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One of the recent global hot issues is the shortage in
energy supply, since the required energy demand is increas-
ing rapidly with limited fuel energy resources. There are
numerous attempts to research new abundant and clean
energy sources such as hydrogen, solar, natural gas, oil sand,
geothermal, wind, and biomass energies as future energy
sources. However, this technology has suffered from limited
efficiency of generation and storage for industry application.
It should be noted that nanotechnology has been a key point
for using the above new energy sources based on the unique
properties of the nanoscale. Here, we introduced the valuable
papers which present the nanotechnology for renewable and
green energy.

In the paper entitled “Effects of carbon nanotubes acid
treated or annealed and manganese nitrate thermally decom-
posed on capacitive characteristics of electrochemical capaci-
tors,” they discussed how carbon nanotubes (CNTs) can be
more effective for an electrode of electrochemical capacitors
based on acid and annealing treatments and manganese
nitrate thermal decomposition. The optimum conditions for
CNTs modification were addressed on high performance of
capacitor.

In the paper entitled “Effects of multiwalled carbon
nanotube reinforced collagen scaffolds on the osteogenic dif-
ferentiation of mesenchymal stem cells,” they present that
multiwalled carbon nanotube- (MWCNT-) collagen scaffolds
induced significant increases in alkaline phosphatase (AP)

activity and extracellular matrix (ECM) mineralization due
to the increased stiffness and strength of the scaffold by
entrapping MWCNTs. This technology provides a potential
for controlling MSC differentiation using MWCNT-collagen
scaffolds.

In the paper entitled “Gold nanorods incorporated cathode
for better performance of polymer solar cells,” they investigated
the effects of gold nanorods incorporation for cathode per-
formance of polymer solar cells. It was revealed that the short
circuit current and power conversion efficiency increased on
enhancement of absorptivity due to the far-field and near-
field effects of localized surface plasmon resonance induced
by the presence of the rods in the interface between the
photoactive layer and the metallic rear electrode.

In the paper entitled “Hydrogen storage and release prop-
erties of a Cu-added Fe/YSZ redox system,” they studied the
hydrogen storage and release of iron oxide on redox reaction.
It was also discussed that yttria-stabilized zirconia (YSZ) and
copper provide the thermal stability and low-temperature
activity obtaining 1.8 wt% storage efficiency after 35 cycles.

In the paper entitled “Hydrogenation of tetralin over
supported Ni and Ir catalysts,” they present the selective
hydrogenation and ring opening (SRO) of tetrahydronaph-
thalene (tetralin) on nickel and iridium supported catalysts.
It was revealed that the Ir/SiO

2
catalyst gave 85% of tetralin

conversion and 75.1% decalin products selectivity whereas
Ni/SiO

2
catalyst showed an unprecedented high catalytic
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performance with 88.3% of tetralin conversion and 93%
decalin products selectivity.

In the paper entitled “Improvement of lifetime using
transitionmetal-incorporated SAPO-34 catalysts in conversion
of dimethyl ether to light olefins,” they showed that the lifetime
of SAPO-34 nanocatalysts increased by transition metal-
incorporation. It was presented that the increase in the
catalytic lifetime is related to the amount of weak acidic sites,
and these sites are increased in number by incorporating
transition metals into the SAPO-34 catalyst.

In the paper entitled “Improvement of NO gas sensing
properties of polyaniline/MWCNT composite by photocatalytic
effect of TiO2,” they studied that the sensitivity and response
rate of gas sensor were advanced by photocatalytic degra-
dation of NO by TiO

2
in humid condition. The gas sensing

mechanism of polyaniline/MWCNT/TiO
2
composite was

also discussed that the photo-degraded products such as
HNO

2
, NO
2
, and HNO

3
, which were adsorbed on the PANi-

coated carbon nanotubes, resulted in the decreased electrical
resistance in the p-type semiconductors of carbon nanotube
and polyaniline.

In the paper entitled “The effect of nanofluid volume
concentration on heat transfer and friction factor inside a
horizontal tube,” they studied the effects of solid nanoparticle
additives (Al

2
O
3
, TiO
2
, and SiO

2
) for enhancement of heat

transfer and hydrodynamic flow. The simulation was also
discussed with Reynolds number and Nusselt number to
support their results.

In the paper entitled “Water vapor adsorption capacity of
thermally fluorinated carbonmolecular sieves for CO2 capture,”
they present that water vapor adsorption capacity of CMSs
increased by fluorination treatment. It was noted that the
increased specific surface area and semicovalent C–F group
were contributed to higher water vapor adsorption capacity.

In the paper entitled “ZnTe semiconductor-polymer gel
composited electrolyte for conversion of solar energy,” they
studied the effects of ZnTe semiconductor and polymer gel
composite as an electrolyte. It was noted that the performance
of quasi-solid-state ZnO DSSCs with different wt% ZnTe-
GPE composited electrolytes was the highest efficiency for
0.20wt% ZnTe adding.
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The effect of inserting low density of gold nanorods in the metallic rear electrode of polymer solar cells on their performance was
studied. Gold nanorods were introduced by spin-coating their aqueous solution directly on top of the poly(3-hexylthiophene-2,5-
diyl):[6,6]-phenyl-C

61
-butyric-acid-methyl-ester layer. The resulting devices showed a 5% increase in the short circuit current that

leads to a 14% enhancement in the power conversion efficiency. Investigation on the photocurrent spectral response of devices
with/without gold nanorods revealed that incorporating the rods helped in enhancing the devices photogenerated current near the
plasmonic absorption modes of the rods. The enhancement in the devices efficiency is related to the increase in their absorptivity
due to the far-field and near-field effect of localized surface plasmon resonance induced by the presence of the rods in the interface
between the photoactive layer and the metallic rear electrode.

1. Introduction

Intensive research has been dedicated to enhancing the power
conversion efficiency (PCE) of organic solar cells (OSCs)
due to their attractive features such as solvent solubility,
portability, flexibility, and low cost, [1–4]. Up to now, the
PCE of bulk heterojunction (BHJ) polymer solar cells made
by the blend of the polymer poly(3-hexylthiophene-2,5-
diyl) (P3HT) and the fullerene-derivative [6, 6]-phenyl-C

61
-

butyric-acid-methyl-ester (PCBM) has reached ∼5% [5].
Unlike their inorganic counterparts, the absorption of light
in organic materials creates bounded electron-hole pairs
(excitons) with a short diffusion length rather than the free
charge carriers. Thereby, the photoactive layer in OSCs has
to be in the range of a few hundred nanometers of thickness
to limit the recombination of the charge carriers. Such thin
photoactive film allows for more transmission loss of the
incident light [2, 4].

To overcome the absorption loss in thin-film photovoltaic
(PV) devices, the optical path length of the incident light
inside the absorber has to be enlarged without increasing

the absorber thickness [6–8]. This could be achieved by uti-
lizing the light trapping mechanism associated with excited
plasmonic particles. Plasmonic phenomenon in illuminated
metallic nanoparticles (MNPs), such as gold and silverMNPs,
occurs when the oscillations of the incident electric field
resonate with the ones of the electronic charge in the surface
of MNPs. Such resonance allows MNPs to absorb light in the
visible region of the spectra, leading to intensification, by a
factor of 100, in the electromagnetic (EM) field surrounding
them [5]. Metallic nanoparticles are widely used in thin-film
solar cells to enhance their absorption of light by utilizing the
far-field and near-field effect associated with their localized
surface plasmon resonance (LSPR) [9–15].

Although various shapes of gold nanoparticles support
the LSPR, the scattering cross-section of particles with a
cylindrical shape, however, is much larger than the one
associated with the spherical particles [16]. This motivated
the use of the rod shape of gold nanoparticles in the current
work. In previousworkswe investigated the effect of inserting
gold nanorods (Au NRs) into P3HT:PCBM BHJ-OSCs by
depositing them on the anodic layer, indium tin oxide (ITO)
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[17], or by mixing them either with the anodic buffer layer
[14] or the photoactive one [18].

In spite of the fact that the fraction of the backward
scattered light into the cell (from MNPs placed on the cell’s
rear electrode) is comparable to the forward scattered one
(from MNPs placed on the front electrode), it has been
reported that placing the MNPs on the cell’s rear electrode is
preferable to having them in the front one [19]. This is due to
the fact that the loss in the absorption of light at wavelengths
with energies higher than the energy of surface plasmon is
prevented by limiting the destructive interference between
the scattered and unscattered light, while light at lower energy
gets coupled inside the cell [6, 19, 20]. Furthermore, placing
the particles in contact with the photoactive layer makes it
possible for the intensified EMfield around them to reach the
photoactive film and excite more charge carriers. In addition,
MNPs in the photoactive layer introduce quenching energy
states for the excitons, which reduces the number of free
charges carriers that are collected by electrodes [11, 12, 18].
These points suggested that having the Au NRs on top of the
photoactive layer would lead to better increases in both EM
field and the optical path length of the incident light inside
the absorber. In addition, there have been no previous studies
on the effect of depositingMNPs in contact with the polymer
solar cell’s cathode.

In the this study, we report on the effect of incorporating
gold nanorods into the rear electrode of BHJ-OSCs on their
overall performance by spin-coating many layers of Au NRs
directly on top of the P3HT:PCBM film. The investigation
on the spectral response of the resulting photogenerated
current from devices with/without Au NRs revealed that
the photogenerated current for devices incorporating Au
NRs was enhanced near the plasmonic absorption modes of
the rods. The presence of Au NRs on top of P3HT:PCBM
layer would induce more trapping and intensification of
the incident EM in the photoactive layer. This thereby will
enhance the film absorptivity to the incident light, leading to
improved overall performance of the devices.

2. Experimental Methods

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) (CLEVIOS P VP AI 4083) was purchased
from HC Stark. P3HT with a high regioregularity (98%) and
an average molecular weight <50,000 MW was purchased
fromRiekeMetals. PCBM (>99.5%) and 1,2-dichlorobenzene
(anhydrous, 99%) were purchased from Sigma-Aldrich. The
materials were used as received without further purification.

Gold nanorods in an aqueous solution were obtained
from the Institut National de la Recherche Scientifique at
Varennes (INRS-EMT). Details about preparation of Au NRs
were mentioned in [17]. The concentration of Au NRs in the
aqueous solution was ∼1.593 × 1012 rods/mL. Figure 1 shows
the transmission electron microscopy (TEM) image of the
rods, which reveals that the ratio between rods’ long and short
axes is around 4.

For device fabrication, the P3HT:PCBM blends at a 1 : 0.8
ratio were prepared inside a nitrogen-filled glovebox by

Figure 1: TEM image for Au NRs reveals that the aspect ratio is ∼4.

separately dissolving 20mg of P3HT and 16mg of PCBM
in 1mL of 1,2-dichlorobenzene. Equal volumes of P3HT
and PCBM solutions were then mixed together and stirred
overnight at room temperature to ensure more homogene-
ity. Prepatterned/cleaned ITO-coated glass substrates were
subjected to an oxygen plasma treatment before spin-coating
PEDOT:PSS solution after passing it through a 0.45 𝜇m
PVDF filter. The ITO/PEDOT:PSS substrates were baked
at 120∘C for 1 h and then transferred to the nitrogen-filled
glovebox for the deposition of the photoactive layer. The
photoactive film P3HT:PCBM was spin-coated on top of
the modified ITO/PEDOT:PSS electrodes after being passed
through a 0.45 𝜇m PTFE filter. Substrates were then left to
dry in a covered petri dish for 30min. Afterwards, various Au
NRs layers (1, 3, and 5) were directly spin-coated on top of the
photoactive film.The spin-coating of Au NRs was performed
using a two-step process, first at a slow speed of 200 RPM for
3 sec and then at 1000 RPM for 10 sec. Substrates were then
annealed at 150∘C for 30min to be dehydrated. The device
fabrication was completed by evaporating a LiF/Al bilayer
cathode under pressure less than 10−6 torr to yield substrates
wilayerth devices having an active area of 0.16 cm2/each. The
final configuration of the Au NRs incorporated device is
presented in Figure 2 along with the chemical formulas of
both P3HT and PCBMmaterials.

3. Characterizations

OSC devices were characterized under ambient condition
without any encapsulation, in which they were placed under-
neath the UV solar simulator lamp (xenon lamp,Oriel Instru-
ments) that was equipped with AM 1.5G filer. The output
intensity of the lamp was adjusted to 100mW/cm2 using
a silicon photodiode (LI-200 Pyranometer). The current-
voltage (𝐽𝑉) measurements were carried out using a source-
meter (Keithley 2400). The PV parameters, open circuit
voltage (𝑉oc), short circuit current (𝐽sc), fill factor (FF), and
PCE, were measured in devices with and without Au NRs
that were made under the same experimental conditions.
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Figure 2: The final configuration of our OSC devices with Au NRs deposited on top of the photoactive layer; and the chemical formulas of
both p3HT and PCBM.
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Figure 3: Spectra comparison betweenAuNRs solutions alongwith
the spectra of P3HT:PCBM film.

Since our devices were exposed to air at a certain point
during evaporation and characterization processes, the values
of PCE were generally low. For analyzing data and scientific
visualization solution, theQtiplot programwas used inwhich
the error bars were determined.

The photocurrent spectral response measurements of the
devices were carried out by varying the wavelengths of the
incident light from 400 nm to 800 nmusing aNewport 74000
monochromator.

The optical properties of both Au NRs and P3HT:PCBM
were studied using a UV-Vis spectrophotometer (Perki-
nElmer LAMBDA 650 spectrophotometer). The surface
structure of the resulting Au NRs layers was characterized
using a scanning electron microscopy (FEG-SEM Hitachi
S-4700), in which the density of the rods in the layer was
determined.

4. Results and Discussion

Figure 3 illustrates the normalized absorption spectra for Au
NRs solution along with the spectra of the P3HT:PCBM film.
The blue curve for Au NRs solution shows two peaks of their

Figure 4: SEM image for a layer of Au NRs spin-coated on
ITO-coated glass. The white droplet-like indicates the rods. The
background is the ITO. The bar indicates 500 nm.

resonance modes, transverse and longitudinal, respectively,
located at 540 nm and 740 nm. The red curve shows that the
absorption of the P3HT:PCBM photoactive film ranges from
370 nm to 650 nm, with an absorbance maximum around
518 nm and two shoulder peaks around 560 and 610 nm.This
absorbance profile is due to the 𝜋-𝜋∗ electronic transitions
between 0-1 and 0-0 spin states for the maximum and the
shoulder peaks, respectively [21, 22]. It is clear that the
position of the transverse absorption peak of the rods is
associatedwith the absorptionmaximumof the P3HT:PCBM
film. Besides, the longitudinal absorption peak of the rods is
close to the IR absorption edge of the photoactive film.Hence,
the intensified EM field around Au NRs would increase the
absorption of the photoactive film near the plasmon peaks
of the rods, in which an enhancement in the film absorption
near the IR region is expected [14, 18].

To compare both of the microscopic and spectroscopic
properties of the deposited Au NRs layers, one, three, and
five layers of Au NRs were separately spin-coated on ITO-
coated glass. The SEM images in Figure 4 show that such
spin-coating deposition of many layers of Au NRs produced
rods with various densities and arbitrary alignments on the
substrate. Accordingly, the spectral measurements of the
obtained 1, 3, and 5 rods layer(s), illustrated in Figure 5, were
different. The presence of Au NRs with different alignments
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Table 1:The average PV parameters for pristine and P3HT : PCBM/AuNRs devices with 1, 3, and 5 layers of the rods and their corresponding
standard deviation. 𝑅

𝑆
was extracted from the inverse of the slope of the JV characteristics in the dark condition at 0.8 V.

Device type Rods density (cm−2) 𝑉oc (V) 𝐽sc (mA/cm2) 𝑅
𝑆
(Ωcm2) FF% PCE%

Reference-no rods — 0.58 −4.61 ± 0.19 10.5 59.4 1.56 ± 0.03

1 layer Au NRs ∼ 8 × 10
8 0.58 −4.82 ± 0.11 10.5 62.6 1.78 ± 0.03

3 layers Au NRs ∼ 1 × 10
9 0.58 −4.24 ± 0.05 18.2 60.9 1.46 ± 0.01

5 layers Au NRs ∼ 4 × 10
9 0.58 −4.61 ± 0.02 22.2 56.2 1.47 ± 0.01

0
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Figure 5: UV-Vis spectra for 1, 3, and 5 layers of AuNRs spin-coated
on top of ITO-coated glass.The differences in the absorption profiles
of the layers are due to the difference in the densities and alignments
of the rods on the substrate.

at the ITO surface explains the appearance of the two peaks
in the spectrum. A more intense peak is observed for the
five-layer deposit, which produced denser rods in the layer
(∼4× 109 cm−2). For one and three layers of rods, the particles
densities were ∼8 × 108 and 1 × 109 cm−2, respectively.

To examine the effect of incorporating Au NRs on top of
the photoactive layer of the OSC devices, the PV parameters
of fully fabricated devices with/without rods were measured
and compared. Figure 6 illustrates the 𝐽𝑉 curves under
illumination and in dark conditions for reference device
along with devices incorporated Au NRs on top of the pho-
toactive layer, and Table 1 summarizes their corresponding
PV parameters. As Table 1 shows, depositing the Au NRs on
top of the P3HT:PCBM film increased the 𝐽sc by up to 5%
which succeeded in enhancing the PCE by up to 14.1% for
devices incorporating one layer of Au NRs. However, devices
with 3 and 5 layers of the rods on top of the photoactive
layer showed a slight decrease in the PCE.The increase in the
device performance via incorporating a layer of the rods in
contact with the cell’s back electrodes could be explained by
the following mechanisms: the EM field associated with the
LSPR of Au NRs (near-field effect) was intensified near the
photoactive layer, or the optical path length of the incident

light inside the photoactive layer was increased due to the
backward scattering (far-field effect) of the incident light
[5, 6, 19]. Bothmechanismswill result in intensification of the
incident light inside the P3HT:PCBM layer, leading to better
generation of the charge carriers in the photoactive layer.This
would cause the increase in the 𝐽sc and the enhancement in
the PCE of the resulting device.

Figure 7(a) shows the spectral measurements of the pho-
togenerated current density for reference device along with
the one that incorporated a layer of AuNRs on top of the pho-
toactive film. The photocurrent measurements give a picture
of the photogenerated charge carriers upon light illumination
[20]. It is obvious that the 𝐽sc was enhanced by the deposition
of the rods layer. To study the effect of the multimodes exci-
tation of the nanorods on the photogenerated current density
before (𝐽Re) and after (𝐽NR) incorporating one layer of Au
NRs on the cell’s rear electrode, we investigated in Figure 7(b)
the spectral measurements of the ratio 𝐽NR/𝐽Re along with
the spectrum of Au NRs solution. Since the absorption of
our photoactive film does not exceed 650 nm, there was a
decrease in the enhancement of the photogenerated current
around 680–760 nm.As Figure 7(b) depicts, the 𝐽Re enhanced
by 1.13-, 1.14-, and 1.16-folds, respectively, at 460, 640, and
670 nm. These remarkable enhancements in the 𝐽Re are near
the transverse absorption mode of the Au NRs and the tail of
the longitudinal one, respectively, considering the probability
of shifting the absorption maxima for Au NRs with changing
the surrounding environments. The increase in the 𝐽Re could
be related to the increase in the generated free charge carriers
in the photoactive filmdue to the backward scattering process
from the rods, or the intensification of the EMfield surround-
ing them. Although there was no large enhancement in the
absorption profile of the P3HT:PCBM/AuNRs films near the
IR region, a very small increase in the 𝐽Re was observed at this
region, particularly at 670–700 nm, which can be attributed
to the longitudinal absorption mode of Au NRs. Hence,
we suggested that the photogeneration of excitons near the
transverse and longitudinal absorption modes of Au NRs
was enhanced, which improved the total device efficiency.
Our results are somewhat similar to those obtained by Chen
et al. [15] who reported on enhancements in organic cells
with gold nanofilms thermally evaporated in vacuum onto a
LiF/Al electrode.Their results showed an enhancement in the
𝐽NR/𝐽Re ratio near the absorption profile of nanotextured Au
thin films.

For more than a layer of the rods on the P3HT:PCBM
film,3- and 5-layer cases, as presented in Table 1, there was
a reduction in the values of both 𝐽sc and PCE as compared
to the corresponding ones in the reference device. Since
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Figure 6:The 𝐽𝑉 curves for reference P3HT:PCBMdevice alongwith devices incorporating 1, 3, and 5 layers of AuNRs on top of P3HT:PCBM
(a) under illumination and (b) in dark.
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Figure 7: (a) The 𝐽sc spectral response for pristine P3HT:PCBM device along with the P3HT:PCBM:AuNRs(1 layer) one; (b) 𝐽Re/𝐽NR spectra
(for 1 layer NRs) along with the absorbance of the Au NRs water-based solution. The curve has been smoothed and the bars indicate the
errors.

these devices have denser rods on top of the photoactive
film with arbitrary orientations, the possibility of having
some rods embedded in the photoactive film is increased.
Hence, we would expect that the photogenerated excitons
near the P3HT:PCBM/AuNRs interface to be subjected to
recombination, which in turn lowered the numbers of free
charge carriers that reached the electrodes in these cases, thus
reducing both 𝐽sc and PCE [23].

Table 1 also reveals that the devices series resistance (𝑅
𝑆
)

was increased from 10.5 to 22.5Ωcm2 with having more

than a layer of Au NRs deposited on top of the photoactive
film. The increase in 𝑅

𝑆
led to a reduction in the FF from

∼63% to 56%. The increase and decrease in both 𝑅
𝑆
and FF,

respectively, affected the overall performance of the resulting
device. Since Au NRs were dispersed in an aqueous solution,
we suggest that having more than a layer of Au NRs on
top of the photoactive film will accelerate the diffusion of
oxygen and water into the photoactive layer, which resulted
in the device degradation. The increase in the devices 𝑅

𝑆

could be considered as an evidence for the degradation
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of the photoactive film [24]. This degradation would be
another reason for the reduction in the device performance
with more than a layer of the rods on top of the photoactive
film.

5. Conclusion

We achieved ∼14% and 5% increase, respectively, in power
conversion efficiency and short circuit current density of
polymer solar cells by spin-coating a layer of Au NRs on
top of the photoactive film in contact with the cell’s rear
electrode. The improvement in the device performance was
related to both far-field and near-field effect associated with
the LSPR of Au NRs. The spectral measurements of the
short circuit current revealed that its values were increased
near the plasmonic absorption modes of the rods. More
than a layer of Au NRs (3- and 5-layer cases) on top of the
photoactive film, however, decreased the overall performance
of the resulting devices. We found that dense Au NRs in the
layer increased the devices series resistance by up to 12.5%.
Such increase in the series resistance would be considered
as an evidence for the degradation of the photoactive layer,
which negatively affected both devices’ short circuit current
and power conversion efficiency.
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Nanostructured cubic p-type ZnTe for dye sensitized solar cells (DSSCs) was synthesized from 1 : 1 molar ratio of Zn : Te by 600W
and 900Wmicrowave plasma for 30min. In this research, their green emissions were detected at the same wavelengths of 563 nm,
the energy gap (𝐸

𝑔
) at 2.24 eV, and three Raman shifts at 205, 410, and 620 cm−1. The nanocomposited electrolyte of quasisolid state

ZnO-DSSCs was in correlation with the increase in the 𝐽SC, 𝑉OC, fill factor (ff), and efficiency (𝜂) by increasing the wt% of ZnTe-
GPE (gel polymer electrolyte) to an optimum value and decreased afterwards. The optimal ZnO-DSSC performance was achieved
for 0.20wt% ZnTe-GPE with the highest photoelectronic energy conversion efficiency at 174.7% with respect to that of the GPE
without doping of p-type ZnTe.

1. Introduction

Since the first report on low-cost dye sensitized solar cells
(DSSCs) in 1991 [1], great efforts have been made to improve
their performance [2–4]. In spite of their initial success of
approximately 11% solar energy conversion efficiency, much
effort to improve cell performance has not been made to
major breakthrough since then [5]. DSSCs are very attractive
and promising alternative for the development of new gener-
ation of photovoltaic devices. Recent research has focused on
the use of p-type semiconductors and organic hole-transport
materials [6–9] that have better mechanical properties and
simple fabrication processes. The main difficulty is to form
contacts at p-n junctions and the potential of DSSCs using
solid state electrolyte is quite low [10]. Thus, both liquid
and solid electrolytes are combined to form quasisolid (gel)
electrolytes, including the replacement of liquid electrolytes
by solid state hole conductors such as p-type semiconductors
[11], CuI [12], CuSCN [13, 14], andNiO [15–17] and polymeric
electrolytes [18, 19]. In this study, p-type ZnTe as hole
collectors in a polymer electrolyte was used to fabricate solid
state DSSCs.

2. Experimental Procedures

2.1. p-Type ZnTe. To synthesize ZnTe, Zn and Te powders
(analytical grade, Fluka) were used without further purifica-
tion. Four mixtures of 1 : 1 molar ratio Zn : Te were mixed by
rotation for 1 h at room temperature and loaded into 11mm
I.D.× 100mm long silica boats. Each was placed in a horizon-
tal quartz (HQ) tube at a time.TheHQ tubewas tightly closed
and evacuated to 4.3 ± 1 kPa absolute pressure for removal
of air and followed by gradual feeding of argon into this HQ
tube. The procedure was repeated three times. Finally, argon
in the HQ tube was evacuated to 4.3±1 kPa constant absolute
pressure. Each solidmixturewas heated in amanner of 10min
batch run by a 2,450MHz microwave plasma using 300, 450,
600, and 900W, left to cool down in vacuum to room temper-
ature, and thoroughlymixed.The process was repeated under
the same condition until 30min run completion. In the end,
the products were collected for further characterization and
for being selected for fabrication of DSSCs.

2.2. Gel Polymer Electrolyte. Basically, gel polymer electrolyte
(GPE) contained 0.10, 0.20, 0.30, 0.40, 0.50, and 0.70wt%
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Figure 1: XRD patterns of ZnTe synthesized by 450, 600, and 900W
microwave plasma for 30min.

p-type ZnTe in electrolytic solution of 0.5mM LiI, 0.05mM
I, 0.15 nM PEG20000, and 10mL acetonitrile (CH

3
CN). The

colloidal liquid was stirred at 60∘C for 30min until clear
homogeneous quasisolid state was achieved.

2.3. Fabrication of DSSCs. ZnO films were deposited on two
fluorine-doped tin oxide (FTO) glass plates by themicrowave
plasma technique. Each of ZnO photoelectrodes was soaked
in the Eosin Y dye (the cheapest dye) solution for 24 h and
dried. Concurrently, the FTO electrode was coated by platisol
T solution until its sheet resistance was achieved at 10Ω/cm2.
The GPE solution was cast on the dye-absorbed glass plate
and the counter electrode over 1 cm2 in area for fabrication of
a solar cell. Then, the photoanode was partly placed on top of
the counter electrode such that they were extended beyond,
with the GPE sandwiched in between them. This solar cell
was tightly held together by alligator clips. Each sandwich-
type photoelectrochemical solar cell was composed of a dye-
absorbed ZnO photoelectrode with 8mm in thickness, a
laminar film, and a counter electrode.

3. Results and Discussion

3.1. XRD. XRD is an effectivemethod for determining phases
and crystallite sizes of the as-synthesized products. XRD
patterns (Figure 1) of the products synthesized by different
powers of microwave were characterized. All the spectra
were compared with the JCPDS database (reference codes:
15-0746 for ZnTe, 01-1238 for Zn, and 01-0714 for Te) [20].
At 300W (result not shown), the product was composed
of ZnTe and some impurities. Upon increasing the heating
power from300W to 450, 600, and 900W, the reactions of Zn
and Te became more complete with reduction in impurities.
At 450W, Zn and Te impurities were still left in the main
product. At 600 and 900W, only cubic ZnTe was detected
with no impurity detection. At these stages, the chemical
reaction of Zn and Te was complete. Comparing among
different heating powers, the XRD peaks at 900W were the

sharpest, implying that this product was the best crystalline
and that its atoms resided in normal lattice. The strongest
intensity peak is at 2𝜃 of 25.3 degrees and diffracted from the
(111) crystallographic planes of the cubic ZnTe main product.

Generally, reaction rate is controlled by heating power
and temperature. Therefore, increasing of the heating power
has the influence to increase the driving force of reaction,
which promotes the reaction rate to speed up and more
product is synthesized. Calculated average crystallite sizes
using the Scherrer formula [21] were 51.729 nm at 600W and
51.734 nm at 900W, due to the crystal growth process.

3.2. SEM and SAED. SEM image (Figure 2(a)) shows a
number of ZnTe nanoparticles oriented in different directions
with 50 nm in diameter at 600W microwave heating. This
product appears as facet nanoparticles in clusters, specified
as crystal—in accordance with the above XRD analysis.

SAEDpattern (Figure 2(b)) of the ZnTe product appeared
as hollow concentric rings of bright spots, showing that this
product was composed of a number of nanocrystals with
different orientations.These ringswere interpreted and found
to correspond very well with the (111), (200), (220), (311),
(400), and (511) planes of cubic ZnTe [20].

3.3. Photoluminescence (PL) and UV-Visible Absorption. PL
emission of cubic ZnTe (Figure 3(a)) was green emission
centered at around 563 nm (2.20 eV), possibly associated with
point defects with their energy level above the valence band
edge. The emission was in accordance with green emission
centered at 560 nm wavelength (2.21 eV) of ZnTe nanowires
reported byMeng et al. [22], and 552 nmwavelength (2.25 eV)
of 14 nm nanocrystals reported by Lee et al. [23]. The present
emission was slightly red shift comparing to 2.26 eV band gap
of ZnTe (bulk) [22] caused by some defects residing in the
product.

UV-visible absorption of ZnTe synthesized by the 600 and
900W microwave plasma was recorded. The direct energy
gap (𝐸

𝑔
) was determined by extrapolation the linear portion

of the curves (Figure 3(b)) to zero absorbance, corresponding
to 2.24 eV for the threshold optical absorption. In this study,
the photoluminescence energy is less than the energy gap due
to the existence of defects.

3.4. Raman Spectra. Raman spectra (Figure 4) of ZnTe
nanocrystals synthesized by different microwave powers
were composed of three longitudinal optical (LO) modes
at 205 cm−1 (fundamental), 410 cm−1 (1st overtone), and
620 cm−1 (2nd overtone) and were in good accordance with
the available results at 198 cm−1 and 396 cm−1 modes of ZnTe
nanowires reported by Meng et al. [22].

3.5. DSSCs. ZnO films were synthesized by the microwave
plasma technique for using as photoelectrodes. In general,
the operating principle of a DSSC with p-type ZnTe adding
in polymer electrolyte is shown in Figure 5. It consisted of
a transparent conductive oxide glass (F-doped SnO

2
glass,

FTO), nanoporous ZnO layer, Eosin Y dye (the cheapest
dye) monolayer bonded to ZnO nanoparticles, electrolyte
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Figure 2: (a) SEM image and (b) SAED pattern of ZnTe synthesized by 600Wmicrowave plasma for 30min.
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Figure 3: (a) PL emissions and (b) the (𝛼h])2 versus h] plots of ZnTe synthesized by the 600 and 900Wmicrowave plasma for 30min.

consisting of I− and I
3

− redox species, and platinum coated
on counter electrode. When the dye sensitizer was excited
by solar radiation, electrons were released into conduction
band of mesoporous oxide film and further diffused towards
the anode and utilized at external loads prior to be collected
by the electrolyte at the cathode to complete the cycle. To
improve transmittance properties and electrical conductivity,
a FTO conducting glass was used as the anode. Zinc oxide
thin film deposited on the FTO glass can play the role in
the exciton dissertation and the electron diffusion processes.
Porosity of the oxide thin film is the important factor that
controls the content of absorbed dye molecules and provides
surface area of reaction sites on monolayer dye molecules
deposited on top. The selection of dye should correspond to
the solar energy range, long-term stability, and firm grafting.
I− and I

3

− couples as well as ZnTe-GPE were used, including
a platinum catalyst deposited at the cathode [24–26].

The 𝐽-𝑉 characteristic curves of 0–0.70wt% ZnTe-GPE
DSSCs are shown in Figure 6, including their performance
parameters in Table 1. The efficiency (𝜂) was calculated by

𝜂 (%) =
𝐽SC ⋅ 𝑉OC ⋅ ff
𝑃in

× 100, (1)

where 𝐽SC, 𝑉OC, ff, and 𝑃in are the short-circuit current
density, open-circuit voltage, fill factor, and incident light
power density, respectively [24, 27–30]. In this research, the
efficiency of the DSSCs increases to the highest value with the
increase inwt%ZnTe added toGPE and decreases afterwards.
For 0.20wt% ZnTe-GPE, its efficiency was the highest at
174.7% with respect to that of the GPE without doping of p-
type ZnTe. Comparison with other researchers showed that
performance of photovoltaic cells was controlled by several
parameters according to the following. Premalal et al. [13]
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Table 1: Performance of the DSSCs.

DSSCs wt% ZnTe 𝐽sc (mA/cm2) 𝑉oc (V) ff 𝜂 (%)
ZT-000 0.00 1.113 0.476 0.343 100.0
ZT-001 0.10 1.631 0.487 0.274 119.8
ZT-002 0.20 1.635 0.508 0.383 174.7
ZT-003 0.30 1.510 0.512 0.402 170.3
ZT-004 0.40 0.893 0.465 0.363 83.0
ZT-005 0.50 0.539 0.476 0.306 42.9
ZT-007 0.70 0.077 0.349 0.130 2.2
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Figure 4: Raman spectra of ZnTe synthesized by 300, 450, 600, and
900Wmicrowave plasma for 30min.
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demonstrated the enhancement of conductivity and better
pore filing of modified CuSCN inside the TiO

2
matrix. The

solar cell performance gradually increased to a maximum
value beyond which it decreased. For the best results, the
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Figure 6: 𝐽-𝑉 characteristic curves of DSSCswith different contents
of ZnTe in GPE.

conversion efficiency is 3.4% at AM 1.5 with 41.8% enhance-
ment of a solid state DSSC using CuSCN as a hole transport
material. It was 14 times higher than that obtained for the
solid state DSSC of ordinary CuSCN. Chung et al. [27] found
that the fresh and clean CsSnI

3
cell showed very good 𝐽-𝑉

characteristics of solid state solar cell: 𝐽SC = 8.82mA/cm2,
𝑉OC = 0.638V, ff = 66.1%, 𝜂 = 3.72%, 𝐽SC = 12.2mA/cm2,
and 𝜂 = 5.62% by doping with 5mol% fluorine. Further
improvement was obtained for 2mol% SnF

2
-CsSnI

2.95
F
0.05

which, respectively, provided an increase in 29% and 21% of
𝐽SC (15.7mA/cm2) and 𝜂 (6.81%) comparing to the undoped
CsSnI

2.95
F
0.05

with the optimum molar concentration of
5mol% SnF

2
. Similarly, the TiO

2
nanoporous film of the

corresponding cell was pretreated by a fluorine plasma
etching process to increase the size of the nanopores and
nanochannels, including the possibility to reduce surface
states and charged particle recombination. The results were
𝐽SC = 17.4mA/cm2, 𝑉OC = 0.730V, ff = 72.9%, and
𝜂 = 9.28%. Kim et al. [31] fabricated a DSSC using titanium
deposited with a dye-absorbed TiO

2
layer as a working

electrode and a platinum deposited with a porous polymer
electrolyte membrane as a counter electrode. Overall, the
ionic conductivity was improved by increasing the P123
content. The photoelectrochemical characteristics were also
controlled by the thickness of the TiO

2
layer and the twist

pitch length of the counter electrode. The best performance
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is 𝐽SC = 2.117mA/cm2, 𝑉OC = 0.6932V, ff = 0.7015, and
𝜂 = 1.029%. Kumara et al. [32] found that the thickness
of TiO

2
and ZnO layers can play the role in conversion

efficiency of the photovoltaic cells. When the thickness and,
hence, the sheet resistance of the TiO

2
dense layer were

increased, the conversion efficiency was gradually increased
up to 2.6% at a sheet resistance of 370Ω (15 𝜇m thick) beyond
which it decreased. Upon the use of ZnO dense layer for
the replacement of TiO

2
dense layer, the similar trend was

also detected, and the best conversion efficiency of 3.2% was
obtained at a sheet resistance of 2500Ω (15 𝜇m thick).

4. Conclusions

Pure cubic ZnTe nanocrystals were successfully synthesized
by an inexpensive solid state process using 600 and 900W
microwave plasma for 30min. Their photoluminescence
was the same green emission centered at 563 nm (2.20 eV),
possibly associated with point defect level above the valence
band edge. The performance of quasisolid state ZnO DSSCs
with different wt% ZnTe-GPE composited electrolytes was
the highest efficiency for 0.20wt% ZnTe adding.
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Hydrogen storage and release by the redox reaction of an iron oxide with yttria-stabilized zirconia (YSZ) were investigated. YSZwas
introduced to the samples to improve the thermal stability of the iron oxide.The average size of the samples synthesized using urea
was 40–50 nm, whereas those synthesized usingNa

2
CO
3
as a precipitant were 150–200 nm.The sample prepared via coprecipitation

using urea exhibited better stability than the other samples. We prepared the Cu-added Fe/YSZ sample to enhance the low-
temperature reactivity. The water-splitting reaction was initiated at approximately 200∘C, and the maximum rate of hydrogen
evolution was observed at approximately 350∘C. In the isothermal redox test over 35 cycles, the degree of hydrogen storage and
release was almost maintained over 1.8 wt% based on the total amount of the sample.

1. Introduction

Hydrogen production, storage, and utilization have been
widely studied in an effort to solve the depletion of fossil
fuels and environmental problems [1, 2]. Hydrogen can
be produced from various processes such as the steam
methane reforming, water electrolysis, gasification of coal
and biomass, andwater splitting by high temperature heat [3].
The hydrogen storage technologies are the physical storage
methods, such as compressed gas storage and liquid storage,
and the chemical storage methods, such as metal hydrides
and chemical hydrides [4, 5]. Among the various methods
of hydrogen utilization, the polymer electrolyte membrane
fuel cell (PEMFC) is well known to be the most suitable for
automobile applications due to high power density and quick
start-up. The hydrogen for operating the PEMFC requires
the very low tolerance of CO that affects the Pt catalyst by
the poisoning. Otsuka et al. [6] proposed a system for the
chemical storage and release of hydrogen to supply CO-
free hydrogen to the PEMFC. The concept of this system is
consistent with the conventional steam-iron process using
the redox reaction of iron oxide. The first step in this system

involves the reduction of Fe
3
O
4
using hydrogen (1). In the

second step, the Fe is oxidized by water vapor (2) as follows:

Step 1. Hydrogen reduction (hydrogen storage)

Fe
3
O
4
+ 4H
2
→ 3Fe + 4H

2
O (1)

Step 2. Water-splitting oxidation (hydrogen release)

3Fe + 4H
2
O → Fe

3
O
4
+ 4H
2 (2)

The theoretical quantity of stored hydrogen is 4.8 wt%
based on 1 g Fe in this system. A high temperature (approx-
imately 400∘C) is required for the hydrogen evolution step.
The iron oxide exhibits low stability because the particles
aggregate during the reactions causing a deactivation. To
prevent this deactivation, many researchers have investigated
the thermal stability and reactivity by introducing foreign
metals or metal oxides. Ostuka et al. [6] reported that Ga, V,
Cr, and Mo are favorable additives for accelerating the redox
reaction. Takenaka et al. [7] reported that Rh enhances the
rate of hydrogen formation for iron oxides and Mo prevents
the sintering of the iron particles. In addition, Wang et al. [8]
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Figure 1: XRD patterns of the samples after calcination: (a) Fe/YSZ-
1, (b) Fe/YSZ-2, (c) Fe/YSZ-3, and (d) Fe/YSZ-4 (∙: Fe

2
O
3
, I: YSZ).

reported that adding Mo to the iron oxide could improve the
rate of hydrogen formation.

In our previous work [9–12], we investigated the effect
of Zr-based mixed oxides (i.e., ZrO

2
, CeO

2
, or Ce-ZrO

2
) as

promising supporters or binders for preventing the aggre-
gation of iron oxide during the redox reaction. Yttria-
stabilized zirconia (YSZ) is reportedly a promising catalyst or
supporting material due to its high thermal stability and its
stability under reducing and oxidizing gas conditions [13–15].

This work examines the effects of adding YSZ on the
redox behavior of iron oxide. We introduced YSZ into the
iron oxide to enhance its thermal stability in the redox
reaction. The effect of varying the yttria concentration in the
iron oxide on the redox reaction behaviors was investigated.
The reduction and oxidation studies were carried out via
TPR/O (temperature-programmed reduction/oxidation) in a
fixed-bed reactor. In addition, we added Cu into the Fe/YSZ
sample to improve its low-temperature reactivity for the
water-splitting reaction.

2. Experimental

2.1. Sample Preparation. Analytical grade Fe(NO
3
)
3
⋅9H
2
O

(99%, Kanto), Cu(NO
3
)
2
⋅3H
2
O (99%, Junsei), Y(NO

3
)
3

⋅6H
2
O (99.9%, Aldrich), and Zr(OCH

2
CH
2
CH
3
)
4
(70wt%,

Aldrich) served as sources of the metal precursor of Fe, Cu, Y
(yttrium), and Zr, respectively. The concentration of the YSZ
in the Fe/YSZ samples was maintained at 40wt%. We used a
urea and Na

2
CO
3
solution as a precipitant and prepared the

samples using the coprecipitation and impregnation method.
For the coprecipitation method, the samples were pre-

pared as follows. A urea solution was added dropwise to the
metal precursor solutions at 90∘C over 2 h with stirring. The
precipitate was washed three times with deionized water and
dried at 100∘C for 24 h and then calcined under air at 900∘C.
For the Na

2
CO
3
solution, the precursor and precipitant

solutions were added together dropwise at 2∘C under strong
stirring.

Other samples were prepared via the impregnationmeth-
od using the as-synthesized YSZ powder. A solution con-
taining the YSZ mixed with the Fe precursor at 60∘C was

decompressed, and the urea or Na
2
CO
3
solution was added

dropwise. The products were washed and dried using the
previously described procedure.

The prepared samples were denoted as Fe/YSZ-1 (copre-
cipitation and urea), Fe/YSZ-2 (impregnation method and
urea), Fe/YSZ-3 (coprecipitation and Na

2
CO
3
), and Fe-YSZ-

4 (impregnation method and Na
2
CO
3
) depending on the

preparation method and type of the precipitant.

2.2. Sample Evaluation. We evaluated the redox reactions
for the as-prepared samples in a conventional gas-flow
system with a fixed-bed quartz reactor. The sample (0.5 g)
was charged into the center of the reactor. Hydrogen gas
(10% H

2
, Ar balance) was introduced into the reactor at

a flow rate of 40mLmin−1 and heated at 10∘Cmin−1 from
room temperature to 550∘C for the reduction step. For the
subsequent water-splitting oxidation step, water vapor was
introduced into the reactor with an Ar carrier gas at a total
flow rate of 40mLmin−1; the water vapor partial pressure was
approximately 32 kPa, and the heating rate was 10∘Cmin−1
from room temperature to 600∘C. The temperature was
maintained until no hydrogen peak was detected during
both the reduction and oxidation reactions. The hydrogen
gas was analyzed using a gas chromatograph (Donam, DS-
6200) equipped with a thermal conductivity detector (TCD).
Based on the TPR/O profiles, a temperature of 550∘C was
selected for the hydrogen reduction and 350∘C was selected
for the water-splitting oxidation in the isothermal cyclic test.
The crystallinity of the samples was characterized via X-ray
diffraction (XRD, Rigaku Dmax 2500). We also observed the
particle size and morphology of the samples via scanning
electron microscopy (SEM, Hitachi, S-4700).

3. Results and Discussion

3.1. Effects of the Preparation Method. Figure 1 presents the
XRD patterns of the Fe/YSZ samples, all of which demon-
strate that the assignable lines originated from the Fe

2
O
3

and cubic-structured YSZ phases. In addition, no mixing
of the Fe, Y (yttrium), and Zr was detected. The patterns
for pure ZrO

2
exhibit tetragonal or monoclinic structures

below the calcination temperature of 2,370∘C, but a cubic
structure was noted in the presence of Y (yttrium) at low
temperature. This result indicates that the cubic-structured
YSZ was successfully synthesized. Figure 2 provides the
SEM images of the as-prepared samples. The particle sizes
were approximately 40–50 nm when urea was used as the
precipitant but approximately 150–200 nm when Na

2
CO
3

was used. Given this finding, we concluded that the particle
size was strongly affected by the precipitant but not by the
precipitation method.

The TPR/O profiles of the as-prepared samples are pre-
sented in Figure 3. In the first reduction step, TPR profiles
typical of Fe

2
O
3
were observed [9]. Although the reduc-

tion was initiated at approximately 300∘C, the peaks were
primarily observed at approximately 350–500∘C and 550∘C.
These peaks were attributed to a reduction of the Fe

2
O
3
to

Fe
3
O
4
and subsequently to metallic Fe (see(3) and (4)). To
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Figure 2: SEM images of the samples after calcination: (a) Fe/YSZ-1, (b) Fe/YSZ-2, (c) Fe/YSZ-3, and (d) Fe/YSZ-4.
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Figure 3: TPR/O profiles of the as-prepared samples during three repeated redox cycles: (a) Fe/YSZ-1, (b) Fe/YSZ-2, (c) Fe/YSZ-3, and (d)
Fe/YSZ-4.

determine the degree of reduction, the ratio of the first and
second peaks in the TPR profiles was calculated as 1 : 8 for the
complete reduction [16]

3Fe
2
O
3
+ 1H
2
→ 2Fe

3
O
4
+ 1H
2
O (3)

2Fe
3
O
4
+ 8H
2
→ 6Fe + 8H

2
O (4)

The ratios of the areas of the first and second peaks were
calculated at approximately 11-12% for all samples, which
indicates that most of the Fe

2
O
3
was completely reduced to

metallic Fe by hydrogen during the first reduction.
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Figure 4: TPR/O profiles of the Fe/xYSZ (x = 4, 8, and 12) samples during three repeated redox cycles: (a) Fe/4YSZ, (b) Fe/8YSZ, and (c)
Fe/12YSZ.

Table 1: The quantities of hydrogen consumed and evolved in the TPR/O test during three repeated cycles.

Sample Maxa 1st Redb 1st Oxic 2nd Red 2nd Oxi 3rd Red 3rd Oxi
Fe/YSZ-1

10.36

10.16 8.89 9.07 8.93 10.23 8.84
Fe/YSZ-2 9.51 6.41 8.68 5.62 7.36 4.65
Fe/YSZ-3 9.86 8.46 9.35 8.25 9.23 8.87
Fe/YSZ-4 8.05 6.12 9.23 5.96 7.65 6.97
aQuantity of hydrogen consumed when 1 g of sample was theoretically reduced in the first reduction (mmol g−1-sample).
bQuantity of hydrogen consumed during the reduction step (mmol g−1-sample).
cQuantity of hydrogen evolved during water-splitting step (mmol g−1-sample).

Table 2: The hydrogen evolution rate for the samples during
isothermal redox cycles.

Sample Hydrogen evolution ratea (mmolmin−1 g−1-sample)
1st 2nd 3rd 4th 5th Avg.

Fe/YSZ-1 1.07 0.95 0.92 0.87 0.97 0.96
Fe/YSZ-2 0.19 0.14 0.1 0.12 0.10 0.13
Fe/YSZ-3 0.70 0.63 0.71 0.79 0.75 0.72
Fe/YSZ-4 0.58 0.56 0.44 0.42 0.44 0.49
aQuantity of hydrogen evolved divided by the time required for complete
oxidation.

Although the oxidation reactions were initiated at ap-
proximately 250∘C, the maximum peaks were observed in
the TPO profiles between 520∘C and 550∘C for all samples.
The Fe/YSZ-2 sample exhibits a relatively low peak intensity
and longer reaction time, indicating that the reactivity of
the Fe/YSZ-2 was low. The quantities of hydrogen consumed
and evolved were calculated (Table 1). Under the theoretical
conditions, 10.36mmol g−1-sample hydrogen can be con-
sumed during the first reduction step and 9.21mmol g−1-
sample hydrogen can be evolved in the corresponding

reaction step. Although approximately 90–95% of the iron
oxide participated during the oxidation reaction with the
Fe/YSZ-1 and Fe/YSZ-3 samples, only approximately 50–
65% of the iron oxide participated in the reaction with the
Fe/YSZ-2 and Fe/YSZ-4 samples. The quantity of hydrogen
evolved with the Fe/YSZ-2 gradually decreased from 6.41
to 4.65mmol g−1-sample during the reaction, indicating a
substantial deactivation of this sample. It was interesting
that the reactivity of Fe/YSZ-2 sample decreased during the
reaction, although the XRD patterns and particle sizes of
Fe/YSZ-1 and Fe/YSZ-2 were very similar as shown in Figures
1 and 2. It indicates that the coprecipitation method was
more effective in inhibiting sintering of the sample than the
impregnation method, because the iron oxide and YSZ were
well mixed in the crystal growth step via coprecipitation.

An isothermal reduction/oxidation was conducted to
compare the hydrogen evolution rates of the samples
(Table 2). Using the results of the TPR/O profiles, the tem-
perature for the reduction and oxidation was fixed at 550∘C.
Among the as-prepared samples, Fe/YSZ-1 demonstrates the
highest hydrogen evolution rate. The rate of hydrogen evo-
lution decreased in the following order: Fe/YSZ-3 > Fe/YSZ-
4 > Fe/YSZ-2. We concluded that a preparation method via
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Figure 5: XRD patterns of the samples (a) before the reaction with
Cu/Fe/12YSZ, (b) after the first reduction of (a), and (c) after the first
oxidation of (b) (∙: Fe

2
O
3
, I: YSZ, : Fe, ◻: Fe

3
O
4
,X: Cu).

the coprecipitation using a urea solution was favorable to
maintain reactivity.

3.2. Effects of the Yttria Concentrations. The effects of the
yttria concentrations (4, 8, and 12mol% of the total metal
cations in the YSZ) on the redox reactivity were investigated.
The samples were prepared via the coprecipitation using urea
and were designated as Fe/𝑥YSZ (𝑥 = 4, 8, and 12). Figure 4
presents the TPR/O profiles for the as-prepared Fe/xYSZ
samples. Although typical hydrogen reduction profiles were
observed for all samples at a similar temperature, the total
reaction time increased with increasing yttria concentration.
In the TPO profiles, the temperatures at which oxidation
was initiated decreased slightly as the yttria concentration
increased.

The isothermal reactions profiles of the oxidation step
for each sample over 5 cycles are listed in Table 3. The tem-
peratures for the reduction and oxidation were maintained
until the hydrogen peaks were no longer observed. The
quantities of evolved hydrogen were similar in all samples
(approximately 9-10mmol g−1-sample). As the yttria con-
centration increased, the total oxidation time and the rate
of hydrogen evolution decreased. Therefore, the Fe/12YSZ
sample exhibited the highest hydrogen evolution rate.

3.3. Effects of the Cu Additive on the Isothermal Reactivity.
In our previous study, mixing the Fe

3
O
4
with Ce-ZrO

2
[12]

accelerated the water-splitting reaction at low temperatures
in the presence of a Cu additive. Although the reactivity
was maintained during the test, the temperature for the
water splitting with Fe/YSZ was relatively high (>500∘C). To
improve the low-temperature reactivity of the water-splitting
step (<350∘C), we introduced a small quantity of Cu into the
Fe/YSZ.

We prepared the 3wt% Cu-added Fe/12YSZ sample,
designated as Cu/Fe/12YSZ, via the coprecipitation method
using urea. The XRD peak for the Cu/Fe/12YSZ (Figure 5(a))
corresponding to Fe

2
O
3
(hematite) and cubic-structuredYSZ

was similar to that in Figure 1(a), indicating that the Cu-
added iron oxide existed as Cu

𝑥
Fe
3−𝑥

O
4
(𝑥 < 1) [17]. After

the oxidation, metallic Cu and Fe
3
O
4
phases were observed

(Figure 5(c)).
Figure 6 provides the TPR/Oprofiles for the Cu/Fe/12YSZ

and Fe/12YSZ samples. The reduction reaction for the
Cu/Fe/12YSZ sample was initiated at approximately 200∘C,
and the main reduction peaks were observed at approxi-
mately 300∘C and 500∘C.We also observed a distinct effect on
the oxidation reaction with the addition of Cu.The initiation
temperature for the oxidation of Cu/Fe/12YSZ decreased by
approximately 200∘Cwith the maximum hydrogen evolution
observed at approximately 350∘C. The Cu additive improved
the low-temperature reduction and oxidation reactivity.

The reduction and oxidation temperatures for the isother-
mal redox reaction were maintained at 550∘C and 350∘C
depending on the TPR/O results. We performed the isother-
mal redox tests for 35 cycles to identify the cycle stability
of the Cu/Fe/12YSZ sample (Figure 7). The results can be
divided into two sections: the reactions prior to the 10th
cycle and those between the 11th and 30th cycles. For the
first section, the hydrogen evolution rate was high and
the quantities of evolved hydrogen were over 9mmol g−1-
sample. After the 10th cycle, the hydrogen evolution rate and
the quantity of evolved hydrogen decreased and remained
stable for the reactions between the 11th and 30th cycles.
Approximately 8mmol g−1-sample hydrogen was evolved in
the second section, which indicates a hydrogen storage of
1.8 wt% based on the Cu/Fe/12YSZ sample.

After the 30th cycle, we collected the reacted sample
and ground it with a mortar to regenerate the Cu/Fe/12YSZ
material. The isothermal redox tests were conducted for
5 cycles by charging the ground sample. The quantity of
hydrogen evolved in the regeneration step was maintained
at approximately 8mmol g−1-sample. In addition, the rate
of hydrogen evolution was approximately 9mmolmin−1 g−1-
sample. These values were similar to those obtained prior to
the regeneration step, indicating that the regeneration process
restores the sample reactivity.

Figure 8 provides the SEM images of the Cu/Fe/12YSZ
sample both before the reaction and after the 35th redox cycle.
The average size of the Cu/Fe/12YSZ was approximately 30–
40 nm (Figure 8(a)). After the 35th redox cycle, aggregated
Cu/Fe/12YSZ particles were observed (Figure 8(b)). The
decrease in the rate of hydrogen evolution and the quantity
of hydrogen evolved with Cu/Fe/12YSZ was attributed to the
deactivation due to particle aggregation.

4. Conclusions

We investigated the hydrogen storage and release character-
istics of a YSZ-supported iron oxide sample using TPR/O
and isothermal redox tests. Preparation via coprecipitation
using urea was effective in maintaining the sample reactivity.
Increasing the yttria concentration in the Fe/YSZ decreased
the total oxidation time and the rate of hydrogen evolution.
The introduction of a small quantity of Cu into the Fe/YSZ
enhanced the low-temperature reduction and oxidation reac-
tivity.The isothermal redox tests yielded the hydrogen storage
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Table 3: Total oxidation time, quantities of evolved hydrogen, and the hydrogen evolution rate with Fe/4YSZ, Fe/8YSZ, and Fe/12YSZ during
five repeated isothermal redox cycles.

Sample 1st 2nd 3rd 4th 5th Avg.

a
Fe/4YSZ 10.00 10.50 11.25 11.00 10.50 10.65
Fe/8YSZ 9.75 10.50 10.50 10.75 9.75 10.25
Fe/12YSZ 7.75 8.75 9.00 9.50 9.50 8.90

b
Fe/4YSZ 10.16 9.95 9.93 10.01 9.93 10.00
Fe/8YSZ 9.61 9.70 9.45 9.85 9.57 9.64
Fe/12YSZ 9.62 9.61 9.93 10.02 9.94 9.82

c
Fe/4YSZ 1.02 0.95 0.88 0.91 0.95 0.94
Fe/8YSZ 0.99 0.92 0.90 0.92 0.98 0.94
Fe/12YSZ 1.24 1.10 1.10 1.05 1.05 1.11

(a) Total oxidation time (min).
(b) Quantity of hydrogen evolved (mmol g−1-sample).
(c) Quantity of hydrogen evolved divided by the time required for complete oxidation (mmolmin−1 g−1-sample).
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Figure 6: TPR/O profiles of the (a) Cu/Fe/12YSZ and (b) Fe/12YSZ.
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Figure 7: Isothermal oxidation profiles of the Cu/Fe/12YSZ during 35 redox cycles.
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(a) (b)

Figure 8: SEM images of the Cu/Fe/12YSZ sample (a) prior to the reaction and (b) after the 35th redox cycle.

of 1.8 wt% based on the Cu/Fe/12YSZ sample. In addition, the
regeneration of the sample restores its reactivity.
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With recent advances in nanotechnology, carbon nanotubes (CNTs) have been extensively studied as substrates for cell culture,
drug delivery systems, and medical implant materials. However, surprisingly little is known about the effect of CNTs on collective
cellular processes (e.g., adhesion, proliferation, and differentiation). This leads to the need for quantitative characterization of the
proliferation, differentiation, and mineralization of mesenchymal stem cells (MSCs) on multiwalled CNT-s (MWCNTs-) collagen
scaffolds. In here, a set of MWCNTs-collagen scaffolds where three different types of MWCNTs are, respectively, entrapped in
reconstituted type I collagen at four different concentrations less than 100 ppm are prepared; the MSC differentiation thereon is
investigated by monitoring the transcription factor RunX2 (RunX), transforming growth factor 𝛽 (TGF-𝛽), alkaline phosphatase
(AP), osteocalcin, and mineralized nodules of extracellular matrix (ECM). In short, the MWCNT-collagen scaffolds induced
significant increases in AP activity and ECMmineralization due to the increased stiffness and strength of the scaffold by entrapping
MWCNTs. This offers a potential for controlling MSC differentiation using MWCNT-collagen scaffolds.

1. Background

There have been significant advances in cell-based therapy
and tissue engineering for the repair and replacement of
damaged tissues and organs. Now, scientific investigations
in this area have been keeping observation upon nanotech-
nology that has great potential in creating next-generation
approaches. More recently, researches have begun to focus
on the role of nanostructures and nanomaterials for tissue
engineering applications [1]. For example, CNTs introduced
by Oberlin et al. in 1976 [2] have been regarded as promising
substrates for cell-based therapy and tissue engineering (e.g.,
cell cultures, drug delivery systems, medical implantable
materials, etc.) because of their unique material properties
[3–9]. Although nanomaterial-based scaffolds (e.g., CNTs)
are believed to provide many critical features of the microen-
vironments for cell adhesion, proliferation, and differenti-
ation [1], much still remains uncertain and controversial

about the effect of the nanomaterial-based scaffolds on the
collective cellular processes.

The recent advent of nanotechnology has stimulated an
interest in creating a variety of new nanotechnology-based
approaches for creating improved scaffolds with engineered
tissues.The first pioneering research using composites of syn-
thetic polymers and CNTs has demonstrated great promise
that the scaffolds made of the materials can be used for
orthopedic tissue engineering applications [10]. The rein-
forcement of naturally derived polymers (e.g., extracellular
matrix (ECM)) with CNTs has been effective to compensate
for the inherent limitations of ECM scaffolds such as weak
mechanical properties, lack of electrical conductivity, and
absence of adhesive and microenvironment-defining moi-
eties [11]. In detail, CNTs have diameters ranging from 0.7
to 2.0 nm (typically around 1.0 nm) and aspect ratios ranging
from 100 to 10000 [12], thus playing an important role in fiber-
reinforced composite materials for scaffolds [13]. Moreover,
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CNTs have a similar viscoelastic property to that observed
in soft tissue membranes, so they have been intensively used
to increase Young’s modulus and tensile strength of hybrid
biomaterials [11, 14, 15].

In this study, MWCNT-reinforced collagen scaffolds
were designed to investigate the osteogenic differentiation of
MSCs, with the ultimate aim to shed light on the development
of multifunctional scaffolds having enhanced mechanical
and functional properties for a variety of tissue engineer-
ing applications. Our study was spurred by the following
questions. (1) How do CNT-based materials affect collective
cellular processes of MSCs? (2) Does the addition of CNTs
into a naturally derived polymer result in creating a stiffer
microenvironment in which osteoprogenitor cells prefer to
differentiate into osteocytes? To address the above issues, we
prepared a set of MWCNTs-collagen scaffolds where three
different types of MWCNTs were entrapped in reconstituted
type I collagen at four different concentrations, respectively.
The collagen was intended to provide the MSCs with cell
binding sites for differentiation, while the MWCNTs were
designed to increase the stiffness and tensile strength of the
scaffolds. The levels of the proliferation, differentiation, and
mineralization of MSCs on the MWCNT-collagen scaffolds
were evaluated through measuring osteogenic differentiation
markers such as RunX, TGF-𝛽, AP, osteocalcin, and mineral-
ized nodules of ECM. Our approach is therefore believed to
be an exquisite technique for evaluating the effect of scaffolds
on MSC differentiation.

2. Methods

2.1. Materials and Reagents. Three different types of
MWCNTs (HiPCO-derived MWCNT, MWCNT-OH, and
MWCNT-COOH) were purchased from Cheap Tubes
Inc. (Brattleboro, VT, USA). Rat tail collagen type I was
obtained from BD Biosciences (Rockville, MD, USA).The
AlamarBlue, Quant-iT PicoGreen dsDNA detection kit,
and rat interleukin 6 (IL-6) CytoSet were prepared from
Invitrogen Corporation (Carlsbad, CA, USA).

2.2. Proliferation and Differentiation of MSCs. Rat MSCs
were obtained from Invitrogen (Carlsbad, CA, USA). The
MSCs were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) with other supplements: 10% fetal bovine serum
(FBS), 1%penicillin/streptomycin, and 0.25𝜇g/mLof ampho-
tericin B. The MSCs were seeded at a density of 4 × 104
cells/cm2 on theMWCNT-collagen scaffolds in 48-well plates
and incubated at 37∘C and 5%CO

2
in DMEMwith other sup-

plements mentioned above. When the MSCs reached conflu-
ence, the cell culturemedia were replaced with differentiating
media. The MSCs were differentiated to osteoblastic pheno-
type by adding 10mM of 𝛽-glycerophosphate, 50 𝜇g/mL of
ascorbic acid, and 10 nM of dexamethasone.

2.3. Preparation of MWCNT-Collagen Scaffolds. Three dif-
ferent types of MWCNTs having a diameter of 20–30 nm
and two different lengths of 10–20𝜇m (long) and 0.5–2.0 𝜇m
(short) were added to distilled water and sonicated for

10 minutes with a 10-second cooling time per minute on
ice using a Sonicator 3000 (Misonix, Farmingdale). After
sonication, 0.1% polyvinylpyrrolidone (Fisher Scientific) was
added to the MWCNT solution to inhibit the aggregation of
the MWCNTs in the solution. Four kinds of concentrations
(10, 50, 100, and 855 ppm) of MWCNTs were formulated
into a fixed concentration (1mg/mL) of collagen type I with
10% NaHCO

3
. 1000 𝜇L of MWCNT-collagen mixture was

transferred to each well plate, followed by incubation for 30
minutes at 37∘C.

2.4. Cell Viability Assay. Theviability ofMSCswas quantified
through the AlamarBlue assay (AB, BioSource International,
Camarillo), changing its color from blue and nonfluorescent
to red and highly fluorescent under reduction conditions [16].
To examine cell viability, ABwas added in an amount equal to
10% of theMSC culture volume. For each experiment, the flu-
orescence ofABwasmeasured from three separate cellmono-
layers at an excitation wavelength of 545 nm and an emission
wavelength of 590 nm using a fluorescence microplate reader
(Synergy HT Multi-Mode Microplate Reader, Bio-Tek). The
cell viability was calculated as the fluorescence intensity ratio
of treated cells to untreated cells. As a negative control,
AB was loaded to cell culture medium without MSCs. The
fluorescence intensity of the plate was measured after 1 hour
incubation at 37.0∘C.

2.5. Quantification of Deoxyribonucleic Acid (DNA) Contents.
The Quant-iT PicoGreen assay was used to quantify the
total amount of DNA present rather than the presence of a
specific gene. Briefly, cells were washed once with phosphate-
buffered saline (PBS) after removal of culture medium and
lysed in 200mL solution of 25mM Tris/0.5% Triton X-100
(pH 8) followed by three freeze/thaw cycles. Quantification of
DNA contents was conducted according the manufacturer’s
instructions (Molecular Probes). Fluorescence intensity was
measured at an excitation wavelength of 480 nm and an
emission wavelength of 520 nm by a fluorescence microplate
reader (Synergy HTMultimodeMicroplate Reader, Bio-Tek).

2.6. Quantitative Real-Time Polymerase Chain Reaction (qRT-
PCR). Ribonucleic Acid (RNA) was extracted from the
samples using the RNeasy Plus Micro Kit (Qiagen) as per
manufacturer’s protocol with slight modifications. Cell lysate
was obtained by crushing the scaffolds while they were
submerged in lysis buffer, followed by centrifugation. Because
initial RNA concentrations were very low, the process was
modified by adding RNase-free water to the scaffold debris
and mixing (to dissolve the RNA that had bound to the silica
particles from the scaffold) and then centrifuging and adding
this supernatant to the cell lysate.The last step of the protocol
was modified to elute a total of 20𝜇L of RNA by adding 12𝜇L
of RNase-free water twice to a spin column membrane and
then centrifuging. qRT-PCR was performed using the Rotor-
Gene SYBR Green RT-PCR Kit with a Rotor-Gene qRT-PCR
cycler.The genes of interest were glyceraldehyde 3-phosphate
dehydrogenase (GAPDH, control), osteocalcin (BGLAP),
transcription factor RunX2 (RunX), alkaline phosphatase
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Table 1: List of qRT-PCR primers.

Gene Description Primer 𝑇
𝑚

GAPDH Glyceraldehyde 3-phosphate dehydrogenase Forward: 5 TCGGTGTGAACGGATTTGG 3
Reverse: 5 TCTCCACTTTGCCACTGCA 3

55.1∘C
57.4∘C

BGLAP Osteocalcin Forward: 5 CTGACAAAGCCTTCATGTCCAA 3
Reverse: 5 GCCGGAGTCTGTTCACTACCTT 3

55.2∘C
58.3∘C

RunX Transcription factor RunX2 Forward: 5 CTTCAAGGTTGTAGCCCTCGGA 3
Reverse: 5 ATGACGGTAACCACAGTCCCA 3

58.4∘C
58.5∘C

AP Alkaline phosphatase Forward: 5 AAGGATATCGACGTGATCATGG 3
Reverse: 5 GGCCTTCTCATCCAGTTCGTA 3

54.1∘C
56.7∘C

Smad4 SMAD family member 4 Forward: 5 CACAAGTCAGCCGGCCAGTATT 3
Reverse: 5 TTCCAGTCCAGGTGGTAGT 3

59.4∘C
59.0∘C

(AP), and SMAD family member 4 (SMAD4) (Table 1). The
primers used in this study are listed in Table 1. Analysis of the
cycle data was assessed using the double ΔCt method with
a threshold value of 20% above the background. Efficiency
values were empirically derived from 3 plates of differentiated
cells (grown in the same media as a positive control) for
the purposes of this analysis. Fold changes were determined
through Ct value comparison to the negative control. All data
was subject to normalization to the value of a housekeeping
gene (GAPDH) for each experimental condition and speci-
men. All data was analyzed by analysis of variance (ANOVA)
technique.

2.7. Alkaline Phosphatase Activity. The AP detection was
detected by calf intestinal alkaline phosphatase (CIAP,
Promega) to measured cell differentiation. For AP detection,
a substrate (0.4mM of CSPD with Sapphire II, CD100RX,
Applied Biosystems) was used. A preparation method of cell
lysates was the same as a quantification method of DNA
contents. Chemiluminescence of AP activity in each sample
was measured by a chemiluminescence microplate reader
(Synergy HT Multimode Microplate Reader, Bio-Tek). The
light output from each sample was integrated for 10 seconds
after a delay of 2 seconds. The chemiluminescence data were
calibrated with a CIAP standard curve to present AP activity.
All AP activity data were normalized by DNA contents.

2.8. Von Kossa Staining. The mineralized nodules on MSC
layers were quantified by the Von Kossa stain method. The
cell layers were washed twice with PBS, fixed in phosphate
buffered formalin for 10min, washed once with deionized
(DI) water, and serially dehydrated in 70%, 95%, and 100%
ethanol two times and dried. The cell layers were then
rehydrated in 100%, 95%, and 80% ethanol and DI water
sequentially. After addition of 5% silver nitrate solution, the
cell layers were exposed to sunlight for 20 minutes after
which the plate was rinsed with DI water. After addition of
sodium thiosulfate (5%) for 3 minutes, the cell layers were
then rinsed in DI water. Acid fuchsin counterstain (5mL of
1% acid fuchsin + 95mL of picric acid + 0.25mL of 12N
hydrochloric acid) was added to the cell layers for 5 minutes.
The cells were washed with DI water, twice with 95% ethanol,
twice with 100% ethanol, and dried for image analysis.

2.9. Measurement of Mechanical and Surface Property of
MWCNT-Collagen Scaffolds. The surface hydrophobicity of
the MWCNT-collagen scaffolds was determined from mea-
suring static contact angles. A 2 𝜇L water droplet was dripped
on the dried surface of the MWCNT-collagen scaffolds. The
image was captured immediately after inoculation. Contact
angles were measured by a VCA-Optima digital contact
angle instrument (VCA Optima, AST Products Inc.). The
contact angle data were obtained by averaging those of
four droplets. Compressive testing was performed on the
MWCNT-collagen scaffolds located on a 24-well plate. The
height of each sample, from the bottom of the well plate,
was approximately 5mm and the surface area was 1.9 cm2,
whereas the diameter of the probe was 10mm. The test
was performed at extension rate of 10mm/min until total
extension of 2mm using an Instron 5542 apparatus (Instron,
Norwood). Young modulus was determined from the elastic
regime slope of stress-strain curves (<40% strain).

2.10. Statistical Analysis. Statistically significant difference
was set at 𝑃 ≤ 0.05. Statistical analyses were carried out using
one-wayANOVA followed byDunnett’smultiple comparison
test.

3. Results

3.1. Messenger RNA (mRNA) Expression for RunX, SMAD4,
AP, and BGLAP. The mRNA expression of markers associ-
ated with osteogenesis in MSCs was analyzed 3 weeks after
the replacement of differentiating media. The mRNA level
of markers used in this study included RunX, SMAD4, AP,
and BGLAP (osteocalcin). The data was presented as a fold
change over the negative control of proliferating MSCs on
MWCNT-collagen scaffolds having different concentrations
of MWCNTs (Figure 1).ThemRNA level of AP onMWCNT-
collagen having high concentrations of MWCNTs (50 and
100 ppm)was significantly increasing, compared to that of the
collagen scaffold without MWCNTs (i.e., collagen only). The
mRNA levels of the other threemarkers were not significantly
changed.

3.2. Effects of MWCNT-Collagen Scaffolds with Varying
MWCNT Concentrations on MSC Differentiation. Different
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Figure 1: qRT-PCR analysis. Data are analyzed by the double ΔCt
method using the GAPDH as a control gene and the BIO specimens
(cells grown on bioactive glass in standard proliferation media) as
the reference sample. All data are presented as upregulation over the
reference specimen, corrected for GAPDH expression. ∗ denotes a
significantly higher difference than the control (day 0) (𝑃 < 0.05).

concentrations of MWCNTs were added to the collagen scaf-
folds to prepare the MWCNT-collagen scaffolds. MSCs were
seeded onto the MWCNT-collagen scaffolds. When MSCs
reached confluence, the cell culture media were replaced
with differentiating media. AP activity was measured at
four-day intervals. A collagen itself enhanced MSCs differ-
entiation; the addition of the MWCNTs to collagen scaf-
folds induced an additional increase in MSC differentiation.
In detail, MWCNT-collagen scaffolds induced significantly
higher level of AP activity than the “control” (i.e., treated
plastic surfaces for cell culture) 12 days after replacement with
differentiating media. There was no significant difference
in AP activity of MSCs on scaffolds with different con-
centrations of MWCNTs between 10 and 100 ppm, showing
that MWCNT-collagen scaffold-induced AP activity did not
have dose dependency (Figure 2). Although AP levels were
higher in the MWCNT-collagen scaffolds at all MWCNT
concentrations, the transparency of the scaffolds was reduced
as the concentrations of MWCNTs increased (Figure 2).
The transparency of the MWCNT-collagen scaffolds was
appropriate for microscopic observation at lower MWCNT
concentrations (<100 ppm) but was significantly reduced at
higher MWCNT concentrations (>100 ppm). In terms of
transparency andAPactivity, theMWCNT-collagen scaffolds
having 10 ppm MWCNT were believed to be the optimal
ones.

3.3. Effects of MWCNT Type on MSC Differentiation. Three
different types of MWCNTs (i.e., HiPCO-derived MWCNT,
MWCNT-OH, and MWCNT-COOH) having two different
lengths (i.e., short and long) were added to the collagen
scaffolds at a concentration of 10 ppm. When MSCs reached
confluence, the cell culture media were replaced with dif-
ferentiating media. AP activity was measured at four-day
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Figure 2: Effects of the MWCNT-collagen scaffolds with different
MWCNT concentrations on MSC differentiation. AP activity is
measured at four-day intervals from the differentiating media in
which MSCs are differentiated on the MWCNT-collagen scaffolds
with different MWCNT concentrations. ∗ denotes a significantly
higher difference than the control (0 hour) (𝑃 < 0.05) and # denotes
a significantly higher difference than both the control group and
collagen only group at the same time point (𝑃 < 0.05). “Control”
represents the surface of a regular cell culture-treated dish. All AP
activity data are normalized by DNA contents.

intervals. The level of AP activity was higher on all different
types of MWCNT-collagen scaffolds than on two groups
(i.e., control and collagen only). At day 12, all types of
MWCNT-collagen scaffolds induced higher levels of MSC
differentiation compared to the control and collagen only
(𝑃 < 0.05) (Figure 3). However, different types of MWCNTs
did not show significant differences in AP activity.

3.4. Effects of MWCNT Type on the Formation of Mineralized
Matrix Nodules. The dependency of the formation of miner-
alized matrix nodules on MWCNT type entrapped in colla-
gen was also verified. All experiments for this purpose were
made at the same conditions as the previous section (effects
of MWCNT type on MSCs differentiation). As the days
increased, MSCs induced the increased mineralized nodules.
The area of mineralized matrix nodules was significantly
higher at day 15 (Figure 3). MSCs on bothMWCNT-collagen
and MWCNT-OH-collagen scaffolds with short length (0.5–
2.0 𝜇m) induced significant increase in mineralization of
matrix nodules (Figure 4).

3.5. Effects ofMWCNTs onCell Viability andCell Proliferation.
There was no significant change in cell viability among differ-
ent types of MWCNT-collagen scaffolds although significant
decrease in cell viability on MWCNT-collagen scaffolds was
observed at day 4 (Figure 5(a)). All types of MWCNT-
collagen scaffolds did not induce a detrimental effect on cell
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proliferation (Figure 5(b)). In most cases, cell proliferation
increased during this period.

3.6. Mechanical Properties of MWCNT-Collagen Scaffolds.
Contact angles of collagen scaffolds were higher than that
of the control, but the difference was not significant. In
addition, there was also no significant difference in contact
angles among different types of MWCNT-collagen scaf-
folds (Figure 6). The elastic modulus and stiffness, however,
increased as the MWCNT concentration in collagen scaf-
folds increased. Different types of MWCNTs at the same
concentration did not affect the changes in stiffness of
MWCNT-scaffolds (data not shown here). Ten to 100 ppm
of MWCNTs in the MWCNT-collagen scaffolds induced
significantly higher stiffness than others (Figure 7).

4. Discussion

Cell functions in tissue are influenced by the microenviron-
ment that is generated locally at micro- or nanoscale level
by cell-cell or cell-soluble factors or cell-ECM interactions.
Each cell is specifically modulated by themicroenvironments
in which it resides. For example, brain tissues on a highly
compliantmatrix are softer than bone tissues on a highly non-
compliant one. Consequently, neural cell growth, survival,
and differentiation are favored by highly compliant matrices
whereas osteoblast differentiation and survival occur pref-
erentially on stiffer extracellular matrices whose material
properties are very similar to a newly formed bone [17]. ECM
or ECM-like structures can create cellular microenvironment
for specific cells or tissues. Although ECM scaffolds yield
good cellular microenvironment, the scaffolds are known to
be reinforced by some stiff nanomaterials to overcome their
inherent limitations (e.g., weak mechanical properties, lack
of electrical conductivity, and absence of microenvironment-
defining moieties) [11].

We hypothesized that augmenting the properties of
naturally derived polymers (collagen here) through incor-
poration of MWCNTs might enhance in vitro osteogenic
differentiation and mineralization of MSCs. In this study a
set of MWCNTs-collagen scaffolds, in which three different
types of MWCNTs were entrapped in reconstituted type I
collagen at four different concentrations, were fabricated.The
proliferation, differentiation,mineralization, and cell viability
ofMSCs on theMWCNT-collagen scaffoldswere evaluated as
a function of the entrapped amount of MWCNTs. Although
MWCNTs were strongly entrapped in collagen (1mg/mL) at
high concentrations (below 100 ppm), the MWCNT-collagen
scaffolds showed excellent transparency, which is essential
to cell characterization through microscopic observation
(Figure 2). In here, MSCs were used to mimic the subsequent
stages of osteoblastic differentiation in vitro and the MSCs
were observed to mature into osteoblasts after cell culture
media were exchanged for differentiating media. During
this process, AP activity (Figures 1, 2, and 3) increased.
Subsequently, cells started to mature the extracellular matrix
and mineralized matrix nodules appeared (Figure 4). Higher
level of AP activity was observed from the MSCs on
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MWCNT-collagen scaffolds and collagen in comparison to
the cells on the control (Figures 1 and 2). Different types of
MWCNTs did not make significant differences in AP activity
on MWCNT-collagen scaffolds (Figure 3). However, MSCs
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Figure 7:Measurements of elastic modulus in the collagen scaffolds
with different MWCNT concentrations. Compressive testing is
performed on the MWCNT-collagen scaffolds located on a 24-well
plate. Youngmodulus is determined from the elastic regime slope of
stress-strain curves (<40% strain). ∗ denotes a significant difference
in elastic modulus from the collagen only group.

on both MWCNT-collagen andMWCNT-OH-collagen scaf-
folds with short length (0.5–2.0 𝜇m) induced significant
increase in mineralization of matrix nodules (Figure 4).

In terms of structure, collagen provides tensile strength
to tissues via its hierarchical assembly of subunits. In
addition to biologic signaling and macroscopic mechanical
properties, collagen also possesses nanoscale features that
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are mediators of cell activity. Previous studies have shown
that the changes made by certain features (e.g., structural
curvature of collagen fibrils) can regulate the activities of
adherent cells. Nanostructures and nanoscale materials play
important roles in tissue engineering applications. As a strong
candidate, CNTs have been used to modulate cell behavior
through mechanically reinforcing or tailoring the structural
properties of tissue engineered scaffolds. Furthermore, CNTs
have been used to increase the surface roughness and surface
area of scaffolds for cell adhesion [1]. In this study, collagen
itself enhanced MSCs differentiation and mineralization due
to its nanoscale features. That is, the presence of MWCNTs
in the collagen scaffolds yielded a further increase in MSC
differentiation and mineralization. This additional increase
in MSC differentiation and mineralization is thought to
be due to a heightened stiffness and tensile strength of
the MWCNT-collagen scaffolds (Figure 7). Although no
significant difference in contact angles among the MWCNT-
reinforced collagen scaffolds is observed (Figure 6), it is still
not clear that the surface properties (e.g., topography) of
MWCNT-collagen scaffolds affect MSC differentiation and
mineralization in this study. Moreover, although the effect of
the functional groups (–OH or –COOH) attached to both
ends of MWCNTs was partially verified in this study, full
analysis (using different methods) for other functionalized
MWCNTs (e.g., –NH

2
) will be required to determinewhether

surface properties of nanocomposite scaffolds increase cell
differentiation. In away, the results obtained fromhere give us
a hint for understanding the inflammatory response of MSCs
because in vivo MSCs are known to migrate to the sites of
inflammation. They engraft in a variety of tissues and appear
to play an active role in tissue repair and regeneration by
secreting chemokines as well as differentiating into mature
cell types [18–20]. This differentiation is likely to be initiated
and directed as soon as the MSCs sense the changes in their
local microenvironment including mechanical properties.
MSCs can also produce matrix metalloprotease (MMP) dur-
ing cell proliferation and differentiation, whichmay affect the
mechanical properties of the scaffolds. Despite the secretion
of active forms of MMPs by MSCs, MMP enzyme activity is
not detected in MSC-conditioned medium (MSC-CM) due
to tissue inhibitors ofmetalloproteinases- (TIMPs-)mediated
inhibition [21]. Thus, the degradation rate of the scaffold in
this study is thought to be very low and also the degradation
effect of the scaffold on cell proliferation, differentiation, and
mineralization might be negligible.

Ongoing work is focusing on incorporating nanoscale
materials into the inside or outer surfaces of three-
dimensional (3D) scaffolds to gather an in-depth understand-
ing of the dependence of collective cellular processes on
the mechanical stiffness of the scaffolds. Further studies will
be also made to characterize how the mechanical property
changes trigger MSC differentiation to a specific lineage in
complexmicroenvironments where inducers formultiple cell
types are present. The findings of this study, together with
ongoing work, will lead to better understanding of cellular
biomechanics in MSC proliferation and differentiation that
is a critical element for the development of functional tissues
in vitro.
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Selective hydrogenation and ring opening (SRO) of tetrahydronaphthalene (tetralin) was studied over nickel and iridium supported
catalysts in the context of the removal of polynuclear aromatics from diesel fuel. The tetralin hydrogenation was carried out in a
fixed-bed reactor at 270∘C, using H

2
pressure of 30 bars, WHSV of 2.3 h−1, and H

2
/feed molar ratio of 40; the resultant products

were analyzed by GC and GC-MS. The Ir/SiO
2
catalyst gave 85% of tetralin conversion and 75.1% of decalin products selectivity

whereasNi/SiO
2
catalyst showed an unprecedented high catalytic performancewith 88.3% of tetralin conversion and 93%of decalin

products selectivity. The catalysts were characterized by using different characterization techniques such as XRD, TPR, and HR-
TEM to know the physicochemical properties as well as active sites in the catalysts.

1. Introduction

At current stage, the demand for clean andhigh-quality trans-
portation fuels is increasing, and environmental regulation
of their specifications is becoming more stringent [1]. These
developments pose not only economic but also technological
challenges for the global refining industry. Light cycle oil
(LCO) is a side product of the fractionation of fuel catalytic
cracking (FCC) unit. The characteristics of LCO are within
the diesel fuel range, but it is a poor diesel fuel blending
component due to high sulfur and nitrogen content, high
content of aromatic componds, high density, and low cetane
number (CN). High percentage of aromatic compunds not
only generate emissions of undesired particles in exhaust
gases but also decrease the CNs [2]. Due to stringent
environmental regulations and fuel specifications, reduction
of aromatic compunds in distillate fuels is a topic of enor-
mous interest in petroleum/automotive industries research
worldwide [2]. Hydrogenation of aromatic compounds is
important for the production of high performance diesel
fuel (low aromatic diesel fuels) [1–4]. It has been reported
in the literature that the aromatic compounds present in
LCO are mostly the diaromatics (naphthalenes) compounds
[5]. The hydrogenation of these diaromatics in fuels into

monoaromatics is easy, but their complete saturation is more
difficult due to reversibility of hydrogenation reaction [5, 6];
hence in the hydrogenation and SRO studies, tetralin and
naphthalene have been often considered as model molecules
representative of diesel fuels [5–8].

From the hydrogenation of tetralin, one can obtain either
trans- or cis-decalin depending on the structure of intermedi-
ate located on the surface [9]. Even though, these two isomers
have similar physical properties, they are associated with
different chemical properties and different thermal stability
[10, 11].

Cyclic saturated hydrocarbons such as decalin, bicyclo-
hexane, methylcyclohexane, and are proposed as new mobile
hydrogen storage media for proton exchang membrane fuel
cells. Hydrogen can be obtained by catalytic dehydrogena-
tion of the cyclic saturated hydrocarbons to corresponding
aromatic compounds and stored by the hydrogenation of the
aromatic products. As per literature [12], cis-isomer is more
preferable for hydrogen production, because dehydrogena-
tion rate of cis-decalin is faster than that of trans-decalin
[12]; cis-decalin can also be used to produce sebacic acid
that is used in the manufacture of 6,10-Nylon and softeners
[13]. Song et al. demonstrated that, trans-decalin is superior
as compared to cis-decalin for jet fuel components, due
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its high temperature stability as compared with cis-decalin
[10]. It could be worthwhile to mention that SRO is the
promising process for the improvement of diesel quality
and CN. Decalin is not the final products of tetralin SRO,
but it is one of the most desired intermediate, specially cis-
decalin from which we obtained high selectivity for the ring
opening/contraction (ROCP) products. After considering
the wide application of decalin [9–12] in various fields,
the hydrogenation of tetralin to decalin is an industrially
important reaction.

Noble metal catalysts like Ir, Pt, Pd, and Ru are predom-
inantly used for the hydrogenation of aromatics compounds
and selective ring opening process [14–17]. Due to their cost
effectiveness and prone to the sulfur poisoning, it has been
necessary to develop a less expensive but efficient catalyst
for the hydrogenation process. The impregnation method
is one of the most widely adopted methods to prepare a
metal-supported catalyst on a high surface area material [18].
In our previous studies, we observed that Ni/SiO

2
catalyst

offers appreciable RO selectivity from MCH [19] and MCP
[20] as compared with reported noble metal catalysts [18].
In present study, we have compared the catalytic activity of
Ni/SiO

2
catalyst with noble metal containing Ir/SiO

2
catalyst

for the hydrogenation of tetralin. The influence of different
supports (Ir/SiO

2
, Ir/ASA, and Ir/USY) on the hydrogenation

and ROCP selectivity during tetralin hydroconversion was
also studied.

2. Experimental

2.1. Catalyst Preparation. All the Ir supported catalysts were
prepared by impregnation method. The support materials
SiO
2
(Junsei Chemical Company Ltd, Japan), USY zeolite

(Si/Al = 40, Zeolyst International, USA), and amorphous
silica-alumina (ASA) (Si/Al = 40, Sasol) were used as
received. The Ir catalyst with 0.9 wt.% loadings was impreg-
nated on support using aqueous solutions of IrCl

3
⋅3H
2
O

(Samchun Pure Chemicals Ltd, Korea). After impregnation,
the catalysts were dried overnight in the oven at 100∘C
and then calcined at 400∘C for 4 h in air [17, 18]. The
Ni/SiO

2
catalyst with 60wt.% of Ni loading was prepared by

coprecipitation method, using the desired amount of nickel
precursorNi(NO

3
)
2
⋅6H
2
O, andNa

2
SiO
3
⋅H
2
Oas silica source

and urea as a precipitating agent. Precipitation was done at
90∘C with constant stirring and maintained the final pH of
8 to 8.5. The resultant solution was stirred for 24 h, followed
by aging for 10 h. Finally, the resultant green precipitate was
collected after filtration andwashing.The samplewas dried in
an oven at 110∘C for 6 h and calcined at 500∘C for 5 h. Details
of preparation procedure and characterizationswere reported
in the previous report [19, 20].

2.2. Catalyst Characterization. Temperature programmed
reduction (H

2
-TPR) was used to examine the metal/support

interaction and to find out the reduction temperature of cat-
alysts. H

2
-TPR experiment was carried out in aMicrometrics

2920 AutoChem II chemisorption analyzer, equipped with
thermal conductivity detector (TCD). 0.2 g of catalyst was

placed in sample holder and pretreated at the 100∘C for 2 h.
TPR was performed in the temperature range of 50∘C to
800∘C with a heating rate of 10∘C/min. The H

2
consumption

was monitored by a TCD.
BET surface area, pore size, and pore volume measure-

ments of the catalysts were determined from a physical
adsorption of N

2
using liquid nitrogen by an ASAP2420

Micromeritics adsorption analyzer (Micromeritics Instru-
ments Inc). All the samples were degassed at the 250∘C for 2 h
prior to the measurements to remove the adsorbed moisture
from catalysts surface and pores. The surface area and pore
size distribution (PSD) were calculated from the BET and
BJH equations, respectively, by the instrument software.

Powder X-ray diffraction patterns were recorded on a
Rigaku D/Max-3c diffractometer, equipped with graphite
monochromator and operated at 40 kV and 40mA (Cu-K

𝛼

radiation); the average crystallite sizewas calculated using the
Scherrer equation. The morphology and metallic dispersion
of catalyst were determined by transmission electron micro-
scope (TEM) on JEOL JEM-2010.

2.3. Catalyst Activity Measurement. The hydrogenation of
tetralin was performed in a fixed-bed reactor at a temperature
of 270∘C, H

2
pressure of 30 bars, WHSV of 2.3 h−1, and

H
2
/feed molar ratio of 40. In a typical experiment, the

catalysts were palletized, crushed, and sieved to 500 mesh
size; about 0.5 g of catalyst was loaded in the reactor. Prior
to the reaction, the Ni-catalyst was reduced in situ with (5%)
H
2
flow at 330∘C, and Ir-catalyst at 210∘C after which the

reactor was adjusted at operating conditions. The optimum
temperature for reduction of catalysts was determined based
on the H

2
-TPR analysis. The liquid products were collected

and analyzed by aGC (DSChrome6200,Donam Instruments
Inc, Korea) equippedwith an FIDdetector andDB-1HT fused
capillary column (Alltech, USA) (30m × 0.2mm × 0.5 𝜇m),
using helium as a carrier gas. Identification of GC peaks was
accomplished by GC-MS analysis by Agilent HP 5973 GC-
mass spectrometer.

Schematic representation of products obtained from the
hydrogenation of tetralin is shown in Scheme 1. cis- and
trans-decalin are the hydrogenation products which further
gived ROCP and cracking (CR) products by hydrogenolysis
of endocyclic C–C bond of decalin (ROCP and CR products
are not shown in Scheme 1).

3. Results and Discussion

3.1. Catalysts Characterization. H
2
-TPR was conducted to

know the reduction temperature ofNi and Ir on SiO
2
. Figure 1

represents the TPR analysis of catalysts. The Ni catalyst
showed the reduction peak at 330∘C, which is at higher
reduction temperatures than the corresponding Ir catalysts
at 210∘C. Hence, prior to the hydrogenation reaction in
fixed bed, catalyst was reduced at the reduction temperatures
obtained from TPR analysis for each metal catalyst. In TPR
profile of both the catalysts, the metallic reduction peak
appear at lower reduction temperature which is due to its
higher dispersion on the support [17, 20]; the higher metallic
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Figure 1: H
2
-TPR profiles of fresh Ni/SiO

2
and Ir/SiO

2
catalysts.

dispersion could allow access to hydrogen for easy reduction
of supported metallic particles.

In XRD pattern (not shown here) of Ir/SiO
2
catalysts,

we could not observes any crystalline phase related to the
iridiumes and it is mainly due to high dispersion of Ir
nanoparticles as well as due to the low loading of metal
(0.9 wt%). For Ni/SiO

2
catalyst, detailed characterization is

given in previous reports [19, 20].The result of XRD analysis,
concerning highly dispersed nickel particles with a small
particle size (2-3 nm), was also conformed through the HR-
TEM analysis. The XRD pattern of both the catalysts was
found to be the same after reaction.

The HR-TEM micrographs of reduced Ni/SiO
2
and

Ir/SiO
2
catalysts are shown in Figure 2. By the thorough

examination of the TEM images of both catalysts, both

catalysts possessed high dispersion of metallic Ni and Ir,
having an average particle size of around 2-3 nm. The higher
dispersion of metallic nanoparticles on the supports allows
their low temperature reduction, and hence the higher
hydrogenation activity was observed at moderate reaction
conditions.Themorphology of each catalyst was also checked
after hydrogenation reaction through TEM analysis, and it
was also confirmed through the XRD analysis, it was found
to be the same as fresh one. It means; both the catalysts can
be allow their reusability for the next run. The BET surface
areas for both the catalysts before and after reaction was
also evaluated through N

2
adsorption study and after the

reduction the surface areas found to be 176m2/g for Ni/SiO
2

and 172m2/g for Ir/SiO
2
. It could be very interesting to know

that the surface area of both the used catalysts were obtained
very similar to fresh catalysts.

3.2. Hydrogenation and Selective Ring Opening of Tetralin.
In both catalysts, cis- and trans-decalins were obtained as
major products from tetralin hydrogenation, along with the
other hydrogenation products such as ROCP and CR, and it
could be clearly seen on theGCchromatogram (Figure 3), but
naphthalene was not obtained under these reaction condi-
tions (at 270∘C, usingH

2
pressure of 30 bar,WHSV of 2.3 h−1,

and H
2
/feed molar ratio of 40). Rautanen et al. [21] reported

the kinetics of the tetralin hydrogenation in decane over
Ni/Al

2
O
3
catalyst in the temperature range of 85–160∘C and

a pressure range of 20–40 bar; the hydrogenation proceed by
sequential steps from tetralin to cis- and trans-decalins with
the formation of octalins as reaction intermediates. Besides
the hydrogenation products, Gault et al. also observed the
formation of some naphthalene by the dehydrogenation of
tetralin. Within a series of noble metals investigated by Gault
et al. [22], Ir displayed the strongest tendency to break
unsubstituted C–C bonds; McVicker et al. [23] evaluated that
0.9 wt% Ir/Al

2
O
3
catalyst is highly active for the production

of RO products.
Figure 3 shows the section of the gas chromatogram of

the reaction products formed during the hydroconversion
tetralin over Ni/SiO

2
and Ir/SiO

2
catalysts. trans-decalin

and cis-decalins are obtained as major products. The peak
separation is shown in the GC chromatograms of the liquid
products obtained during the hydrogenation of tetralin on
both the catalysts. CR products are related to the organic
compounds with fewer carbon atoms than C10 (C1–C9).
The main components of ROCP products are ring con-
traction (RC) and ring opening (RO). RC products consist
of methylindene and octahydropentalenes having one or
two C5 naphthenic rings, respectively, decalin isomers, or
simply isodecalins and RO were mainly associated with
C10-alkylcyclohexanes and C10-alkylcyclopentanes. ROCP
products are themost important products in the point of view
of CNs.The results for the hydrogenation of tetralin over both
Ni/SiO

2
and Ir/SiO

2
catalysts are presented in Figure 4. It is

clearly seen that the conversion and total decalin selectivity
were higher with Ni/SiO

2
as compared to Ir/SiO

2
. In case

of Ir/SiO
2
catalyst, we obtained 85% conversion of tetralin

with 75.1% of decalin along with 13.3% of ROCP and 11.6% of
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Figure 2: HR-TEM images of reduced (a) Ni/SiO
2
and (b) Ir/SiO

2
catalysts.
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Figure 3: Gas chromatogram of the tetralin hydroconversion over (a) Ni/SiO
2
and (b) Ir/SiO

2
catalysts, reaction conditions: 𝑇 = 270∘C, 𝑃 =

30 bar, WHSV = 1.8 h−1, H
2
/feed molar ratio = 40, (ROCP-ring opening/ring contraction products, CR-cracking products).

CR. Whereas Ni/SiO
2
catalyst showed slightly higher 88.3%

of tetralin conversion and higher 93% of decalin products
selectivity with 7% of ROCP, without any CR products. In
term of isomers selectivity, Ni/SiO

2
catalyst produces 74.1%

trans-decalin and 19.1% cis-decalin (trans/cis ratio = 3.7),
whereas Ir/SiO

2
catalyst catalyst gives 39.3% trans-decalin

and 35.8% cis-decalin (trans/cis ratio = 1.1).
The trans-decalins are themost desired products than cis-

decalin for jet fuel as they are stable at high temperatures.
But as per above discussion in the introduction part cis-
decalin is more desired intermediate for the improvement of
diesel quality and CN; ROCP products are the most desired
products from tetralin hydroconversion. cis-decalin shows
higher reactivity towards ring opening than trans-decalin.
The main possible reason for the enhancement of ROCP
and CR selectivity over Ir/SiO

2
catalyst was considered,

and it is due to the Ir displayed the strongest tendency to
break unsubstituted C–C bonds than Ni. Rautanen et al. [21]
also reported that CR products were not produced during
hydrogenation of tetralin over Ni/Al

2
O
3
catalyst.

The effect of different support for Ir, such as Ir/SiO
2
,

Ir/ASA, and Ir/USY zeolites, on the ROCP selectivity was
also studied and the results are presented in Figure 5. It has
been widely accepted that the ring opening of naphthenic
on acidic catalysts proceeds via a ring contraction step in
which the six-member ring is converted into a five-member
ring before their opening. From Figure 4, it is clearly seen
that the conversion and ROCP selectivity were higher with
Ir/USY as compared to Ir/SiO

2
and Ir/ASA catalyst.Themain

possible reason for the enhancement of activity by Ir/USY
was considered due to the presence of higher strong acidic
strength, which is higher than that of the other two catalysts.
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30 bar, WHSV = 1.8 h−1, H

2
/feed molar ratio = 40, (ROCP—ring

opening/ring contraction, CR—cracking products).

The total acidic strength (acid sites population) seems to
be the main responsible factor for the increase of tetralin
conversion [18]. Further detaild study on the effect of acidity
and detailed characterization of supportmaterial are going on
to achieve maximum yield of ROCP products.

4. Conclusion

Thehydrogenation and SROof tetralin have been investigated
over Ni/SiO

2
and Ir/SiO

2
catalysts. In both catalysts, cis- and

trans-decalins were obtained as major products from tetralin
hydrogenation. Ni/SiO

2
shows an excellent conversion and

high selectivity for the hydrogenation products of tetralin
under mild reaction condition.The Ir/SiO

2
catalyst gave 85%

of tetralin conversion and 75.1% of decalin products selectiv-
ity whereas Ni/SiO

2
catalyst showed an unprecedented high

catalytic performance with 88.3% of tetralin conversion and
93% of decalin products selectivity. Ir/SiO

2
catalyst shows

good selectivity for cis-decalin which is desired intermediate
products for the improvement of diesel quality and CN. The
higher dispersion of metallic nano particles on the supports
allows their low temperature reduction and hence the higher
hydrogenation activity at controllable reaction conditions.
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Transition metal (Mn, Fe, or Ni) incorporated SAPO-34 (MeAPSO-34) nanocatalysts were synthesized using a hydrothermal
method to improve the catalytic lifetime in the conversion of dimethyl ether to light olefins (DTO).The structures of the synthesized
catalysts were characterized using several methods including XRD, SEM, BET, 29Si-MAS NMR, and NH

3
-TPD techniques.

Although the structure of the MeAPSO-34 catalysts was similar to that of the SAPO-34 catalyst, the amount of weak acid sites
in all MeAPSO-34 catalysts was markedly increased and accompanied by differences in crystallinity and structural arrangement.
The amount of weak acid sites decreased in the following order: NiAPSO-34 > FeAPSO-34 >MnAPSO-34 > SAPO-34 catalyst.The
MeAPSO-34 catalysts, when used in the DTO reaction, maintained DME conversion above 90% for a longer time than the SAPO-
34 catalyst, while also maintaining the total selectivity above 95% for light olefins. In addition, the NiAPSO-34 catalyst showed the
longest catalytic lifetime; the lifetime was extended approximately 2-fold relative to the SAPO-34 catalyst.Therefore, the increase in
the catalytic lifetime is related to the amount of weak acidic sites, and these sites are increased in number by incorporating transition
metals into the SAPO-34 catalyst.

1. Introduction

As a microporous material, aluminophosphates (AlPO)
nanomolecular sieves have been used in many processes as
a shape-selective catalyst [1–5].The structure of AlPOmolec-
ular sieves is mainly composed of Al-O-P linkages and is very
similar to that of zeolite. However, AlPO molecular sieves
are electrically neutral due to their structure, in addition
to completely lacking acidic sites and catalytic properties. It
leads to the formation of the silicoaluminophosphate (SAPO)
molecular sieves by introducing Si atoms into the AlPO
framework [6–8]. The substitution of Si atoms for the phos-
phorus in the AlPO generated an electrically negative charac-
ter because the Si required extra lattice cations. Consequently,

the SAPOmolecular sieves have Brønsted acidic sites and are
active in acid-catalyzed reactions.

The DTO process is an important technique used to
produce light olefins starting from alternative energy sources,
such as coal, natural gas, and biomass. Among the SAPO
molecular sieves, the SAPO-34 catalyst has high selectivity for
light olefins production due to its shape selectivity during the
methanol to light olefins (MTO) and DTO reactions; numer-
ous studies have been conducted to improve the lifetime of
this catalyst [9–22]. To enhance the catalytic lifetime, various
transition metals are incorporated into the SAPO-34 frame-
work via isomorphous substitution to form MeAPSO-34
molecular sieves [23–28]. Studies using MeAPSO-34 molec-
ular sieves have been focused on the variation of framework
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arrangement and therefore the acidic sites by incorporating
transition metals. The framework of the SAPO molecular
sieves is a tetrahedral structure comprised of Al, P, and Si
atoms. The transition metals form P(nAl, (4-n)Me) chemical
environments by substituting the Al3+ sites in this frame-
work. The incorporation of transition metals influences the
arrangement of the Si atoms, which can only be substituted
at the P(4Al) sites [29]. It induces a difference in acidity
and catalytic activity compared with SAPO-34 because the Si
atom plays an important role during acidic site formation in
SAPO-34. In many studies of the MeAPSO-34 catalysts, the
variation of the synthetics conditions, starting material and
reaction conditions provided different results. Dubois et al.
[30] reported that aMnAPSO-34 catalyst exhibited improved
catalytic activity compared with SAPO-34, while NiAPSO-34
and CoAPSO-34 catalysts demonstrated low catalytic activity
during MTO process. Salmasi et al. [31] reported that a
NiAPSO-34 catalyst prepared by combining TEAOH and
morpholine as structure directing agents (SDA) showed
the highest activity in the MTO process. In addition, the
MeAPSO-34 catalysts synthesized by incorporating Fe, Co,
and Mn exhibited enhanced catalytic lifetimes and prop-
erties in comparison with SAPO-34 when transforming
chloromethane into light olefins [32]. However, while the per-
formance of all MeAPSO-34 catalysts has been tested in the
MTO reaction, not all catalysts of this type have been tested
in the DTO reaction. The amount of water formed during
the DTO reaction is much lower than that formed during
the MTO reaction because DTO reaction does not require
the dehydration step needed to turn methanol into dimethyl
ether. The water formation may affect the coke formation,
which is a primary cause of catalyst deactivation. Therefore,
the performance of the MeAPSO-34 catalyst must be con-
firmed in a reaction using dimethyl ether as a raw material.

In this work, the MeAPSO-34 catalysts by incorporating
various metals (Mn, Fe, or Ni) were prepared using a
hydrothermal method. Physicochemical properties of the
prepared catalysts were studied using SEM, XRD, and BET.
The variations in the structure and acidity of molecular sieves
were characterized using 29Si magic-angle spinning (MAS)
NMR and ammonia temperature-programmed desorption
(NH
3
-TPD). At this point, we have focused on the acidic site

of catalyst that influences the efficiency ofDTOprocess. DTO
reactions were conducted using the MeAPSO-34 catalysts to
evaluate the catalytic performance and lifetime, as well as the
selectivity for light olefins.

2. Experimental

2.1. Catalyst Preparation. The SAPO-34 and MeAPSO-34
(Me = Mn, Fe, or Ni) catalysts were prepared based on a
procedure in the literature [33]. The gel composition was
1.0 Al

2
O
3
: 1.0 P

2
O
5
: 0.3 SiO

2
: 1.0 TEAOH : 1.0 DEA : 52

H
2
O (mol). The molar compositions of the MeAPSO-34

catalysts were 0.005 Me : 1.0 Al
2
O
3
: 1.0 P

2
O
5
: 0.3 SiO

2
: 1.0

TEAOH : 1.0 DEA : 52 H
2
O (mol). The starting materials

for the alumina, phosphorous, and silica were aluminium
isopropoxide (Junsei, 99%), phosphoric acid (Samchun
chemicals, 85%), and LUDOX AS-40 (Sigma-Aldrich, 40%),
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Figure 1: XRD patterns of the SAPO-34 and MeAPSO-34 catalysts:
(a) SAPO-34, (b) MnAPSO-34, (c) FeAPSO-34, and (d) NiAPSO-
34.

respectively. Tetraethylammonium hydroxide (TEAOH,
Samchun chemicals, 25%) and diethylamine (DEA, Junsei,
99%) were used as structure directing agents. Nickel (II)
nitrate (Ni(NO

3
)
2
⋅6H
2
O, DC chemical, 98.5%), iron (III)

nitrate (Fe(NO
3
)
3
⋅9H
2
O, Kanto chemical, 99.0%), and

manganese (II) nitrate (Mn(NO
3
)
2
⋅6H
2
O, Kanto chemical,

98.0%) were utilized as the transition metal sources.
The catalysts were prepared using a hydrothermal syn-

thesis process in an autoclave. DEA and deionized water
were added to aluminum isopropoxide, and phosphoric acid
was subsequently added dropwise over 2 h with stirring. A
solution of LUDOX AS-40 and TEAOH was added to the
mixture over a period of 1 h. For the MeAPSO-34 catalysts, a
metal salt was added to the mixture with stirring for 1 h. The
final gel was transferred into an autoclave and heated at 200∘C
for 72 h. After crystallization, the prepared samples were
filtered, washed, dried at 100∘C and calcined at 600∘C for
6 h to obtain the final catalyst. The obtained samples were
designated MnAPSO-34, FeAPSO-34 and NiAPSO-34 for
Mn, Fe and Ni, respectively.

2.2. Characterization. The crystallinity and composition of
the catalysts were characterized using X-ray diffraction
(XRD, Rigaku D/max III-B) with Cu K𝛼 radiation. The XRD
measurements were recorded in the angle range of 5∘ < 2𝜃 <
50∘ at 40 kV and 30mA.The particle size and morphology of
the catalysts were observed by scanning electron microscopy
(SEM, Hitachi, S-4800). The Brunner-Emmett-Teller (BET)
surface areas of the prepared catalysts were measured at
77 K using the isotherm data from the nitrogen adsorption-
desorption obtained using a Micromeritics ASAP-2400 ana-
lyzer.
29Si MAS NMR spectra were recorded with a Varian 500

and a Bruker solid-state NMR spectrometer. The Larmor
frequency was 79.488MHz. The acidity of the catalyst was
measured using NH

3
-TPD. Before analysis, approximately

0.2 g of the prepared catalyst was activated at 600∘C for 2 h in
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Figure 2: SEM images of the SAPO-34 and MeAPSO-34 catalysts: (a) SAPO-34, (b) MnAPSO-34, (c) FeAPSO-34, and (d) NiAPSO-34.

helium flowing at 30mL/min. NH
3
gas was injected at 100∘C

to saturate the catalysts for 1 h. After adsorbing the NH
3
, the

catalysts were kept under flowing heliumuntil the TCD signal
indicating the NH

3
was absent. Afterward, the NH

3
-TPD

was operated within 100–700∘C under a helium flow at
30mL/min.

2.3. DTO Reaction. The DTO reaction was conducted in a
fixed bed reactor under atmospheric pressure. The catalyst
(0.2 g) was charged into the center of the quartz reactor
(O.D. = 1.1 cm), and the reaction temperature was measured
with the thermocouple inside the catalyst bed. Before the
reaction, a pretreatment proceeded for 1 h under flowing N

2

at atmospheric pressure at 400∘C. After the pretreatment, the
DME and N

2
were introduced into the reactor at the desired

flow rate using a mass flow controller (MFC). The volume
ratio of the DME and N

2
mixed gas was fixed at 1 : 3. The

weight hourly space velocity (WHSV) of DME was 3.54 h−1.
The DTO reaction products were analyzed online with a gas
chromatograph (GC,HP 5890 plus) equippedwith a capillary
column (HP-plot Q, L 30m × I.D. 0.320mm) and a flame
ionization detector (FID).

3. Results and Discussion

3.1. Catalyst Characterization. Figure 1 shows the XRD pat-
terns of the prepared SAPO-34 andMeAPSO-34 catalysts.We

observed the chabazite structure of catalyst based on themain
peaks at 9.5∘, 20.8∘, and 12.9∘ in the XRD patterns [34]. The
peak intensities of the Fe- and Ni-incorporated catalysts are
much higher than that of the SAPO-34 catalyst. This finding
indicates that the quantity of particle formed as crystal in
the MeAPSO-34 catalysts is relatively large. There are also
no additional peaks. The SEM images of the SAPO-34 and
MeAPSO-34 catalysts are shown in Figure 2. The crystals
of the SAPO-34 catalyst exhibit a cubic morphology with
2–5 𝜇m crystals (Figure 2(a)). The crystal size of MeAPSO-
34 catalysts is slightly higher than that of the SAPO-34
catalyst, while a similar cubic morphology was observed for
the MeAPSO-34 catalysts. Therefore, the incorporation of
transition metal ions into the SAPO-34 framework barely
affected the cubicmorphology.The small changes in the crys-
tal sizes may be attributed to the differences in the sizes of the
metal ions substitutedwithAl ion in the SAPO-34 framework
[27]. Table 1 shows the textural properties of the SAPO-34
and MeAPSO-34 catalysts. The surface area was calculated
over the relatively pressure ranges𝑝/𝑝

0
from 0.05 to 0.30.The

surface areas of the SAPO-34,MnAPSO-34, FeAPSO-34, and
NiAPSO-34 catalysts were approximately 539, 543, 533, and
564m2/g, respectively. All of the MeAPSO-34 catalysts
revealed similar total pore volumes (0.25 cm3/g) and adsorp-
tion average pore widths (2.46 nm). Therefore, the physical
and porous structures of the MeAPSO-34 catalysts are very
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Figure 3: Scheme demonstrating the possible ways to introduce Si into the AlPO framework and a transitionmetal into the SAPO framework
(oxygen atoms are not represented for clarity): (a) AlPO, (b) SAPO, and (c) MeAPSO.
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Figure 4: 29Si MAS NMR spectra of the (a) SAPO-34 and (b) NiAPSO-34 catalysts.

similar, which is consistent with XRD and SEM data. The
results described above also demonstrate that the MeAPSO-
34 catalysts are similar to the SAPO-34 catalyst in their mor-
phologies and porous and crystalline structures, although
their crystal sizes were found to be somewhat larger.

The variation in the framework starting from the AlPO
molecular sieves and leading to MeAPSO-34 catalyst is illus-
trated in Figure 3 (i.e., AlPO → SAPO → MeAPSO). The
SAPO material with acidic sites was formed by substituting
the P ions with Si ions in the framework of an AlPO
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Table 1: Textural properties of the SAPO-34 and MeAPSO-34
catalysts.

Catalyst BET surface
area (m2/g)

Total pore
volume (cm3/g)

Adsorption average
pore width (nm)

SAPO-34 538.79 0.39 2.92
MnAPSO-34 543.30 0.25 2.42
FeAPSO-34 533.27 0.26 2.62
NiAPSO-34 564.31 0.26 2.34

Table 2: Measured acidity during the ammonia temperature-
programmed ammonia desorption.

Catalyst
Acidity: NH3 desorption amounts (mmol/g)
Weak

290–310∘C
Strong

460–500∘C Total amount

SAPO-34 0.3426 0.4466 0.7891
MnAPSO-34 0.3795 0.5013 0.8809
FeAPSO-34 0.4460 0.5100 0.9560
NiAPSO-34 0.5638 0.4959 1.0598

material, which has no acidity (see Figures 3(a) and 3(b)).
The transition metal ions added to a SAPO material may be
incorporated by substituting for the Al ions in the framework
of thematerial, as illustrated in Figure 3(c). Consequently, the
amount of acidic sites would be changed by incorporating
transition metals, affecting the catalytic activity.

The 29Si MAS NMR data for the SAPO-34 and NiAPSO-
34 catalysts are shown in Figure 4. The SAPO-34 catalyst
shows the five resonance signals with chemical shifts at
−85.6, −96.8, −100.4, −103.6, and −107.3 ppm, indicating the
coordination states attributed to Si(4Al), Si(3Al), Si(2Al),
Si(1Al), and Si(0Al), respectively [35, 36]. For the NiAPSO-
34 catalyst, no additional peaks appeared in the 29Si MAS
NMR spectrum, indicating that the Si-O-Ni bond did not
formbecause the substitutions of Si atoms for P atoms that are
linked to one or more Ni atoms are difficult. However, the
peak positions were slightly shifted in comparison with the
SAPO-34 catalyst, resulting in the peaks being observed at
−89.2, −99.7, −104.6, −109.2, and −112.9 ppm. Therefore, the
MeAPSO-34 catalyst’s framework had changed relative to the
SAPO-34 catalyst. The intensity of NiAPSO-34 catalyst is
slightly higher than that of SAPO-34 catalyst, indicating that
more Si islands are present in the SAPO framework due to
incorporation of transition metals.

The acidity and strength of acid sites on the SAPO-
34 and MeAPSO-34 catalysts are shown in Figure 5 and
Table 2. As shown in Figure 5, two representative peaks
were observed for the catalysts, and the peaks at low (290–
310∘C) and high temperatures (460–500∘C) were attributed
to the strong and weak acidic sites, respectively. The acid-
ity of the MeAPSO-34 catalysts was relatively higher than
that of the SAPO-34 catalyst. In particular, the variation
in weak acidic sites of MeAPSO-34 catalysts significantly
increased than the variation in strong acidic sites. There-
fore, the acidity changes in catalysts are caused by the
variations in crystallinity or structural arrangement of the
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Figure 6: DME conversion over the SAPO-34 and MeAPSO-34
catalysts.

catalysts observed by 29Si MAS NMR. The incorporated
metal replaces the Al atoms in the catalyst framework,
modulating the acidity [27, 28]. Among the MeAPSO-34
catalysts, the NiAPSO-34 catalyst demonstrates the high-
est acidity and the acidity decreased in the following
order: NiAPSO-34 > FeAPSO-34 >MnAPSO-34.

3.2. Catalytic Performance in DTO Reaction. The DTO reac-
tion performed over the MeAPSO-34 catalysts to identify
the catalytic performances. For all of the catalysts, 100%
conversion of DME was obtained during the initial stages of
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Figure 7: Selectivity for light olefins over the SAPO-34 and MeAPSO-34 catalysts: (a) SAPO-34, (b) MnAPSO-34, (c) FeAPSO-34, and (d)
NiAPSO-34.

the reaction, and the DME conversion decreased during the
reaction as shown in Figure 6. This tendency is attributed to
the conversion of intermediates formed in the catalytic pores
[12]. Methylbenzene, such as hexamethylbenzene (HMB),
generated in the cages of the catalysts and these compounds
assist the DTO reaction. As the reaction time increases, the
methylbenzene gradually changes to polyaromatic hydrocar-
bons (PAH) via additional condensation and cyclization reac-
tions at the same time [13, 37].TheDTO reaction cannot con-
tinue in the PAH-filled cages due to the transport limitation of
the reactants and products. Consequently, the DME con-
version decreased for all the catalysts during the reaction.
The high DME conversion observed for the MeAPSO-34
catalysts wasmaintained over a relatively long time compared
to the SAPO-34 catalyst because the acidic sites varied in
strength due to themetal incorporation.The catalytic activity

increased as the amount of acidic sites increased. In addition,
the DTO reaction occurred under mild conditions, and the
high DME conversion was maintained for long periods due
to the increased amount of weak acidic sites.

Figures 7 and 8 show the selectivities for the light
olefins and hydrocarbons. For the SAPO-34 catalyst, the total
selectivity toward light olefins was approximately 79.2% at the
beginning of the reaction, remaining approximately 94.8% at
the duration from 47min to 185min and finally decreasing to
approximately 68.7% after further time on the stream. Unlike
the selectivity toward light olefins, the selectivity for hydro-
carbons decreased approximately from 23.8% to 4.9% at the
initial reaction time; this value wasmaintained up to 185min,
but increased afterward to approximately 31.3%. The selec-
tivity toward propylene increased approximately 32.9% to
45.0% at the beginning of the reaction; this value significantly



Journal of Nanomaterials 7

0 50 100 150 200 250 300 350 400
0

10

20

30

40

50

60

70

80

90

100

Sa
tu

ra
te

d 
hy

dr
oc

ar
bo

ns
 se

le
ct

iv
ity

 (%
)

Time on stream (min)

SAPO-34
MnAPSO-34

FeAPSO-34
NiAPSO-34

Figure 8: Selectivity for saturated hydrocarbons over the SAPO-34
and MeAPSO-34 catalysts.

decreased after 185min.The selectivity for ethylene gradually
increased to approximately 48.6%. The difference in selec-
tivities for the light olefins and hydrocarbons is attributed
to the same reasons for the decrease in DME conversion
(coke deposition). Catalyst deactivation occurs because the
coke deposits cover the active sites as the time on the
stream increases.Therefore, the selectivity for the light olefins
decreased, while that for the hydrocarbons increased as the
time on stream increased. In addition, the differences in selec-
tivity for ethylene, propylene, and butylene are attributed to
a hydrocarbon pool mechanism [38]. Aromatic compounds,
such as methylbenzene or hexamethylbenzene, were formed
within a catalytic cage, and the ethyl groups were formed
and eliminated simultaneously due to the space constraints
of cage. Therefore, the selectivity for ethylene differs from
that for propylene and butylenes.This result is consistent with
previous work [22] that investigated the characteristics of the
SAPO-34 catalyst during DTO reactions. Although the selec-
tivity for light olefins and hydrocarbons over the MeAPSO-
34 catalysts was similar to that of the SAPO-34 catalyst, the
time needed to keep the total selectivity above 95% for light
olefins over the MeAPSO-34 catalysts is higher than that
for the SAPO-34 catalyst. Specifically, the times needed to
maintain the high selectivity of MnAPSO-34, FeAPSO-34,
and NiAPSO-34 catalysts for light olefins were 208, 254, and
254min, respectively. The catalytic lifetime is defined as the
time during the reaction until DME conversion drops below
90%.The lifetimes of the SAPO-34 andMeAPSO-34 catalysts
are shown in Figure 9.The catalytic lifetime of the MeAPSO-
34 catalysts was longer than that of the SAPO-34 catalyst, and
the catalytic lifetimes of the SAPO-34, NiAPSO-34, FeAPSO-
34, and MnAPSO-34 catalysts are 79, 86, 118, and 142min,
respectively.

From the results of DTO reaction, it was observed that the
MeAPSO-34 catalysts show long catalytic lifetimes and high
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Figure 9: Catalytic lifetime of the SAPO-34 and MeAPSO-34 cata-
lysts (catalytic lifetime: the reaction time until the DME conversion
drops below 90%).

selectivities toward light olefins compared with the SAPO-34
catalyst. Among the MeAPSO-34 catalysts, the NiAPSO-34
catalyst demonstrated the longest catalytic lifetime. This
result may be explained by the acidity difference between the
SAPO-34 catalyst and the MeAPSO-34 catalysts, as observed
in theNH

3
-TPD results. As described above, the difference in

the weak acidic sites between the SAPO-34 catalyst and the
MeAPSO-34 catalysts is larger than the difference in strong
acidic sites. Although the strong acidic sites improve the reac-
tivity, an excess of strong acidic sites induces deactivation due
to coke deposition. However, the weak acidic sites are active
sites but also delay the coke deposition because they induce
mild reaction condition. Therefore, the higher increase in
weak acidity resulted in the improvement of catalytic lifetime
in the reaction. Consequently, we concluded that metal
incorporation is effective in delaying the deactivation of the
catalyst during DTO reaction.

4. Conclusions

The physical properties of MeAPSO-34 catalysts, includ-
ing the relative crystallinity and surface area, were simi-
lar regardless of the incorporated metal (Mn, Fe, or Ni).
Specifically, metal incorporation improved the crystallinity
of catalyst but barely affected the cubic morphology. The
MeAPSO-34 catalysts have a relatively high acidity, and the
acidity decreased in the order of NiAPSO-34, FeAPSO-34,
and MnAPSO-34 catalyst. The catalytic performance of the
SAPO-34 andMeAPSO-34 catalysts in the DTO reaction was
experimentally investigated. The DME conversion over all of
the catalysts decreased during the reaction, and this result is
attributed to the conversion of intermediates, such as PAH,
formed in the catalytic pores. The selectivity for the light
olefins decreased and that for the hydrocarbons increased
with increasing time on stream due to the deactivation by
coke deposition. The time needed to maintain the total
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selectivity above 95% for light olefins of the SAPO-34,
MnAPSO-34, FeAPSO-34 and NiAPSO-34 catalysts is 185,
208, 254, and 254min, respectively. The difference in weak
acidic sites between the SAPO-34 catalyst and MeAPSO-34
catalysts is higher than the difference in strong acidic sites,
and therefore the catalytic lifetime ofMeAPSO-34 catalysts is
higher than that of SAPO-34 catalyst. The catalytic lifetimes
of the SAPO-34, MnAPSO-34, FeAPSO-34, and NiAPSO-34
catalysts were 79, 86, 118, and 142min, respectively. It was
found that the high increase in weak acidity improves the
catalytic lifetimes of the MeAPSO-34 catalysts. Therefore,
we concluded that the incorporation of transition metal is
effective in improving the catalytic lifetime during the DTO
reaction.
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different templates on SAPO- synthesis: effect on the acidity and
catalytic activity in theMTO reaction,”Catalysis Today, vol. 179,
no. 1, pp. 27–34, 2012.

[19] S.-M. Kim, Y.-J. Lee, J. W. Bae, H. S. Potdar, and K.-W. Jun,
“Synthesis and characterization of a highly active alumina
catalyst for methanol dehydration to dimethyl ether,” Applied
Catalysis A, vol. 348, no. 1, pp. 113–120, 2008.

[20] M.Kim,H.-J. Chae, T.-W.Kim,K.-E. Jeong, C.-U.Kim, and S.-Y.
Jeong, “Attrition resistance and catalytic performance of spray-
dried SAPO-34 catalyst for MTO process: effect of catalyst
phase and acidic solution,” Journal of Industrial and Engineering
Chemistry, vol. 17, no. 3, pp. 621–627, 2011.

[21] S. G. Lee, B. K. Yoo, H. S. Je, T. G. Ryu, C. S. Park, and Y. H.
Kim, “The study on DME, (dimethyl ether) conversion over
the supported SAPO-34 catalyst,” Transactions of the Korean
Hydrogen and New Energy Society, vol. 22, no. 2, pp. 232–239,
2011.

[22] S. G. Lee, H. S. Kim, Y. H. Kim, E. J. Kang, D. H. Lee, and C.
S. Park, “Dimethyl ether conversion to light olefins over the
SAPO-34/ZrO

2
composite catalysts with high lifetime,” Journal

of Industrial and Engineerinng Chemistry, 2013.
[23] B. M. Weckhuysen, R. R. Rao, J. A. Martens, and R. A.

Schoonheydt, “Transitionmetal ions inmicroporous crystalline
aluminophosphates: isomorphous substitution,” European Jour-
nal of Inorganic Chemistry, vol. 1999, no. 4, pp. 565–577, 1999.

[24] M. Kang, “Synthesis and catalytic performance on methanol
conversion of NiAPSO-34 crystals (II): catalytic performance
under various reaction conditions,” Journal of Molecular Catal-
ysis A, vol. 150, no. 1-2, pp. 205–212, 1999.



Journal of Nanomaterials 9

[25] M. Karthik, A. Vinu, A. K. Tripathi, N. M. Gupta, M.
Palanichamy, and V. Murugesan, “Synthesis, characteriza-
tion and catalytic performance of Mg and Co substituted
mesoporous aluminophosphates,”Microporous andMesoporous
Materials, vol. 70, no. 1–3, pp. 15–25, 2004.

[26] Y. Wei, Y. He, D. Zhang et al., “Study of Mn incorporation into
SAPO framework: synthesis, characterization and catalysis in
chloromethane conversion to light olefins,” Microporous and
Mesoporous Materials, vol. 90, no. 1–3, pp. 188–197, 2006.

[27] D. Zhang, Y. Wei, L. Xu et al., “MgAPSO-34 molecular
sieves with various Mg stoichiometries: synthesis, characteri-
zation and catalytic behavior in the direct transformation of
chloromethane into light olefins,”Microporous and Mesoporous
Materials, vol. 116, no. 1–3, pp. 684–692, 2008.

[28] F. C. Sena, B. F. de Souza, N. C. de Almeida, J. S. Cardoso,
and L. D. Fernandes, “Influence of framework composition over
SAPO-34 and MeAPSO-34 acidity,” Applied Catalysis A, vol.
406, no. 1-2, pp. 59–62, 2011.

[29] S. Ashtekar, A. M. Prakash, D. K. Chakrabarty, and S. V.
V. Chilukuri, “Small-pore aluminium phosphate molecular
sieves with chabazite structure: incorporation of magnesium in
structures-34 and -44,” Journal of the Chemical Society, Faraday
Transactions, vol. 92, no. 13, pp. 2481–2486, 1996.

[30] D. R.Dubois, D. L. Obrzut, J. Liu et al., “Conversion ofmethanol
to olefins over cobalt-, manganese- and nickel-incorporated
SAPO-34 molecular sieves,” Fuel Processing Technology, vol. 83,
no. 1–3, pp. 203–218, 2003.

[31] M. Salmasi, S. Fatemi, and A. T. Najafabadi, “Improvement of
light olefins selectivity and catalyst lifetime in MTO reaction;
using Ni and Mg-modified SAPO-34 synthesized by combina-
tion of two templates,” Journal of Industrial and Engineering
Chemistry, vol. 17, no. 4, pp. 755–761, 2011.

[32] Y. Wei, D. Zhang, L. Xu et al., “Synthesis, characterization
and catalytic performance of metal-incorporated SAPO-34 for
chloromethane transformation to light olefins,”Catalysis Today,
vol. 131, no. 1–4, pp. 262–269, 2008.

[33] Y.-H. Song, H.-J. Chae, K.-E. Jeong, C.-U. Kim, C.-H. Shin, and
S.-Y. Jeong, “The effect of crystal size of SAPO-34 synthesized
using various structure directing agents for MTO reaction,”
Journal of the Korean Industrial and Engineering Chemistry, vol.
19, no. 5, pp. 559–567, 2008.

[34] M. M. J. Treacy, J. B. Higgins, and R. Ballmoos, Collection of
Simulated XRDPowder Patterns for Zeolites, Elsevier, NewYork,
NY, USA, 1996.

[35] A. M. Prakash and S. Unnikrishnan, “Synthesis of SAPO-34:
high silicon incorporation in the presence of morpholine as
template,” Journal of the Chemical Society, Faraday Transactions,
vol. 90, no. 15, pp. 2291–2296, 1994.

[36] S. Ashtekar, S. V. V. Chilukuri, and D. K. Chakrabarty, “Small-
pore molecular sieves SAPO-34 and SAPO-44 with chabazite
structure: a study of silicon incorporation,” Journal of Physical
Chemistry, vol. 98, no. 18, pp. 4878–4883, 1994.

[37] Y. K. Park, S. W. Baek, and S. K. Ihm, “Effect of reaction
conditions and catalytic properties on methanol conversion
over SAPO-34,” Journal of Industrial andEngineeringChemistry,
vol. 7, no. 3, pp. 167–172, 2001.

[38] J. F. Haw and D. M. Marcus, “Well-defined (supra)molecular
structures in zeolite methanol-to-olefin catalysis,” Topics in
Catalysis, vol. 34, no. 1–4, pp. 41–48, 2005.



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2013, Article ID 173415, 8 pages
http://dx.doi.org/10.1155/2013/173415

Research Article
Effects of Carbon Nanotubes Acid Treated or
Annealed and Manganese Nitrate Thermally Decomposed on
Capacitive Characteristics of Electrochemical Capacitors

Chuen-Chang Lin and Chung-Lun Kuo

Department of Chemical & Materials Engineering, National Yunlin University of Science and Technology,
123 University Road, Section 3, Douliu, Yunlin 64002, Taiwan

Correspondence should be addressed to Chuen-Chang Lin; linchuen@yuntech.edu.tw

Received 3 July 2013; Accepted 8 September 2013

Academic Editor: Yun Suk Huh

Copyright © 2013 C.-C. Lin and C.-L. Kuo. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Carbon nanotubes (CNTs) directly grown on aluminum foil or nanoporous alumina templates by chemical vapor deposition
are treated with acid for different times or annealed at different temperatures. Then, the CNTs are immersed into a manganese
nitrate aqueous solution and then manganese oxides are formed by thermally decomposing the manganese nitrate at different
temperatures.The longer the time that the CNTs are treated with the acid, the slower the decreasing rate of the specific capacitance.
Also, the higher the annealing temperature of the CNTs, the slower the decreasing rate of the specific capacitance. Furthermore,
the electrochemical stability for thermally decomposing manganese nitrate at 400∘C is better than that at 200 or 300∘C and the
operational stability with nanoporous alumina templates as a substrate is better than that with Al foil as a substrate.

1. Introduction

Electrochemical capacitors are charge-storage devices which
possess higher power density/longer cycle life than batteries
[1, 2] and higher energy density than conventional capacitors
[3]. Their applications include hybrid power sources, backup
power sources, starting power for fuel cells, and burst-
power generation in electronic devices [4–8]. Electrochem-
ical capacitors are classified into two types: electric dou-
ble layer capacitors (EDLC) and pseudocapacitors according
to the energy-storage mechanisms. The capacitance of an
EDLC arises from the separation of charge at the interface
between the electrode and the electrolyte. However, pseu-
docapacitance arises from redox reactions of electroactive
materials with several oxidation states [1, 9–13].

In our previous study [14], carbon nanotubes (CNTs)
which were directly grown on nanoporous alumina tem-
plates by chemical vapor deposition were modified by radio
frequency nitrogen-plasma for different durations. Other
methods for the modification of the physical and chemical
properties of carbon materials include acid treatment [15, 16]
and annealing [16, 17]. In this study, in order to reduce

costs, a simpler physicochemical method of acid-treatment
or annealing was substituted for the nitrogen-plasma in the
modification of CNTs and for improving their organized
carbon and hydrophilic nature.The tips of multiwalled CNTs
were opened by boiling in 69wt.% nitric acid for durations of
15 to 45min and then the multiwalled CNTs were annealed
in CO

2
at 525∘C for 60 to 100min in order to eliminate

the disordered carbon arising from the tips destruction [18].
CNTs were refluxed in 16M nitric acid for 3 h and then the
CNTs were annealed in nitrogen or hydrogen for 3 h at 450∘C
or 950∘C [19]. CNTswere firstly oxidized byH

2
O
2
for opening

tube ends as well as shortening the CNT’s length, then treated
by HCl for removing the residual oxidized catalyst particles
as well as other carbonaceous materials, and finally annealed
in air at 450∘C for 45min for maximizing the CNT tip
destruction aswell as further reducing the amorphous carbon
[20]. Single-walled CNTs were annealed in air at increasing
temperatures in the range from 300 to 550∘C for 1 h [17].

In another previous study [21], manganese-cobalt-zinc
oxide films were deposited on graphite foils by radio fre-
quency sputtering with different substrate treatment temper-
atures and bias potential. In this study, in order to reduce
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cost, a simple wet method of immersion as well as thermal
decompositionwas used instead of sputtering andmanganese
oxides were covered on the surface of the CNT matrix by
immersion as well as thermally decomposing Mn(NO

3
)
2
. In

another of our previous studies [22], manganese oxide was
coated on a graphite electrode by immersion and durations
for immersion were varied to control the amount of man-
ganese oxide coated onto the electrode surface. A definite
amount of 50wt.%Mn(NO

3
)
2
aqueous solutionswas dripped

onto the surface of the CNT electrode by a microsyringe and
manganese oxides were formed by thermally decomposing
Mn(NO

3
)
2
in air at 250∘C for 2 h [23]. A mixed aqueous

solution of 2M Ni(NO
3
)
2
and 1M Co(NO

3
)
2
was added to

the surface of the CNT/graphite electrode by a microsyringe
and nickel-cobalt oxides were formed by thermally decom-
posing nickel as well as cobalt nitrates in air at 250∘C for 2 h
[24].

The aim of the research described herein is to identify
the effects of different substrates, carbon nanotubes acid
treated or annealed, andmanganese nitrate thermally decom-
posed on the specific capacitance and operational stability
of electrochemical capacitors. Thus, to reduce costs and
facilitate scaling up production, the CNTs were modified by
the simple physicochemical method of acid treatment for
different times or different annealing temperatures and then
manganese oxides were deposited on the surface of the CNT
matrix by the wet method (immersion) as well as thermally
decomposing the Mn(NO

3
)
2
at different temperatures in this

study.

2. Materials and Methods

Aluminum foil (10 cm × 5 cm × 0.001 cm, purity 99.98%) was
degreased in acetone for 5min. In order to remove the oxide
layer from its surface, it was then immersed in 1M aqueous
NaOH for 2min and subsequently rinsed with deionized
water. Next, it was rinsed ultrasonically with alcohol for
15min.

In order to fabricate well-ordered nanoporous AAO tem-
plates through a two-step anodization process, the pretreated
aluminum foil was electropolished in a solution of sulfuric
acid : phosphoric acid : deionized water in ratios of 2 : 2 : 3.
Next, for the first anodization of the aluminum foil, 25V
was applied for 30min in a 0.5M sulfuric acid solution at
5∘C. Etching of the anodized film followed in a mixture of
chromic acid (1.8 wt.%) and phosphoric acid (6wt.%) for
40min at 60∘C.Then, the second anodization was performed
under the same conditions as the first anodization except for
a duration of 210 sec. At the end of the second anodization,
the previous value of the current density was halved and then
the sample was reanodized until reaching a stable potential.
This process was repeated eight times until reaching almost 0
V potential. Finally, the pores of AAO templates were further
widened after the second anodization by etching in phospho-
ric acid (5 wt.%) for 20min. This was in order to completely
remove the aluminum oxide (barrier layer) on the pore
bottom tips of the AAO templates and then electrochemically
deposit catalyst particles at the pore bottom tips of AAO
templates.

Before carbon nanotube growth, the cobalt (Co) catalyst
particles were electrochemically deposited on the pretreated
aluminum foil or at the pore bottom tips of AAO templates in
an electrolyte of CoSO

4
⋅7H
2
O (5wt.%) and H

3
BO
3
(2 wt.%)

by applying an alternating current voltage of 10.5 V (fre-
quency: 60Hz) for 60 sec. Next, CNTswere grown on the Co-
coated aluminum foil or the Co-coated nanoporous alumina
templates using thermal CVD with the gas mixture (C

2
H
2
=

50 sccm and Ar = 100 sccm) at 600∘C for 60min.
The CNT electrodes were immersed in 61 wt.% HNO

3

aqueous solution for different durations (0, 5, 10, and 15min)
or annealed at different temperatures (300, 350, and 400∘C)
in air for 1 h.

After being acid treated or annealed in air, the CNTs were
immersed into a 50wt.% Mn(NO

3
)
2
aqueous solution for

5min. Then, manganese oxides were formed by thermally
decomposing Mn(NO

3
)
2
in air for 2 h at different tempera-

tures (200, 300, and 400∘C).
Electrochemical measurements for the prepared man-

ganese oxide/CNT/Al foil composite electrodes or the pre-
paredmanganese oxide/CNT/nanoporous alumina templates
composite electrodes were performed using an electrochem-
ical analyzer (CH Instruments CHI 608B, USA). The three-
electrode cell consisted of Ag/AgCl as the reference electrode,
Pt as the counter electrode, and the prepared electrode as the
working electrode. The electrolytes were degassed with puri-
fied nitrogen gas before voltammetric analysis and nitrogen
was passed over the solution during all the measurements.
The solution temperature was maintained at 25∘C by means
of a circulating water thermostat (HAAKE DC3 and K20,
Germany). Cyclic voltammetry (CV) in the range of 0-1 V
was taken with a 0.5M aqueous electrolyte (Na

2
SO
4
) for the

prepared electrode. A CV scan rate of 100mV s−1 was used in
all measurements unless otherwise stated. Geometric specific
capacitance (mF cm−2) was utilized unless otherwise stated.

Surfacemorphologies of themanganese oxide (formed by
thermally decomposing Mn(NO

3
)
2
at 300∘C)/CNT (treated

with acid for 5min) composite electrodes with an Al foil
as a substrate and with nanoporous alumina templates as a
substrate before or after potential cyclingwere conducted by a
field emission scanning electron microscope (FE-SEM, JEOL
JSM-6700F, Japan). Furthermore, an X-ray diffractometer
(XRD, Bruker AXS SMART APEX CCD, Germany) with low
angles of incidence was used to characterize the crystalline
structure of the CNT (treated with acid for 5min)/Al foil
electrode and the manganese oxide (formed by thermally
decomposing Mn(NO

3
)
2
at different temperatures)/CNT

(treated with acid for 5min)/Al foil composite electrode.
Moreover, the intensity ratios of the C-C stretching mode to
the disorder-induced mode of graphite structure for CNTs
treated with acid at different times and CNTs annealed at
different temperatures were investigated by a microscope
Raman spectrometer (inVia, Renishaw, UK). The chemical
environment of the manganese oxide (formed by thermally
decomposing Mn(NO

3
)
2
at 300∘C)/CNT (treated with acid

for 5min)/Al foil composite electrode before and after
potential cycling was explored by X-ray photoemission spec-
troscopy (XPS, Kratos AXIS Ultra DLD, Japan).
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Figure 1: The effects of time of acid treatment for the CNTs and
different charge-discharge cycles on the specific capacitance of the
manganese oxide (formed by thermally decomposing Mn(NO

3
)
2
at

300∘C)/CNT/Al foil composite electrode.

3. Results and Discussion

Figure 1 shows the effects of time of acid treatment for the
CNTs and different charge-discharge cycles on the specific
capacitance of the manganese oxide (formed by thermally
decomposing Mn(NO

3
)
2
at 300∘C)/CNT/Al foil composite

electrode. For no acid treatment for CNTs (0min), their
performance of the specific capacitance was worse than that
of others (5, 10, and 15min). The reason behind this behavior
may be that after the CNTs being treated with acid, the CNTs
were transformed from the hydrophobic nature (contact
angle of about 154∘) to the hydrophilic nature (contact angle
of about 3∘-4∘) which led to an increase in the amount (from
0.005mg cm−2 to 1.14–2.52mg cm−2) of manganese oxide
(electroactive material) coated on the CNTs, thus leading to
an increase in the capacitance. Furthermore, at the 100th cycle
of potential cycle, the shorter the acid treatment time, the
higher the specific capacitance of the CNTs (see Figure 1)
since the shorter the treatment time, the greater the amount
of manganese oxide coated on the CNTs (see Table 1), thus
leading to an increase in the specific capacitance. Moreover,
during the 100–3000 cycles of potential cycling, the longer
the time that the CNTs were treated with acid, the slower
the decreasing rate of the specific capacitance (see Figure 1)
because the longer the time, the higher the intensity ratio of
the C-C stretching mode to the disorder-induced mode of
graphite structure for carbon products (see Table 1).

Figure 2 shows the effects of annealing temperatures of
theCNTs anddifferent charge-discharge cycles on the specific
capacitance of the manganese oxide (formed by thermally
decomposing Mn(NO

3
)
2
at 300∘C)/CNT/Al foil composite

electrode. At the 100th cycle of potential cycle, the higher the
annealing temperature of the CNTs, the higher the specific
capacitance (see Figure 2). The reason behind this behavior
may be that the higher the annealing temperature of the
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Figure 2: The effects of annealing temperatures of the CNTs and
different charge-discharge cycles on the specific capacitance of the
manganese oxide (formed by thermally decomposing Mn(NO

3
)
2
at

300∘C)/CNT/Al foil composite electrode.
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Figure 3: The effects of thermal decomposition temperatures of
Mn(NO

3
)
2
and different charge-discharge cycles on the specific

capacitance of the manganese oxide/CNT (treated with acid for
5min)/Al foil composite electrode.

CNTs, the more the electroactive manganese oxide deposited
on the CNTs annealed (see Table 1), consequently leading to
higher capacitance. Furthermore, during the 100–8000 cycles
of potential cycling, the higher the annealing temperature,
the slower the decreasing rate of the specific capacitance
(see Figure 2). This picture may be explained because the
higher the annealing temperature of the CNTs, the greater the
amount of organized carbon material (see Table 1).

Therefore, those CNTs treated with acid for 5min were
chosen as better/superior modification method/condition
due to a higher capacitance at the 8000th cycle of potential
cycling (see Figures 1 and 2) and the shortest time.

Figure 3 shows the effects of thermal decomposition tem-
peratures of Mn(NO

3
)
2
and different charge-discharge cycles

on the specific capacitance of the manganese oxide/CNT
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Table 1: The amount of immersion/thermal decomposition of manganese oxide and 𝐼
𝐺
/𝐼
𝐷
of the CNTs modified by different methods and

conditions.

CNTs modified by different methods and conditions Amount of immersion/decomposition of manganese oxide, mg cm−2 𝐼
𝐺
/𝐼
𝐷

CNTs treated with acid for 5min 2.52 0.936
CNTs treated with acid for 10min 1.40 1.005
CNTs treated with acid for 15min 1.14 1.028
CNTs annealed at 300 ∘C 0.65 0.985
CNTs annealed at 350 ∘C 1.13 0.991
CNTs annealed at 400 ∘C 1.64 1.009

(a) (b)

(c) (d)

Figure 4: Surface morphologies of the manganese oxide (formed by thermally decomposing Mn(NO
3
)
2
at 300∘C)/CNT (treated with acid

for 5min)/Al foil composite electrode (a) before potential cycling and after potential cycling, (b) at 10 cycles, (c) at 100 cycles, and (d) at 1000
cycles.

(treated with acid for 5min)/Al foil composite electrode.
The specific capacitance reached a maximum at the 100th
cycle of potential cycle. The reason behind this behav-
ior may be explained as follows. Surface morphologies of
the manganese oxide (formed by thermally decomposing
Mn(NO

3
)
2
at 300∘C)/CNT (treated with acid for 5min)/Al

foil composite electrode before potential cycling and after
potential cycling 10, 100, and 1000 cycles are shown in
Figures 4(a), 4(b), 4(c), and 4(d), respectively. The surface of
the manganese oxide/CNT/Al foil composite electrode (see
Figure 4(a)) revealed that manganese oxides were coated on
the surface of CNTs and distributed in the CNT entangled
matrix; the surface of the manganese oxide/CNT/Al foil
composite electrode at 10 cycles of potential cycling (see
Figure 4(b)) revealed a small three-dimensional network

of flakes; the surface of the manganese oxide/CNT/Al foil
composite electrode at 100 cycles of potential cycling (see
Figure 4(c)) revealed a large three-dimensional network of
flakes which led to increasing surface area as well as then
increasing specific capacitance; and the surface of the man-
ganese oxide/CNT/Al foil composite electrode at 1000 cycles
of potential cycling (see Figure 4(d)) revealed that parts of
three-dimensional network of flakeswere dissolvedwhich led
to decreasing surface area as well as finally decreasing specific
capacitance. XPS spectral data of Mn 2p

3/2
, Mn 3s, and O 1s

for the manganese oxide (formed by thermally decomposing
Mn(NO

3
)
2
at 300∘C)/CNT (treated with acid for 5min)/Al

foil composite electrode before and after potential cycling
(10, 100, and 1000 cycles) are also listed in Table 2. The dif-
ferences of binding energy between the splitting peaks of
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Figure 5: The charge-discharge cycles of the manganese oxide
(formed by thermally decomposing Mn(NO

3
)
2
at 300∘C)/CNT

(treated with acid for 5min)/Al foil composite electrode.

Mn 3s in Table 2 changed from 5.2 eV to 4.8 eV and 4.9 eV
for manganese oxide following the 100 and 1000 cycles of
potential cycling. The difference of binding energy between
the splitting peaks ofMn 3s decreases with increasing valence
of manganese oxide [25–27], so manganese oxide before CV
as well as after 10 cycles of potential cycling mainly con-
sists of Mn3+ species; manganese oxide after 100 cycles of
potential cycling consists of Mn4+ species; and manganese
oxide after 1000 cycles of potential cycling almost consists of
Mn4+ species. Therefore, the specific capacitance reached a
maximum at the 100th cycle of potential cycle since the larger
the amount of trivalent manganese oxide, the higher the
specific capacitance [28]. From the Mn 3s and O 1s data in
Table 2, the difference of binding energy between the splitting
peaks of Mn 3s decreased with decreasing the amount of
Mn-OH (hydroxide). Similar results have been published in
previous reports in the literature [25, 26]. From the O 1s
data in Table 2, the greater the number of cycles, the greater
the amount of H-O-H (water). The charge-discharge cycles
of the manganese oxide (formed by thermally decomposing
Mn(NO

3
)
2
at 300∘C)/CNT (treated with acid for 5min)/Al

foil composite electrode were investigated in Figure 5, which
shows from the 1st to 300th charge-discharge cycle, the area
enclosed by 100th charge-discharge cycle is the largest and
then the specific capacitance reached a maximum at the
100th cycle of potential cycle. Furthermore, X-ray diffraction
patterns of the CNT (treated with acid for 5min)/Al foil
electrode and the manganese oxide (formed by thermally
decomposing Mn(NO

3
)
2
at 200, 300, and 400∘C)/CNT

(treated with acid for 5min)/Al foil composite electrode are
shown in Figures 6(a), 6(b), 6(c), and 6(d), respectively. The
operational stability for thermal decomposition ofMn(NO

3
)
2

at 400∘C is better than that for thermal decomposition of
Mn(NO

3
)
2
at 200∘C or 300∘C since more crystal peaks

appeared for thermal decomposition of Mn(NO
3
)
2
at 400∘C

by comparing Figures 6(b), 6(c), and 6(d). However, the
thermal decomposition temperature of Mn(NO

3
)
2
at 300∘C

was chosen as the best condition due to a higher capacitance
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Figure 6: X-ray diffraction patterns of (a) the CNT (treated with
acid for 5min)/Al foil electrode and the manganese oxide (formed
by thermally decomposing Mn(NO

3
)
2
at (b) 200∘C, (c) 300∘C, and

(d) 400∘C)/CNT (treated with acid for 5min)/Al foil composite
electrode.

at the 8000th cycle of potential cycling (see Figure 3) and
a lower temperature. Moreover, the main chemical reaction
for thermal decomposition of manganese nitrate solution is
Mn(NO

3
)
2
→ MnO

2
+ 2NO

2
; but manganese in manganese

nitrate is not being completely oxidized to Mn(IV) during
thermal decomposition; instead, Mn(II) and Mn(III) are
byproducts of the above reaction [29].
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Table 2: Mn 2p3/2, Mn 3s, and O 1s of XPS for manganese oxide before and after potential cycling.

Sample
Mn 2p3/2 Mn 3s Band O 1s
Eb, eV Eb(1), eV Eb(2), eV Δ𝐸, eV Eb, eV Area, %

Before CV 641.4 83.1 88.3 5.2
Mn–O–Mn 529.13 67.58
Mn–OH 530.49 24.86
H–O–H 531.85 7.29

10 cycles 641.7 83.4 88.6 5.2
Mn–O–Mn 529.14 47.14
Mn–OH 530.44 24.19
H–O–H 531.43 28.67

100 cycles 641.7 83.6 88.4 4.8
Mn–O–Mn 529.13 47.62
Mn–OH 530.18 16.69
H–O–H 531.32 30.31

1000 cycles 641.8 83.9 88.8 4.9
Mn–O–Mn 529.42 29.99
Mn–OH 530.65 20.52
H–O–H 531.6 49.49
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Figure 7: The effects of different charge-discharge cycles on the
specific capacitance of the manganese oxide (formed by thermally
decomposing Mn(NO

3
)
2
at 300∘C)/CNT (treated with acid for

5min) composite electrodes with an Al foil as a substrate and with
nanoporous alumina templates as a substrate.

Figure 7 shows the effects of different charge-discharge
cycles on the specific capacitance of the manganese oxide
(formed by thermally decomposing Mn(NO

3
)
2
at 300∘C)/

CNT (treated with acid for 5min) composite electrodes with
an Al foil as a substrate and with nanoporous alumina tem-
plates as a substrate. At the 100th cycle of potential cycle, the
capacitance with an Al foil as a substrate was higher than that
with nanoporous alumina templates as a substrate because
of the rigid structure of the CNTs grown on nanoporous
alumina templates. However, the operational stability with
nanoporous alumina templates as a substrate was better than
that with an Al foil as a substrate since the surface of theman-
ganese oxide/CNT composite electrode with nanoporous
alumina templates as a substrate maintained more three-
dimensional network of flakes compared with the surface

(a)

(b)

Figure 8: Surface morphologies of the manganese oxide (formed
by thermally decomposing Mn(NO

3
)
2
at 300∘C)/CNT (treated with

acid for 5min) composite electrodes (a) with an Al foil as a substrate
and (b) with nanoporous alumina templates as a substrate at 8000
cycles of potential cycling.

of the manganese oxide/CNT composite electrode with an
Al foil as a substrate at 8000 cycles of potential cycling (see
Figure 8).
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4. Conclusions

The specific capacitance reached a maximum at the 100th
cycle of potential cycle. At the 100th cycle of potential cycling,
the shorter the duration that the CNTs were treated with
acid, the higher the specific capacitance and the higher the
annealing temperature of the CNTs, the higher the specific
capacitance. Furthermore, the CNTs treated with acid for
5minwere adopted as a bettermodificationmethod as well as
providing a superior condition and a thermal decomposition
temperature of Mn(NO

3
)
2
at 300∘C was chosen as the best.
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The highly sensitive and rapid NO gas sensor was prepared with polyaniline/TiO
2
/carbon nanotube composites. Aniline was

polymerized on the surface of carbon nanotube (p-type semiconductor) with embedding TiO
2
. The gas sensing property was

measured by the changes of electrical resistance without or with UV irradiation to investigate the photodegradation of NO by
TiO
2
.The photo-degraded products such as HNO

2
, NO
2
, and HNO

3
, which were adsorbed on the PANi-coated carbon nanotubes,

resulted in the decreased electrical resistance in the p-type semiconductors of carbon nanotube and polyaniline. The advantages of
TiO
2
photocatalyst in gas sensing were apparent in the improvement in both sensitivity and response rate.

1. Introduction

Thedemand of gas sensors has been increased extensively due
to the increasing numbers of power plants, waste incinerators,
and combustion engines. NO

𝑥
gases such as NO, N

2
O and

NO
2
, which produce the nitric and nitrous acids, cause the

acid rain and the photochemical smog. These NO
𝑥
gases are

formed by combustion of fossil fuels at high temperature in
the chemical processes. NO

𝑥
emissions generally consist of

90–95% NO with the remainder being N
2
O, and NO

2
[1–

4]. According to the American Conference of Governmental
Industrial Hygienist (ACGIH), the threshold limit values
(TLV) for NO is 25 ppm [5]. Therefore, the efficient gas
sensing materials have been studied widely for the detection
of very low gas concentration. Gas sensing materials can
be classified mainly into two types, organic and inorganic
materials. The metal oxides are used as gas sensing materials
for long time due to their relatively low cost, high sensitivities,
rapid response times, and simple sensing method. Neverthe-
less, there still exist some problems such as high working
temperature of 150–350∘C for SnO

2
and 673–723K for ZnO

causing the practical limits in actual applications [6, 7].

The conducting polymers, which work excellently at
room temperature, have attracted much attention as new
classes of sensing materials. Among the conducting poly-
mers, polyaniline (PANi) is frequently used because of its ease
of synthesis, unique electrical properties, environmental sta-
bility (in acidic condition), and intrinsic redox reaction [8].
Conductivity of polyaniline depends on its ability to transport
charge carriers along the polymer backbone. However, the
problems of conducting polymer as gas sensing materials are
their inferiorities in processing ability, chemical stability, and
mechanical strength [9].The heterojunction between organic
and inorganicmaterials has been studied in order to solve the
problems in conducting polymers [10].

Carbon nanotubes (CNTs) have the extraordinary electri-
cal and mechanical properties with one-dimensional struc-
ture [11]. The large surface area of CNTs is beneficial to the
large gas absorptive capacity expecting the faster response
and higher sensitivity even at lower operating temperatures
[12, 13]. The composites of PANi/CNTs have also been inves-
tigated widely as gas sensing materials by many researchers
[14–16]. However, these composites still need improvement
in both sensitivity and response time to be applied in
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highly efficient gas sensor. The main reason is the weak and
slow interactions between sensing materials and target gas
resulting in the lower sensitivity and slower response.

In this study, the modification of PANi/CNTs sensing
materials was carried outwith the photocatalyst TiO

2
in order

to induce the stronger and faster chemical reactions between
target gas and TiO

2
. Upon exposure to UV light, electron-

hole pairs are generated in the conduction and valance bands
of TiO

2
. Photo-generated holes are strong oxidants (∼3.0V)

and can completely decompose most pollutants in air and
water. NO is oxidized by TiO

2
to nitric acid (HNO

3
) in

air [17, 18]. The effect of TiO
2
additive on NO gas sensing

properties of PANi/CNTs composites was studied in terms
of photodegradation reaction, sensitivity, and response of gas
sensors.

2. Materials and Methods

2.1. Preparation of PANi/MWCNT/TiO
2
Composite. Aniline,

ammonium persulfate (APS), and hydrochloride (HCl) were
obtained from Aldrich. Aniline was distilled in vacuum
before use. Multiwalled carbon nanotubes (MWCNTs) (95%
purity, average diameter 130 ± 15 nm) were obtained from
Aldrich. MWCNTs were used as the template for the in situ
polymerization of aniline. The polymerization of aniline was
carried out in the distilled water using HCl as oxidant of
aniline andAPS as initiator. 0.5 g of oxyfluorinatedMWCNTs
was dispersed in 30mL water and ultrasonicated for 1 h
as explained in our previous works [19, 20]. 0.5mL of
aniline monomer was dropped into theMWCNTs dispersion
and stirred continuously for 10min. 0.5mL of HCl and
0.2 g of TiO

2
(anatase phase, average particle size <25 nm,

99.7%, Aldrich) were then added in the aniline/MWCNT
mixture. 0.5 g of APS dissolved in 10mL distilled water
was slowly added in the aniline/MWCNT/TiO

2
mixture to

initiate the polymerization. The polymerization was carried
out for 6 h at 0∘C with constant mechanical stirring.The syn-
thesized PANi/MWCNT/TiO

2
nanocomposites were filtered

and rinsed several times with the distilled water, methanol,
and acetone, respectively. The nanocomposite powders were
dried under vacuum at 40∘C for 24 h. Four different samples
were prepared such as PANi, PANi/MWCNT, PANi/TiO

2
,

and PANi/MWCNT/TiO
2
named as PA, PC, PT, and PCT,

respectively.

2.2. Measurement of Gas Sensitivity. In order to evaluate the
gas sensing properties of composites, the electrical resistance
was measured using a programmable electrometer (Keithley
6514). The gas sensing device was prepared by using two
Pt electrodes and a SiO

2
plate as shown in previous work

[12, 21]. The electrical resistance was measured in a stainless
steel chamber with a volume of 1500 cm3. The chamber was
connected to gas cylinders (NO and wet air with a relative
humidity of 50%), and the gas sensor sample was placed in
a sealed vacuum chamber at a pressure of 1 × 10−6mbar. Air
was injected initially into the chamber in order to stabilize
the electrical resistance of the sensor. The gaseous mixture
containing 25 ppm NO in air was injected into the chamber

at a fixed rate of 500 sccm and the resultant change in the
electrical resistance of gas sensor was measured at 22 ± 1∘C.
The chamber was covered with a circulating water tube in
order tomaintain a constant temperature.The adsorbed gases
on the gas sensor samples were removed by heating the
specimens to 100∘C at a pressure of 1 × 10−6mbar for 5min
[12, 21]. Recovery testing was carried out three times.

2.3. Characterization of Samples. Field emission scanning
electron microscope (FE-SEM, Hitachi, S-5500) was used
to investigate the surface morphology of the prepared gas
sensors. SEM images were taken without prior treatment in
order to ensure the acquisition of accurate images. X-ray
diffraction patterns of the samples were obtained on an XRD
apparatus (D/MAX-2200Ultima/PC, Rigaku, Japan) in order
to investigate the phases and crystal structures of TiO

2
.

3. Results and Discussion

3.1. Surface Morphologies of Samples. FE-SEM images of the
surfacemorphologies of samples are presented in Figure 1. PA
sample showed the aggregated PANi phases of the uniform-
sized spherical type. The average size of PANi spherical
phases wasmeasured as 193±27 nm (average valuemeasured
five times) by the computer program installed in FE-SEM
apparatus. The uniformly coated PANi on MWCNTs was
observed for PC sample as shown in Figure 1(b). The average
thickness of PANi coating layer was around 23 ± 8 nm
considering the average diameter ofMWCNTs (130±15 nm).
PANi was also coated on TiO

2
particles but was aggregated

to some extent as shown in Figure 1(c). PCT sample showed
the TiO

2
particles dispersed on the PANi-coated MWCNTs

as shown in Figure 1(d).

3.2. XRD Analysis of Samples. XRD patterns of four prepared
samples are presented in Figure 2. The original carbon peaks
were observed at 002 position which is attributed to the well-
oriented carbon structure for MWCNT [22, 23]. PA also
showed the original peak of PANi clearly [24]. XRDpattern of
TiO
2
showed the characteristics of anatase TiO

2
phase with

a tetragonal structure which possessed the photocatalytic
properties [25, 26]. All XRD peaks of PCT samples can be
attributed to the diffraction of PANi, TiO

2
, and MWCNTs.

3.3. NO Gas Sensing Behavior by Resistive Response. The
NO gas sensing behavior of the samples was determined by
monitoring the electrical resistance and presented in Figures
3 and 4. The resultant sensitivities were expressed as 𝑆 (%)
according to the following equation [27, 28]:

𝑆 (%) =
(𝑅 − 𝑅

0
)

𝑅
0

× 100 =
Δ𝑅

𝑅
0

× 100, (1)

where𝑅
0
and𝑅 are the resistancemeasured in air and 25 ppm

of NO, respectively. The NO gas sensing behavior in the
absence of UV irradiation is shown in Figure 3.The electrical
resistance decreased upon NO gas exposure for all the
samples in accordance with the typical characteristics of a p-
type semiconductor. The decrease in the electrical resistance
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Figure 1: FE-SEM images of (a) PA, (b) PC, (c) PT, and (d) PCT samples.
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Figure 2: XRD patterns of the prepared samples.

is attributed to the electron charge transfer between NO gas
and the surface of PANi/MWCNT p-type semiconductors.
The electrons are known to travel from p-type semiconductor
to NO gas (oxidizing gas) resulting in the reduced electrical
resistance [29–31].The TiO

2
photocatalyst did not contribute

to the NO gas sensing behavior directly because the metal
oxide-based semiconductors were generally operated at high
temperature [6, 7]. However, even the composite with n-type
semiconductor TiO

2
showed some decrease in the electrical

resistance. Among the various gas sensing materials, the
highest sensitivity was observed for the PC sample which
showed 13% change in the electrical resistance. This high
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Figure 3:NOgas sensing behavior of various samples in the absence
of UV irradiation.

sensitivity was attributed to the interaction ofMWCNTs with
PANi, leading to the expansion of compact PANi chains into
more stretched conformations and resulting in the decrease
of electric resistance. The improved gas sensing performance
of PANi/CNT composite was also studied by the other group
[32].

Totally different trends in the NO gas sensing behavior
were observed under UV irradiation as shown in Figure 4.
The addition of TiO

2
in the gas sensing material improved

the sensitivity of NO gas sensor significantly. PCT sample
showed the highest sensitivity indicating 23.5% change in
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Figure 4: NO gas sensing behavior of various samples under UV
irradiation.

the electrical resistance. This result was attributed to the
decomposition of NO gas by the photocatalytic reaction of
TiO
2
under UV irradiation [30, 33] as follows:

TiO
2
+ ℎV → eCB

−
+ ℎVB

+

ℎVB
+
+H
2
Oads → HOads

∙
+H+

ℎVB
+
+HOads

−
→ HOads

∙

eCB
−
+O
2ads → O

2ads
∙

NO +HOads
∙
→ HNO

2

HNO
2
+HOads

∙
→ NO

2
+H
2
O

NO
2
+HOads

∙
→ HNO

3

NO +O
2ads
∙−
→ NO

3

−

(2)

The electrons in TiO
2
are excited from the valence band to

the conduction band under UV irradiation, generating the
electron-hole pairs, which can recombine or initiate the redox
reactions. Holes are trapped by water (H

2
O) or hydroxyl

groups (OH−) that are adsorbed on the surface of material,
producing the hydroxyl radicals (OH∙). The electrons reduce
the adsorbed oxygen, resulting in the formation of superoxide
ions (O

2

∙−). Therefore, OH and O groups on the surface of
TiO
2
play an important role in NO adsorption and oxidation

[30].
Three different states are observed during the photocat-

alytic oxidation of NO [34, 35]. The primary oxidation prod-
uct is HNO

2
in the initial state. In the transient state, HNO

2

is oxidized to NO
2
, which is subsequently oxidized to HNO

3
.

As a result, the products of NO decomposition are HNO
2
,

NO
2
, and HNO

3
. The photocatalytic decomposition prod-

ucts are adsorbed effectively on the PANi-coated MWCNTs
because of the high gas adsorption capacity by high specific
surface areas and pore volume of MWCNTs [12, 13] and the
hydrophilicity of PANi polymer [36]. Although MWCNT
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Figure 5: Reproducibility of NO gas sensing behavior of PCT
sample under UV irradiation.

provide the high porosity for gas adsorption, its hydropho-
bicity results in the poor adsorption of hydrophilic gases
such as HNO

2
, NO
2
, and HNO

3
. Therefore, the composite

with PANi is beneficial for the adsorption of hydrophilic
gases resulting in the decreased electrical resistance and the
increased sensitivity of gas sensor.The photocatalytic activity
of TiO

2
is maximized due to the effective suppression of the

electron-hole pairs combination by conductiveMWCNT and
PANi. The large and rapid changes in electrical resistance
upon NO gas adsorption under UV irradiation are attributed
to the combination effects of improved conductivity of
PANi/MWCNT composite and effective adsorption of pho-
tocatalytic decomposition products on MWCNTs.

The decomposition products, which were adsorbed on
the sensing materials, were indirectly investigated by mon-
itoring the variation in pH of the desorbing solution. The
desorbed acidic HNO

3
may reduce the pH of desorbing

solution. The adsorbed products were dissolved in water
(20mL) by putting PCT sample (0.2 g) under agitation
at room temperature for 4 h. The pH of PCT suspension
changed from 7.2 to 4.8 after desorbing the adsorbed products
on PCT sample, indicating that the acidic molecules were
adsorbed on the porous MWCNTs.

3.4. Recovery Properties of Gas Sensor. Figure 5 presents the
reproducibility of the PCT gas sensor which showed the
highest gas sensitivity. Perfect reproducibility was observed
for the PCT sample due to the excellent gas desorption
properties during the recovery process, which was performed
at lower temperature of 100∘C. The adsorption of NO gas
on the PCT sample with relatively weak interaction was
beneficial to the excellent recovery property of gas sensor.

4. Conclusions

The high-performance NO gas sensor was prepared by
PANi/MWCNT/TiO

2
composite using in situ polymeriza-

tion method. The gas sensing behavior was evaluated by
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measuring the changes in electrical resistance upon NO gas
adsorption without or with UV irradiation to investigate the
photodegradation effects of NO gas by TiO

2
. The electri-

cal resistance was decreased by p-type semiconductors of
MWCNT and polyaniline. The TiO

2
photocatalyst improved

both sensitivity and response of the PANi/MWCNT/TiO
2

gas sensor greatly. The improvement in gas sensing behavior
was attributed to the effective photocatalytic decomposition
of NO gas into HNO

2
, NO
2
, and HNO

3
acidic gases by

TiO
2
and the effective adsorption on the hydrophilic sites of

PANi-coated MWCNTs resulting in the decreased electrical
resistance. PANi/MWCNT/TiO

2
gas sensor showed excellent

reproducibility in gas sensing behavior during the recovery
process at lower temperature of 100∘C.
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The surfaces of carbon molecular sieves (CMSs) were thermally fluorinated to adsorb water vapor. The fluorination of the CMSs
was performed at various temperatures (100, 200, 300, and 400∘C) to investigate the effects of the fluorine gas (F

2
) content on the

surface properties. Fluorine-related functional groups formed were effectively generated on the surface of the CMSs via thermal
fluorination process, and the total pore volume and specific surface area of the pores in the CMSs increased during the thermal
fluorination process, especially those with diameters ≤ 8 Å.The water vapor adsorption capacity of the thermally fluorinated CMSs
increased compared with the as-received CMSs, which is attributable to the increased specific surface area and to the semicovalent
bonds of the C–F groups.

1. Introduction

Carbon dioxide (CO
2
) emission which is responsible for

more than 60% of global warming has received worldwide
concern. One-third of global CO

2
emissions result from

human activities, especially from fossil fuel electric power
plants [1]. Many technologies are being developed to reduce
the CO

2
emissions from the resulting flue gas of power

generation. Carbon capture and storage (CCS) has recently
been the subject of significant research and has been regarded
as a promising way to mitigate and control CO

2
emissions

[2]. Generally, polymeric adsorbents, zeolites, silica gels,
activated carbons, andmolecular sieves have been extensively
used as selective adsorbents because of their controllable
pore structures and surface properties, which can be used
to selectively capture CO

2
[3, 4]. Among these adsorbents,

molecular sieves have the ability to selectively absorb specific
components of gaseous mixtures because of their porous
structures, which consist of relatively uniform pores that
are several angstroms (Å) or nanometers (nm) in diameter.
Carbonmolecular sieves (CMSs) possess narrow and specific
pore size distributions (PSDs) contrary to other conventional

absorbents. “The unique pore size distribution imparts CMSs
with remarkable selectivity in molecular separations.” [5]. In
addition, CMSs aremore shape-selective for planarmolecules
than other molecular sieves and are stable at high tempera-
tures [6].

The elimination of water vapor with CO
2
has recently

received considerable amounts of attention because of
promising application in air reparation, gas separation,
environmental protection, and purification [7–9]. Accurate
models for characterizing water adsorption are required to
enhance water removal processes. Numerous studies are
being conducted to investigate the water vapor adsorption
process which has various advantages, such as low operating
costs and high selectivity on adsorbents [10–12]. Moreover,
used adsorbents are easy to regenerate and possess high
adsorption capacities and separation rates [3].The adsorption
kinetics of molecules is dependent on the size, shape, and
electrical properties of the adsorbate. These adsorbate prop-
erties induce specific interactions with the adsorbent [13, 14].

Various treatments, such as oxidation, amination, and
fluorination, can be used to modify carbon surfaces to
improve the adsorption of CO

2
and water vapor [15–20].
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Of these surface treatments, the direct fluorination method
under a gas phase reaction has received a substantial attention
because of its potential for uniform modification, short
reaction time, low cost, and efficiency [21]. Fluorination
causes defects, changes surface properties, and increases the
total number of basic sites with varying degrees of basicity on
carbon materials [22–25]. Furthermore, the nature of surface
carbons can be adjusted by direct fluorination, regardless of
whether they are hydrophilic or hydrophobic [26].

In this work, the surfaces of CMSs were modified by
thermal fluorination, which can be conducted via a simple
procedure under a gas phase reaction. Thermal fluorination
altered the surface properties and pore structures of the
CMSs and exhibited significant effects on the water vapor
adsorption capacity. A mechanism is also proposed for the
improved water vapor adsorption capacity of CMSs after the
thermal fluorination treatment.

2. Experimental

2.1. Preparation of Thermal Fluorinated CMSs. The surfaces
of CMSs (CMS FB610, CarboTech AC GmbH, Germany)
were treated using a fluorination apparatus consisting of a
SUS304 reactor, a vacuum pump, a nickel boat, and a buffer
tank connected to gas cylinders. The samples were loaded
into the reactor in a nickel boat and were degassed at 100∘C
for 2 h to remove moisture. Fluorine gas (F

2
; 99.8%, Messer

Grieheim GmbH) and nitrogen gas (N
2
; 99.999%) were used

during the fluorination process. Fluorination was performed
at 0.1MPa for 30min using a F

2
: N
2
gas volume ratio of 1 : 9.

The thermal fluorination treatment was performed at 100,
200, 300, and 400∘C. After fluorination, the treated samples
were degassed to remove the unreacted gases. Additional
details regarding the fluorination procedure can be found
in earlier works [27–29]. The as-received and treated CMSs
were labeled PC (pristine CMSs), 100FC, 200FC, 300FC, and
400FC according to the temperature conditions.

2.2. Characterization of the Samples. X-ray photoelectron
spectra (XPS) were obtained using a MultiLab 2000 spec-
trometer (Thermo Electron Corporation, UK) to identify the
elements present in the samples. Aluminum K𝛼 (1485.6 eV)
radiation was used as the X-ray source, and an anode voltage
of 14.9 keV, a filament current of 4.6 A, and an emission
current of a 20mA were applied. All samples were treated
at 10−12MPa to remove impurities. Survey spectra were
obtained at a pass energy of 50 eV in increments of 0.5 eV.
The pore characteristics of the samples were evaluated by
determining the physical adsorption of CO

2
in anASAP 2020

(Micromeritics Ins. Corp.) at 0∘C.The pore characteristics of
the CMSs were investigated using CO

2
(3.3 Å) gas, because

the CMSs have extremely small pore sizes (the diameter of
N
2
is 3.8 Å). The pore size distributions (PSDs) of the CMSs

were calculated using density functional theory (DFT) with
the DFT Plus software supplied by Micromeritics [30, 31].

2.3. Water Vapor Adsorption/Desorption of the Prepared
CMSs. To investigate the water vapor adsorption character-
istics of the CMSs, dynamic vapor sorption (DVS) analyses

Table 1: XPS parameters of fluorinated CMS and PC.

Sample Elemental content (at.%) F/C (%)
C1s O1s F1s

PC 90.69 9.31 — —
100FC 67.68 8.16 24.16 0.36
200FC 65.73 8.71 25.56 0.39
300FC 63.99 7.74 28.27 0.44
400FC 72.38 7.36 20.26 0.28
at.% means atomic percent of each atom.
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Figure 1: XPS survey spectra of PC, 100FC, 200FC, 300FC, and
400FC.

were conducted using a compact and economicalDVS system
(DVS Int.). The prepared CMSs were dried at 150∘C for 1 h to
remove moisture. The DVS analysis was performed at 25∘C
for 1200min. The relative humidity ranged from 0 to 98%.

3. Results

3.1. Effects of Thermal Fluorination on the Chemical Com-
position of CMSs. The functional groups introduced onto
the surfaces of the CMSs were identified after examining
the C1s and F1s XPS peaks after thermal fluorination, and
the results are provided in Table 1 and Figure 1. As shown
in Figure 1, the XPS survey graphs of pristine CMSs and
thermally fluorinated CMSs displayed a distinct carbon peak
at 284.5 eV. Fluorine and oxygen peaks were also observed
at 687.7 and 531.0 eV, respectively, in the spectra of the
fluorinated CMSs. The atomic ratio of each element on the
surface of the CMSs is listed in Table 1. The carbon content
of the samples decreased remarkably by approximately 28%,
and an increase in the fluorine content was observed after
thermal fluorination. However, the fluorine content of 400FC
was lower than that of 100FC, 200FC, and 300FC. This
phenomenon is attributed to the effects of defluorination at
high temperature. The loss of fluorine was initiated between
200 and 300∘C, and defluorination was mostly completed by
400∘C [32, 33]. Based on these results, the fluorine contents
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Table 2: Assignments and peak parameters of the different C1s components.

Component Assignment Binding energy (eV) Concentration (%) of each sample
PC 100FC 200FC 300FC 400FC

C(1) C–C (sp2) 284.5 70.24 36.48 34.79 35.36 52.91
C(2) C–C (sp3) 285.4 18.13 18.82 19.29 20.23 18.95
C(3) C–O 286.4 7.49 12.48 13.73 13.30 10.12
C(4) C=O 287.4 4.14 12.31 11.82 10.01 6.48
C(5) Semicovalent C–F 288.8 0 15.56 15.79 16.07 9.20
C(6) C–F 290.5 0 4.35 4.91 5.03 2.34

of 200FC and 300FC gradually increased to 25.56% and
28.27%, respectively.However, the fluorine contents of 400FC
decreased to 20.26%, which is less than that of the contents
of 100FC due to the occurrence of defluorination at high
temperatures.

To investigate the changes in the functional groups on
the surfaces of the thermally fluorinated CMSs, the C1s peaks
were deconvoluted to several pseudo-Voigt functions (sums
of the Gaussian-Lorentzian function) using a peak analysis
programobtained fromUnipressCo.,USA.Thepseudo-Voigt
function is given by [34]

𝐹 (𝐸) = 𝐻[(1 − 𝑆) exp(− ln (2)(
𝐸 − 𝐸

0

FWHM
)

2

)

+
𝑆

1 + ((𝐸 − 𝐸
0
)/FWHM)2

] ,

(1)

where 𝐹(𝐸) is the peak intensity at energy 𝐸, 𝐻 is the
peak height, 𝐸

0
is the peak center, FWHM is the full width

at half-maximum, and 𝑆 is the shape function, which is
related to the symmetry and to the Gaussian-Lorentzian
mixing ratio. The assignments and peak parameters of the
different C1s components are provided in Table 2. The semi-
covalent (C(5)) bonds of the thermally fluorinated CMSs
increased compared to pristine CMSs. A detailed explanation
is presented in Section 4 using the water vapor adsorption
capacity results. In addition, values of C–C; sp2 (C(1)) bonds
in 400FC were higher than those in 100FC, 200FC, and
300FC, because fluorine can be removed by high-temperature
fluorination and the 𝜋-electron systems can be significantly
recovered through heat treatment [35–37].

3.2. Effect of Thermal Fluorination on the Pore Character-
istics of CMSs. The pore characteristics of the thermally
fluorinated CMSs were investigated, and the results are
shown in Table 3. The total pore volumes of the thermally
fluorinated CMSs increased due to fluorination via heat
treatment, whereas the total pore volume of 400FC slightly
decreased. As mentioned in Section 3.1, this result occurred
due to defluorination at high temperatures. In addition, the
area in the CMSs pores >10.83 Å decreased after thermal
fluorination, which was accompanied by an increase in the
total volume. Therefore, the destruction of pores via thermal
fluorination is responsible for the increase in the pore area.

Table 3: Changes in the pore characteristics of the treated CMSs
according to fluorination temperature.

Sample PC 100FC 200FC 300FC 400FC
Total pore volume
(cm3/g) 0.1008 0.1016 0.1083 0.1143 0.1117

Specific surface area
(m2/g) 433.66 459.95 455.89 439.46 438.55

Figures 2 and 3 present the PSDs of the CMSs calculated
using DFT. The pore volumes of <5 Å of 100FC and 200FC
were greater than those of the CMSs. The pore volumes of
>10 Å of 300FC and 400FCwere also greater than those of the
CMSs.Thepore volumes of<6 Å of 400FCwere recovered.As
shown in Figure 3, the volumes of the pores in the thermally
fluorinatedCMSs (especially thosewith diameters<8 Å)were
greater than those of the untreated CMSs.

3.3. Water Vapor Adsorption Behavior of Prepared Samples.
Figure 4 presents the water vapor adsorption capacities of
the prepared samples. The adsorption capacities increased
considerably following fluorination with heat treatment, and
the following trend in mass change was observed: PC <
300FC, 400FC < 200FC < 100FC. These following trends
were caused by the semicovalent (C(5)) bonds contents and
the total carbon adsorbents areas. In the C–F bonds of F
species, the ionic and semi-covalent C–F bond lengths (3.0
and 1.7 Å) were both larger than the usual covalent C–F
bond length (1.41 Å). The larger dipoles of the ionic or semi-
covalent C–F bond provide greater polarity than that of the
covalent C–F bond [38]. Bismarck et al. reported that the
surface polarity of fluorinated carbon materials decreases C–
F bonding varying from ionic to semi-ionic to covalent [39].
Therefore, thermally fluorinated CMSs with comparatively
large semi-covalent C–F group were expected to exhibit
improved water adsorption capacities. In addition, more
water vapor can be adsorbed as the micropore volumes of
the carbon adsorbents increase [40]. In the present study,
the total pore volume and area increased due to the thermal
fluorination.Thewater vapor adsorption capacity was altered
according to the change in the total pore area. Therefore,
the specific surface area of the CMSs has a more prominent
effect on their water vapor adsorption capacity compared to
introducing the fluorine functional groups on their surfaces
through thermal fluorination.
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Å
−
1
)

(a)

0.030

0.025

0.020

0.015

0.010

0.005

0.000

4 5 6 7 8 9 10

Pore width (Å)
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Å
−
1
)

(e)

Figure 2: PSDs showing the development of CMSs porosity according to fluorination temperature.

4. Conclusion

Surface-modified CMSs were prepared via thermal fluori-
nation at various temperatures (100, 200, 300, and 400∘C)

to investigate their water vapor adsorption properties. The
improved water vapor adsorption capacity of the thermally
fluorinated CMSs was due to the effects of the fluorination
process on the specific surface area and semi-covalent bonds
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Figure 4: Water vapor adsorption isotherms of PC, 100FC, 200FC,
300FC, and 400FC.

on the CMS surfaces. The specific surface areas of the CMSs
have amore prominent effect on their water vapor adsorption
capacity when compared to introducing fluorine functional
groups on their surfaces through thermal fluorination.
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The additives of solid nanoparticles to liquids are significant enhancement of heat transfer and hydrodynamic flow. In this study,
the thermal properties of three types of nanoparticles (Al

2
O
3
, TiO
2
, and SiO

2
) dispersed in water as a base fluid were measured

experimentally. Forced convection heat transfer turbulent flow inside heated flat tube was numerically simulated. The heat flux
around flat tube is 5000W/m2 and Reynolds number is in the range of 5×10

3 to 50×10
3. CFDmodel by finite volumemethod used

commercial software to find hydrodynamic and heat transfer coefficient. Simulation study concluded that the thermal properties
measured and Reynolds number as input and friction factor andNusselt number as output parameters. Data measured showed that
thermal conductivity and viscosity increase with increasing the volume concentration of nanofluids with maximum deviation 19%
and 6%, respectively. Simulation results concluded that the friction factor and Nusselt number increase with increasing the volume
concentration. On the other hand, the flat tube enhances heat transfer and decreases pressure drop by 6% and −4%, respectively,
as compared with circular tube. Comparison of numerical analysis with experimental data available showed good agreement with
deviation not more than 2%.

1. Introduction

The increasing demand for more efficient heat transfer fluids
in many applications led to enhance heat transfer to meet
the cooling challenge necessary such as the electronics, pho-
tonics, transportation, and energy supply industries [1]. The
thermal conductivity of metallic liquids is much greater than
that of nonmetallic liquids.Therefore, the thermal conductiv-
ities of fluids that contain suspended solid metallic particles
could be expected to be significantly higher than those of con-
ventional heat transfer fluids as shown in Table 1. Sen Gupta
et al. [2] carried out experimental study to measure thermal
conductivity in graphene nanofluids using the transient hot-
wire method. They also studied carbon nanotube (CNT) and
graphene oxide nanofluids. The magnitude of enhancement
was between CNT andmetallic/metal oxide nanofluids. Mul-
ticurrent hot-wire technique was used by Peñas et al. [3], to
measure thermal conductivity of SiO

2
and CuO in water and

ethylene glycol nanofluids with concentrations up to 5% in
mass fraction.They found a good agreement within 2%, with

published thermal conductivities of the pure fluids. Optimiz-
ing thermal conductivity of nanofluids proposed by [4], there
were various nanoparticles involving Al

2
O
3
with different

sizes, SiC with different shapes, MgO, ZnO, SiO
2
, Fe
3
O
4
,

TiO
2
, diamond, and carbon nanotubes. The base fluids used

deionized water, ethylene glycol (EG), glycerol, silicone oil,
and the binary mixture of DW and EG. Results showed that
the thermal conductivity enhancements of nanofluids could
be influenced by multifaceted factors including the volume
fraction of nanoparticles, the tested temperature, thermal
conductivity of the base fluid, nanoparticles size, pretreat-
ment process, and the additives of the fluids. The viscosity
and specific heat of silicon dioxide (SiO

2
) nanoparticles with

various diameters (20, 50, and 100 nm) in a 60 : 40 (byweight)
ethylene glycol and water mixture were investigated experi-
mentally by Namburu et al. [5]. Results showed new corre-
lation from experimental data, which related viscosity with
particle volume percent and nanofluid temperature. Also,
specific heat of SiO

2
nanofluid for various particle volume

concentrationswas presented. Bahiraei et al. [6] examined the
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Table 1: Thermal conductivity enhancement.

Year Nanofluid Used studies conducted Reference

1993 4.3% (Al2O3, SiO2, and TiO2) dispersed in water 26%, 7%, and 11% enhancement in thermal
conductivity Masuda et al. [37]

1999 4% CuO, Al2O3 dispersed in water 20% enhancement in thermal conductivity Lee et al. [38]

2000 2.5–7.5% (Cu nanoparticles)-water Thermal conductivity ratio varies from 1.24
to 1.78% Xuan and Li [39]

2001 Cu nanoparticles dispersed in ethylene glycol Effective thermal conductivity of ethylene
glycol improved by up to 40% through the
dispersion on 0.3% Cu nanoparticles

Eastman et al. [40]

2007 CuO and Al2O3 nanoparticles dispersed in water
(effect of temperature)

4 vol%. Al2O3 dispersed water nanofluids
thermal conductivity raise 9.4% to 24.3% at
increase in temperature from 21 to 51∘C

Das et al. [1]

2006 5% dispersing TiO2 sphere, rod
30–33% enhancement in thermal
conductivity Murshed et al. [41]

2006
1% CuO-ethylene glycol
Dispersing 1 vol.% SiO2-water
Dispersing 1 vol.% carbon nanotube

5% enhancement
3% enhancement in water based nanofluid
7% enhancement in water based nanofluid

Hwang et al. [42]

2007 (0.1–2%) Graphite 106 nm + water 10–37% thermal conductivity enhancement Zhu et al. [43]
2008 Water + EG (1% volume concentration) 31% thermal conductivity enhancement Karthikeyan et al. [44]

2009 4% Al2O3 (15–50 nm) + water
4% Cu (25–60 nm) + water

13% enhance thermal conductivity
15% enhance thermal conductivity Wang and Li. [45]

2010 0.5% Al2O3-water Enhancement thermal conductivity 31% Sundar and Sharma. [8]

2013 0.1% alumina dispersed in ethylene glycol and
propylene glycol

Thermal conductivity enhancement ratios
are 38.71% and 40.2%, respectively, for
ethylene glycol and propylene glycol

Dehkordi et al. [46]

2012 Cu dispersed with aqueous solution of cetyltrimethyl
ammonium chloride/sodium salicylate

Thermal conductivity increases with
increasing temperature and increasing
particle volume fraction

Priya et al. [47]

2013 Al2O3-water
Thermal conductivity and specific heat
enhancement Barbés et al. [48]

effect of temperature and volume fraction on the viscosity for
TiO
2
-water nanofluid. Results were recorded and analyzed

within a temperature range of 25 to 70∘C and volume fraction
0.1, 0.4, 0.7, and 1%. Viscosity was measured experimentally
by [7] using a rheometer. It was obtained as a function of the
nanoparticlesmass fraction and shear rate.Water was already
used as a base fluid and two different materials single wall
carbon nanohorn (SWCNH) and titanium dioxide (TiO

2
).

Results proposed empirical correlation equations of viscosity.
Wide variety of practical and industrial applications

of forced convection in a flat tube as heat exchangers,
heating processes, power generation, chemical processes,
microelectronics, and cooling processes led to interest in this
type of studies [8–16]. Duangthongsuk and Wongwises [17]
found the heat transfer coefficient and friction factor of the
nanofluid TiO

2
-water flowing in a horizontal double-tube

counterflow heat exchanger under turbulent flow conditions
experimentally and showed that the heat transfer coefficient
of nanofluid is higher than that of the base liquid. Forced
convection turbulent flow of Al

2
O
3
-water nanofluid inside

an annular tube with variable wall temperature was inves-
tigated experimentally by Prajapati [18]; the results showed
the enhancement of heat transfer due to the nanoparticle
presence in the fluid. The forced convection flow between

two corrugated cylinders was studied by Kittur [19]; results
found friction factor and heat transfer on the boundaries.
Horizontal double-tube heat exchanger counter turbulent
flow was studied numerically by Bozorgan et al. [20]; Al

2
O
3
-

water nanofluid of 7 nm with volume concentrations up to
2% was selected as a coolant use; the results showed that
the pressure drop of nanofluid is slightly higher than water
and increases with the increase in volume concentrations.
Forced convection of nanofluid of a double-tube counterflow
heat exchanger using CFD simulation FLUENT software was
investigated by Demir et al. [21]. A double-tube coaxial heat
exchanger heated by solar energy using Aluminum oxide
nanofluid was presented experimentally and numerically by
Luciu et al. [22]; results showed that nanofluids have a higher
performance of heat transfer than base fluid.

In this study thermal conductivity and viscosity of three
types of nanofluids (Al

2
O
3
, SiO
2
, and TiO

2
) in water aremea-

sured experimentally. Simulation study by using commercial
software to solve governing equation of forced convection
heat transfer through flat tube was conducted. The data
measured was used as inputs parameters, and friction factor
and heat transfer coefficient represented output parameters.
Results were compared with experimental data available in
the literature.



Journal of Nanomaterials 3

2. Thermal Properties Measurements

2.1. Density and Specific Heat. Many of researchers used
regression equations of density (𝜌nf) and specific heat (𝐶nf)
[23] as

𝜌nf = (
𝜙

100
) 𝜌
𝑝
+ (1 −

𝜙

100
) 𝜌f,

𝐶nf =
(𝜙/100) (𝜌𝐶)

𝑝
+ (1 − (𝜙/100)) (𝜌𝐶)f

𝜌nf
.

(1)

2.2. Thermal Conductivity. Nanofluids were prepared in
thermodynamics laboratory of Mechanical Engineering Fac-
ulty University Malaysia Pahang. Nanopowders were pur-
chased from US Research Nanomaterials, Inc. (NovaScien-
tific Resources (M) Sdn. Bhd.). They represented three types
of commercial nanoparticles (Al

2
O
3,

TiO
2
, and SiO

2
) as

shown in Figure 1 dispersed inwater as a base fluid.Waterwas
prepared in a laboratory by double distillation before using it
for the experiments. The nanoparticles have size diameters
of 13, 30, and 30 nm, respectively. Measured quantities of
nanoparticles were dispersed in distilled water to obtainmass
concentration 𝜙 nanofluids. The aid of mechanical stirrers
was used to achieve a homogenously dispersed solution.
This method depended on [24–27] and was then subjected
to ultrasonics for at least 3 hrs to break up any residual
agglomerations. Mass of nanoparticles (𝑚

𝑝
) and water (𝑚f)

was measured with the accuracy of 0.001 g to estimate weight
percentage (𝜙) using [25]

𝜙 = (
𝑚
𝑝

(𝑚
𝑝
+ 𝑚f)

) × 100. (2)

Equation (3) was used to estimate the volume concentration
of nanofluid 𝜙 depending on nanoparticles density (𝜌

𝑝
) and

base fluid density (𝜌f) at 25
∘C:

Φ =
𝑚
𝑝
/𝜌
𝑝

(𝑚
𝑝
/𝜌
𝑝
) + (𝑚f/𝜌f)

. (3)

Sedimentation of nanoparticles at the bottom of the
samples led to change of physical properties of the bulk
nanofluids with time [26, 27]. The measurement of the ther-
mal properties of the nanofluids requires many individual
measurements for at least onemonth, so should take to check
sample stability. Samples were checked after finishing each
test but no visible sedimentation was found.

The transient hot-wires method as shown in Figure 1 was
used to measure thermal conductivity of nanofluids exper-
imentally. The wire placed along the axis of the container
which was surrounded by the fluid whose thermal conductiv-
ity is to be measured. Platinum has high electrical resistivity
that is, 1.06 × 10

−7
Ωm (at 20∘C) and order of magnitude

higher than that of other metals. Also, it has a temperature
coefficient of resistance of 0.0003925∘C−1 (for pure platinum),
which is much higher than that of other metals chosen as
material of wire. The wire is to be used as a line heat source,

so the wire diameter was kept within 100𝜇m. The length
of the wire was kept to just a few centimeters, which com-
pared to the wire diameter represents an infinitely long line
heat source, assuring one directional (radial) heat transfer.
Calibration method was used with standard fluid (glycerin)
which brought with devices already; the error among reading
data and the standard are 0.0023. After that verification was
performed by using the pure liquid (water) and comparing
with standard and the error among them is 0.0014. Thermal
conductivity values were estimated by [28–30]

𝑘nf
𝑘f

=
𝑘
𝑝
+ (𝑛 − 1) 𝑘f − (𝑛 − 1) 𝜙 (𝑘f − 𝑘

𝑝
)

𝑘
𝑝
+ (𝑛 − 1) 𝑘f + 𝜙 (𝑘f − 𝑘

𝑝
)

, (4)

where 𝑛 represents the shape factor which was equal to 3
for spherical nanoparticles. The standard deviation corres-
ponding to the series of individual data measured for each
nanofluid was in all cases less than 0.15%.

2.3. Viscosity. To evaluate the thermal properties of nanoflu-
ids the viscosity is a significant indication. A commercial
Brookfield DV-I prime viscometer was used to measure
viscosity at different temperatures and rotorRPMswas shown
in Figure 1. Base fluid (water) was used to measure viscosity
for calibration; after that nanofluidswere used tomeasure vis-
cosity. Viscosity of nanofluid (𝜇nf) was determined from the
well-known Einstein equation for estimating viscosity, which
is validated to spherical particles and volume concentration
less than 5.0 vol. % and defined as [31–33]

𝜇nf = (1 + 2.5𝜙) 𝜇f. (5)

3. Computational Method

3.1. Physical Model. Cylindrical geometry coordinates of
problem undertaken in Figure 2 are shown. Dimensions of
the flat tube are major and minor diameter (𝐷 = 9mm,
𝑑 = 3mm); the length (𝐿) and hydraulic diameter (𝐷

ℎ
) of

the flat tube are 500mm and 4.68mm. Reynolds number was
calculated regarding hydraulic diameter (𝐷

ℎ
) as [34]

𝐷
ℎ
=

4 × [(𝜋/4) 𝑑
2
+ (𝐷 − 𝑑) × 𝑑]

𝜋 × 𝑑 + 2 × (𝐷 − 𝑑)
,

Re =
𝜌nf × 𝐷

ℎ
× 𝑢

𝜇nf
.

(6)

The problem undertaken was assumed to be two-
dimensional, steady, incompressible and Newtonian tur-
bulent fluid flow, constant thermophysical properties of
nanofluid, no effect of gravity and heat conduction in the axial
direction and wall thickness of tubes neglected.

3.2. Governing Equations. Infinitesimal (less than 100 nm)
solid particles were assumed to be able to use single phase
approach, so single phase approachwas adopted for nanofluid
modeling. For all these assumptions, the dimensional con-
servation equations for steady state mean conditions are as
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Figure 2: Schematic of problem undertaken.

follows: continuity, momentum, and energy equations Bejan
[35]

𝜕𝑢

𝜕𝑥
+

1

𝑟

𝜕

𝜕𝑟
(𝑟𝜌nf𝑢) = 0,

𝑢
𝜕𝑢

𝜕𝑥
+ V

𝜕

𝜕𝑟
(𝜌nf𝑢) = −

𝜕𝑃

𝜕𝑥
+

1

𝑟

𝜕

𝜕𝑟
[𝑟 (𝜐 + 𝜀

𝐻
)
𝜕𝑢

𝜕𝑟
] ,

1

𝑟

𝜕

𝜕𝑟
(𝜌𝑢𝑇) =

1

𝑟

𝜕

𝜕𝑟
[𝑟 (𝛼 + 𝜀

𝐻
)
𝜕𝑇

𝜕𝑟
] +

1

𝑟2
𝜕

𝜕𝑥
{
𝑘nf
𝐶
𝑝

𝜕𝑇

𝜕𝑥
} .

(7)

HighReynolds number as input parameterwas estimated;
pressure treatment adopted SIMPLE scheme and turbulent
viscous 𝑘-𝜀 model was employed; converged solutions were
considered for residuals lower than 10−6 for all the governing
equations. The results of simulation for nanofluid were
compared with the equations of Blasius (8) for friction factor
and Dittos-Boelter equation (9) for Nu as [36]:

f = 0.316

Re0.25
, (8)

Nu =
ℎf
𝑘f

𝐷eff = 0.023Re0.8Pr0.4. (9)

3.3. Boundary Conditions. Volume concentration nanofluids
(1, 1.5, 2, and 2.5%) at 25∘C base temperature were used
for nanofluid as input. For comparison purposes, water was
employed as the working fluid. CFD studies were carried
out with uniform velocity profile at the inlet and pressure
outlet condition used at the outlet of the flat tube. Turbulent
intensity (𝐼) was specified for an initial guess of turbulent
quantities (𝑘 and 𝜀). The turbulent intensity calculated for
each case based on the formula

𝐼 = 0.16 × Re−1/8. (10)

The walls of tube were assumed to be perfectly smooth
and the constant heat flux condition were specified on the
inside tubewall with a value of 5000W/m2. Reynolds number
varied from 1×10

4 to 1×10
5 at each step of iterations as input

data. The friction factor and Nu were introduced as output
data.

3.4. Grid Independence Test. Grids independence in GAM-
BIT software for flat tube as 1000 × 50 cells and 1000 × 50,
subdivisions in the axial length, and surface face, respectively,
were tested. To find the most suitable size of mesh faces, grid
independent test was performed for the physical model. In
this study, rectangular cells were used to mesh the surfaces
of the tube wall but triangular cells were used to mesh the
surfaces of gap as shown in Figure 3. The grid independence
was checked by using different grid systems and four mesh
faces were considered (1000 × 20, 800 × 50 and 800 × 20) for
pure water. Nusselt number was estimated for all four mesh
faces and results were proper. However, any number of mesh
faces for these four cases can be used, but in this study, mesh
faces with 1000 × 50 were adopted as the best in terms of
accuracy as shown in Figure 4.
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Figure 3: Mesh generated by GAMBIT.

3.5. CFD Simulation. CFD simulations used FLUENT soft-
ware with solver strategy. Gambit software was used to ana-
lyze problems. To make possible numerical solution of gov-
erning equations, single phase conservation equations were
solved by control volume approach then by converting them
to a set of algebraic equations. Simulation results were tested
by comparing the predicted results [8, 17, 49] that used
circular heated tube in experimental work. FLUENT software
was used in CFD analysis in the literature and a detailed
description of the mathematical model can be found in the
FLUENT User’s Guide [50]. CFD modeling region could be
classified into fewmajor steps: preprocess stage, the geometry
of problem undertaken is constructed as flat narrow and
computational mesh generated in GAMBIT. It followed by
the physical model that boundary conditions and other para-
meters were appropriately defined in models setup and solv-
ing stage. All scalar values and velocity components of the
problemwere calculated at the center of control volume inter-
faces where the grid schemes were used intensively.Through-
out the iterative process accurate monitoring of the residuals
was done. When the residuals for all governing equations
were lower than 10−6, all solutions were assumed to be con-
verged. Finally, the results could be obtained when FLUENT
iterations lead to converged results defined by a set of con-
verged criteria.The friction factor andNusselt number inside
elliptical tube could be obtained throughout the computa-
tional domain in the postprocess stage.

4. Results and Discussion

The thermal conductivity always increased when nanopow-
ders addition on base fluid to prepare nanofluid. Thermal
conductivity of (Al

2
O
3
, TiO
2
, and SiO

2
) nanofluids at 25∘C

were measured from 1% to 2.5% volume concentration.
Figure 5 indicated thermal conductivity of nanofluid with
volume concentration at temperature 25∘C. Al

2
O
3
nanofluid

has the highest values of thermal conductivity followed by
TiO
2
and SiO

2
suspended in water. The nanoparticles have

significant thermal conductivity enhancement in water [51].
The theoretical data of thermal conductivity as (4) was indi-
cated for pure water as solid black line to compare with data
measured. The experimental data of other researchers of was
indicated to validate data measured, and there is good agree-
ment with deviation no more than 2% that may be related
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Figure 4: Optimum mesh grid size of Nusselt number with
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Figure 5: Thermal conductivity of nanofluid and base fluid at
different volume concentration.

to different nanoparticle size [51]. The enhancement (𝜂%)
of thermal conductivity represented percentage deviation of
thermal conductivity of nanofluids against base fluid 𝜂% =

((𝑘nf − 𝑘
𝑤
)/𝑘nf) × 100 and not more than 20% as compared

with base fluid. Experimental data of viscosity of nanofluids
and base fluid was measured from 1% to 2.5% volume
concentration at 25∘C. The expected values of the shear rate
range from 200 to 1300 s and all measured data is close to this
range and the percentage average deviation is about 4%. The
experimental data of viscosity was presented in Figure 6 with
volume concentrations, theoretical data of viscosity as (5)
showed for purewater as solid black line and the experimental
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Figure 7: The effect of volume concentration of Al
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-water on

friction factor at different Reynolds number.

data of other investigators to validate data measured. The
viscosity decreased (𝜆%) represented percentage deviations
among experimental data of nanofluids and base fluid in the
the range 1.2 to 6%.The increase in viscosity with the increase
of volume concentration was due to increase in percentage
deviation which might be related to not using any surfactant
or chemical additives when preparing nanofluids [52]. It
seems Al

2
O
3
that nanofluid has the highest values of viscosity

followed by SiO
2
and TiO

2
; finally pure water has the lowest

viscosity. Nanofluids showed an increase in viscosity with the
increase in volume concentration, similar behavior of base
fluid. As compared to other investigators for both the thermal
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Figure 8: The effect of volume concentration of TiO
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-Water on

friction factor at different Reynolds number.
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conductivity and viscosity data, the results indicated that
there was difference among measured data and correlations;
the reason may be due to various parameters such as particle
preparation (different condition and accuracy) [53], particle
size (the various size due to different thermal properties),
themeasurement technique, or even different particle sources
[31, 32]. The effect of different volume concentration on
friction factor is shown in Figures 7, 8, and 9 at the range of 1–
2.5%nanoparticle volume concentration.The results revealed
that the nanofluid with highest concentration of volume 2.5%
has the highest friction factor at all Reynolds numbers. The
reason of increasing of friction factor with the increasing
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Figure 11: The effect of volume concentration of TiO
2
-Water on

Nusselt number at different Reynolds number.

of concentration of volume of nanofluid is the increasing of
fluid viscosity which reduced themoving of fluid.The friction
factor values of SiO

2
-water nanofluid appear higher than

those of other types of nanofluid followed by Al
2
O
3
and TiO

2

in water. On the other side, the CFD analysis of pure water
inside flat tube was compared with Blasius equation (8) for
water inside circular tube which was indicated as black solid
line. It appears that the values of friction factor at flat tube are
less than that at circular tube, and this was achieved to use
flat tube to decrease pressure drop. Figures 10, 11, and 12 show
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Figure 12: The effect of volume concentration of SiO
2
-Water on

Nusselt number at different Reynolds number.

Nusselt number with Reynolds number at (1–2.5%) volume
concentrations of nanofluid at 25∘Cbase temperature. Results
showed that the nanofluid has the highest Nusselt number
with the highest volume concentration 2.5% at all Reynolds
numbers. The reason of increasing of Nusselt number with
the increasing of concentration of volume of nanofluid is
the increasing of fluid thermal conductivity. The Nusselt
number of SiO

2
is the highest value followed by Al

2
O
3
and

TiO
2
and the cause may be related to the fact that SiO

2

nanofluid has the lowest thermal conductivity than other
nanofluids and the highest average velocity among the fluids
due to lowest density compared with the others. The fluid
velocity plays an important role on the heat transfer in case
of forced convection and it represents themain reason to give
high heat transfer coefficient [49]. The irregular and random
movements of particles increase the energy exchange rates
in the fluid with penalty on the wall shear stress and conse-
quently enhance the thermal dispersion of the flow.The CFD
analysis of Nusselt number for pure water inside flat tube was
compared with Dittus-Boelter equation (9) for water inside
circular tube was shown as black solid line. It seems that the
values of Nusselt number at flat tube are higher than circular
tube referring to enhance heat transfer. The CFD analysis of
friction factor andNusselt number for Al

2
O
3
, TiO
2
, and SiO

2

was compared with experimental data of Sunder and Sharma
[8], Duangthongsuk and Wongwises [17], and Mohammed
et al. [49], respectively, as shown in Figure 13. It shows
good agreement among CFD analysis and experimental
data. Figure 14 illustrated velocity and temperature profiles
at different Reynolds number. It seems that the maximum
and minimum velocity is 0.135 and 0.958m/s at Reynolds
numbers 5000 and 50000, respectively. Furthermore the
minimum temperature is 43 and 54∘C at Reynolds number
is 5000 and 50000 respectively. The reason may be related to



8 Journal of Nanomaterials

Reynolds number

Fr
ic

tio
n 

fa
ct

or

1.34% Al2O3 [36]
0.99% TiO2 [36]
1% TiO2 [21]
1% SiO2 [39]

1% SiO2 [49]

1% Al2O3 present study
1% SiO2 present study
1% TiO2 present study

0.025

0.035

0.045

0.055

0.065

0.075

0.085

4000 6000 8000 10000 12000 14000 16000

0.1% Al2O3 [8]

Blasius equation (8)

(a)

Reynolds number

N
us

se
lt 

nu
m

be
r

40

80

120

160

200

240

4000 6000 8000 10000 12000 14000 16000

1.34% Al2O3 [36]
0.99% TiO2 [36]
1% TiO2 [21]
1% SiO2 [39]

1% SiO2 [49]

1% Al2O3 present study
1% SiO2 present study
1% TiO2 present study

0.1% Al2O3 [8]

Dittus-Boelter equation (9)

(b)

Figure 13: Validation of CFD analysis with experimental results: (a) friction factor and (b) Nusselt number at different Reynolds number.
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Table 2: Constants of friction equation (11).

Nanofluid a1 b1 c1
TiO2-W 0.3 −0.1127 0.00100
Al2O3-W 0.3 −0.111 0.00120
SiO2-W 0.3 −0.106 0.00125

Table 3: Constants of Nusselt number equation (12).

Nanofluid a2 b2 c2
TiO2-W 0.02 0.78 0.54
Al2O3-W 0.02 0.788 0.45
SiO2-W 0.02 0.8 0.4

the low Reynolds number that is given more time to make
deference temperature between input and output of tube.
The regression equations among input and output parameters
have been analyzed by using Minitab 16 software. The input
parameters represented that Reynolds number as a velocity
inlet and Prandtl number as a concentration of nanofluid; on
the other hand, the output parameters represented friction
factor and Nusselt number. Figure 15 showed friction factor
and Nusselt number from CFD analysis against (8) and (9)
data to correlate among parameters.

These equations are concluded under 5000 < Re < 50000

and 6.8 < Pr < 11.97; the regression equation of friction
factor has been expected as

f = 𝑎1 × Re𝑏1 × Pr𝑐1. (11)

Elsewhere, the regression equation of Nusselt number has
been found as:

Nu = 𝑎2 × Re𝑏2 × Pr𝑐2. (12)

5. Conclusions

In the present study, thermal properties of three types of
nanoparticles were suspended in water measured experi-
mentally in thermal laboratory. Thermal conductivity and
viscosityweremeasured experimentally between 1% and 2.5%
volume concentrations at 25∘C. Results of thermal conduc-
tivity showed that the increase in volume concentrations and
temperatures is due to the increase in thermal conductivity of
nanofluids with maximum deviation (19%) for nanoparticles
dispersed in water. The study showed that Al

2
O
3
nanofluid

has the highest values of thermal conductivity followed
by TiO

2
and SiO

2
suspended in water. The data measure

also showed that the viscosity of nanofluids significantly
increases with increasing particle volume concentration with
maximum deviation (6%) as compared with water. The
results showed that Al

2
O
3
nanofluid has the highest values of

viscosity followed by SiO
2
and TiO

2
; finally pure water had

the lowest viscosity. The proposed correlations for predicting
the thermal conductivity and viscosity of nanofluids showed
good agreement with the data measured and the experimen-
tal results of [32, 33]. Forced convection heat transfer under

turbulent flow by numerical simulation with uniform heat
flux boundary condition around flat tube was studied. The
heat transfer enhancement resulting from various parameters
such as nanoparticle concentration of volume and Reynolds
number were reported. The finite volume methods was used
to solve the governing equations with certain assumptions
and appropriate boundary conditions. The Nusselt number
and friction factor were obtained through the numerical sim-
ulation. The study concluded that the enhancement of fric-
tion factor and Nusselt number is −4% and 6% for enhanced
tube more than that of the circular tube at all Reynolds
numbers. The (2.5%) volume concentration of nanofluid has
the highest friction factor values, followed by 2, 1.5, and 1%.
The CFD analysis of pure water friction factor at flat tube has
lower values than that of circular tube which estimated from
Blasius equation. The Nusselt number of SiO

2
is the highest

value followedwere byAl
2
O
3
andTiO

2
.There is a good agree-

ment among the CFD analysis of friction factor and Nusselt
number of nanofluid with experimental data of Sunder
and Sharma [8], Duangthongsuk and Wongwises [17], and
Mohammed et al. [49] with deviation being not more than
2%.The regression equations were found under 5000 < Re <

50000 and 6.8 < Pr < 11.97, for friction factor and Nusselt
number have been concluded as in (11) and (12), respectively,
where the constants of friction equation (11) Nusselt number
equation (12) were tabulated as shown in Tables 2 and 3.
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