

0% CeO2
2𝜃 (∘) 32.33 37.51 54.09 64.35 67.70 4.7978
𝑑 (Å) 2.7681 2.3981 1.6960 1.4471 1.3853

0.5 wt% CeO2
2𝜃 (∘) 32.34 37.50 54.04 64.36 67.54 4.8232
𝑑 (Å) 2.7661 2.3966 1.6961 1.4468 1.3854

0.75wt% CeO2
2𝜃 (∘) 32.37 37.52 54.07 64.36 67.60 4.8223
𝑑 (Å) 2.7630 2.3942 1.6953 1.4463 1.3850

1 wt% CeO2
2𝜃 (∘) 32.34 37.52 54.05 64.34 67.62 4.8161
𝑑 (Å) 2.7655 2.3961 1.6960 1.4468 1.3852

solid solution. In this study, the difference in radius between
Ca2+ (0.099 nm) andCe4+ (0.097 nm)was about 2.0%, but the
difference in radius between Mg2+ (0.072 nm) and Ce4+ was
nearly 26%. Therefore, CeO

2
is expected to dissolve easily in

CaO but not in MgO, which is confirmed by the results of
XRD analysis.

3.3. SEM Analysis. Figure 3 shows the typical microstruc-
ture of the fracture surfaces of samples containing various
amounts of CeO

2
.

The sintered sample without CeO
2
addition has more

pores and the grains in it were smaller in size compared
with the samples with CeO

2
additions. Hence, adding CeO

2

increased the degree of sintering and densification and
facilitated grain growth. MgO (dark gray) grains grew more
rapidly than CaO (light gray) grains due to the fact that the
periclase was the continuous phase surrounding lime and as
such the growth of the isolated grains of CaO was hindered
by the difficulty for Ca2+ to diffuse across the matrix during
the sintering process. It can be seen that the number of pores
decreased progressively as the CeO

2
content was increased to

0.75wt%, but the number increased with further increase in
CeO
2
content to 1 wt%, which is consistent with the results of

Figure 1.
It can be also noted that pores were present at the

boundaries betweenMgO andCaO grains or within theMgO
grains; in all the samples no pores were observed within the
CaO grains.

The number of pores at grain boundaries will decrease
during the sintering process as a result of grain boundary
migration, leading to the formation of bigger pores on crystal
surface, which may be eliminated as the sintering process
progresses. But with the introduction of CeO

2
, the number

and size of pores in the MgO grains gradually increased, as
the amount of CeO

2
doping was increased. This cannot be

attributed to the pore evolution in grains, but it may be due
to the formation of Schottky lattice defects, which increased
the oxygen vacancy concentration in the high-temperature
sintering process. With the increasing of additions, the
concentration of lattice defects increases and the vacancy
formation energy decreases. As a consequence, the oxygen
vacancies diffuse, accumulate, and condense to form pores
in the grains in the crystal boundary-migration process [18].
Since the pores in the grains can only be eliminated by lattice

migration, which is much slower than the crystal boundary
migration, it is difficult to eliminate the pores in MgO grains.

3.4. Effect of Defect Reaction by CeO
2
Doping. CaO andMgO

belong to the cubic system, as it is shown in Figure 4(a).
Figure 4(b) shows the crystal structure doped with CeO

2
.

When CeO
2
dissolved into CaO, as the valence of Ce4+ is

higher than that of Ca2+ it may cause two kinds of defect
reactions as follows:

O2− interstitial: CeO
2

Cao
→ CeCa

⋅⋅
+O
𝑖


+O
𝑜

× (1)

Ca2+ vacancy: CeO
2

Cao
→ CeCa

⋅⋅
+ 𝑉Ca

+ 2O
𝑜

× (2)

Solid solution reactions in (1) and (2) comply with the law
of conservation of mass and charge. The number of negative
ions brought in by CeO

2
doping (O2− : Ce4+ = 2 : 1) is more

than that of CaO (O2− : Ca2+ = 1 : 1) causing the surplus of
negative ions and the shortage of positive ions. In order
to maintain the electroneutrality, additional cation vacancy
must be generated when Ce4+ dissolves in the CaO phase.
Hence, Ca2+ vacancy in (2) is the prior modality of charge
compensationwhile defects inMgOgrainsmainly come from
heat-activation Schottky lattice defects as follows:

0  𝑉Mg

+ 𝑉O
⋅⋅ (3)

Generally, vacancies in the grains are surrounded by
atoms, but atoms are not necessarily surrounded by vacan-
cies. As a result, it is easy for vacancies to diffuse but it
is difficult for atoms to diffuse. MgO-CaO materials doped
with CeO

2
enlarge the vacancy concentration of Ca2+. Owing

to high symmetry of CaO crystal structure, the migration
energy of Ca2+ vacancy is the same in the six neighboring
directions (Figure 4(c)) and migration towards any direc-
tion may occur, which contributes to the Ca2+ diffusion.
According to the defect reaction, prior modality of charge
compensation in CaO lattice is the vacancy of positive ions,
so, no pores occur in the sintering CaO grains while O2−
vacancy in MgO grains forms pores in grains.

4. Conclusions

(1) The lattice constant of CaO in MgO-CaO materials
increaseswith the addition ofCeO

2
, when the amount
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MgO
CaO

(a)

CaO

MgO

CeO2

(b)

CaO

MgO

CeO2

(c)

CaO

Pores

MgO

CeO2

(d)

Figure 3: SEM images of samples: (a) 0%, (b) 0.5 wt%, (c) 0.75 wt%, and (d) 1 wt%.

O2−

Ca2+

(a)

Ce4+
O2− Ca2+

VCa


(b)

Ce4+
O2− Ca2+

VCa


(c)

Figure 4: Schematic diagram for Crystal structure of CaO. (a) Crystal structure of CaO, (b) crystal structure of CaO doped with CeO
2
, and

(c) schematic diagram for vacancy migration of Ca2+.

of addition exceeds 0.5 wt%, the lattice constant starts
to decrease.

(2) The addition of CeO
2
increases the vacancy concen-

tration of Ca2+ and accelerates the diffusion of Ca2+,
contributing to the sintering densification of mate-
rials. Many pores are formed in the grains of MgO,
which mainly originated from the Schottky lattice

defects and oxygen vacancy aggregation when the
grain boundaries migrate during high-temperature
sintering.
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