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The increasing environmental problems and deficiencies of
sustainable energy sources have become serious issues that
are urgently in need of being addressed. To make up this
issue, the key is of development and fabrication of advanced
materials that for energy and environment applications.

The performance of materials depends critically on their
microstructures, which requires the development ofmaterials
processing techniques to obtain the desired microstructures
and morphologies. It is of great importance in future techno-
logical applications to understand how the materials behave
at nanoscale during working and how controllably manufac-
ture. No matter physical or chemical preparation, forward-
looking theoretical guidance and characterization proof are
necessary for explaining the formation mechanism so as to
design devices with expected properties for nonpolluting
energy generation and environmental protection. In this
issue, different approacheswere used to create nanostructures
in several oxidematerials dealingwith the environmental and
energy-converting problems.

The paper “Pd-doped SnO
2
-based sensor detecting hydro-

carbon characteristic fault/hydrocarbon gases in transformer”
by W. Chen et al. synthesized Pd-doped SnO

2
nanoparticles

and measured their gas-sensing properties towards methane,
ethane, ethylene, and acetylene. The sensing mechanism was
also addressed in detail based on a quantum chemistry
calculation of molecule orbital energy. The paper “Appli-
cation of flower-like ZnO nanorods gas sensor detecting SF

6

decomposition products” by S. Peng et al. proposes a novel gas
sensor based on flower-like ZnO nanorods to detect typical
SF
6
decompositions.This sensor shows a remarkable discrim-

ination among SO
2
, SOF

2
, and SO

2
F
2
with high linearity.

The paper “Gas sensing properties and mechanism of nano-
SnO
2
based sensor for hydrogen and carbon monoxide” by W.

Chen et al. prepared nano-SnO
2
powder via a hydrothermal

method and investigated the gas sensing performances of the
obtained sensor against power transformer fault gases such as
hydrogen and carbonmonoxide.The gas sensing mechanism
was qualitatively explained by the first-principles calculation.
These results will present a new feasible way on exploring new
metal oxide gas sensor for on-line monitoring of fault gases
dissolved in power transformers.

The paper “HER catalytic activity of electrodeposited Ni-
P nanowires under the influence of magnetic field” by H.-B.
Lee et al. fabricated the nickel alloy electrodes both in plane
and nanowires morphologies by electrodepositing in sulfa-
mate bath. By using nanowires morphology and applying in
magnetic field, theHER stability of theNi electrode increased
in more than four folds than that of its plane counterpart.

The paper “The development of photocatalyst with hybrid
material CNT/TiO

2
thin films for dye-sensitized solar cell” by

Y. W. Kim and S. H. Park prepared CNT/TiO
2
as a hybrid

material to improve their efficiency of dye-sensitized solar
cell. The higher concentration of CNT will decrease the
transmission and resistance of TiO

2
thin film.
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The paper “Fabrication and characterization ofmanganese
ferrite nanospheres as a magnetic adsorbent of chromium”
L.-X. Yang et al. synthesized the manganese ferrite nano-
spheres by a one-step and template-free solvothermal
method. The obtained materials show an excellent ability to
magnetic removal of chromium in waste water.

The paper “Preparation of smooth surface TiO
2
photoan-

ode for high energy conversion efficiency in dye-sensitized solar
cells” S. Kathirvel et al. fabricated the dye-sensitized solar cells
by using a TiO

2
nanosol-based photoelectrode. These cells

show an overall light conversion efficiency and a short-circuit
current density.

The paper “Effect of solution spray rate on the properties
of chemically sprayed ZnO:In thin films” by M. Kriisa et al.
using a chemical spray method to prepare ZnO:In thin films
on glass substrates and found that the solution spray rate is
an important technological parameter controlling the film
thickness and electrical properties of the sprayed ZnO:In
films.

The paper “Influence of hydrothermal temperature on
phosphorus recovery efficiency of porous calcium silicate
hydrate” by W. Guan et al. synthesized porous calcium
silicate hydrate by carbide residue and white carbon black.
The influence of hydrothermal temperature on phosphorus
recovery efficiency was investigated in detail.

The paper “Preparation of baking-free brick from man-
ganese residue and its mechanical properties” by P. Wang and
D.-y. liu addressed a summarization of the main methods to
produce building materials from manganese slag materials.
It is concluded that the baking-free brick prepared from
manganese residue could have excellent compressive strength
performance under certain formula.

The paper “Characterization of nanoporous ceramic gran-
ules made with coal fly ash and their utilization in phenol
removal from water” by Z. Jing Jing used the coal fly ash
to produce composite ceramic granules with high porosity
and specific surface area. Effects of various factors such
as adsorbents dosage, contact time, and temperature were
investigated and aimed to obtain optimized parameter.

The paper “Facile synthesis of Fe-doped titanate nanotubes
with enhanced photocatalytic activity for castor oil oxidation”
by G. Fu et al. reported the synthesis of the iron doped
Ti nanotubes and provided a facile route to improve the
photocatalytic efficiency of materials and other properties
such as magnetic property.

The paper “Mineral phase and physical properties of red
mud calcined at different temperatures” by C.-S. Wu and
D.-y.Liu investigated the phase composition and structural
transition of red mud from room temperature to 1200∘C.The
obtained results provided an important base for the further
studies of comprehensive utilization of red mud.

The paper “Synthesis of octahedral-shaped NiO and
approaches to an anode material of manufactured solid oxide
fuel cells using the decalcomania method” by H. Cho et al.
synthesized octahedral-shaped NiO particles by microwave
thermal method. Using an octahedral NiO anode functional
layer, fuel cell performance was significantly improved owing
to better contact between the electrolyte and anode.

The paper “Characterization of porous WO
3
electro-

chromic device by electrochemical impedance spectroscopy”
by C. C. Chen reported the microstructure of the anodic
tungsten oxide and its use in an electrochromic glass device.
The fabrication process can be extended to othermetal oxides
such as TiO

2
and Ta

2
O
5
, which are electrochromic and solid

charge conductive films.
By compiling these papers, we hope this issue will provide

some valuable insights into our readers and researchers with
respect to the field of advanced materials for energy and
environment applications.

Wen Zeng
Ming-Guo Ma
Jie-Fang Zhu

Shao-Wen Cao
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Nickel alloy electrodes both in plane and nanowire morphologies were fabricated by electrodeposition in sulfamate bath. With
the increasing concentration of phosphorous acid in the electrolyte, the P content in the deposition increased accordingly. In the
meantime, the grain refined and even became amorphous inmicrostructure as the P content was raised. For the nanowire electrode,
vibrating sample magnetometer (VSM) measurement showed that its coercivity was anisotropic and decreased with P-content. In
addition, the easy axis for magnetization of the electrode was parallel to the axial direction of nanowire.The electrocatalytic activity
measurement of the electrode in 0.5M H

2
SO
4
electrolyte showed that the nanowire electrode had higher activity than the plane

one, and the alloying of P in Ni electrode raised its hydrogen evolution reaction (HER) performance. The enhanced performance
of nanowire electrode was attributed to the smaller and more uniform hydrogen bubbles generated in HER reaction. Finally, the
applied magnetic field (3.2 T) improved significantly the HER activity of Ni but not Ni-P electrode. By using nanowire morphology
and applying magnetic field, the current density at −0.75V HER stability test of the Ni electrode increased fourfold more than its
plane counterpart.

1. Introduction

Water electrolysis has been considered as one of the clean
processes for producing hydrogenwith less greenhouse effect,
especially if the electricity is generated from renewable
energy. Although the use of platinum electrode demon-
strated the best electrocatalytic activity, the cost of this
noble metal renders it difficult to be implemented for large
scale production. Therefore, the research on the alternative
electrode, which is more economic in industrial application,
has been an important issue [1]. For water electrolysis, some
of the control process parameters include type of electrolyte,
electrode distance, temperature, and additives [2–4]. Nagai
et al. reported the qualitative influences from the electrode
space configuration, distance, and current density [2]. Other
findings by Stojić and coworkers [3] and de Souza et al.
[4] indicated that the ionic additive and shorter electrode
distance improved the hydrogen evolution in KOH solution.
The use of nickel-based electrode, including nickel, nickel

alloy, rare earth doped nickel, and porous nickel, has appar-
ently raised the electrocatalytic activity in water electroly-
sis [5]. Another frequently studied nickel-based electrode
is Ni-P alloy. Several control factors, such as phosphorus
content, surface area, internal stress, hydrogen adsorption
energy, and electron configuration, were identified. In basic
electrolyte, Burchardt [6] reported that the electrocatalytic
activity reached maximum of 17% of P and increased with
the coating thickness. Among three Ni-P coatings with P
content of 7, 20, and 28%, Królikowski and Wiecko [7]
discovered that the crystalline Ni-7P in acidic electrolyte
had better electrocatalytic property than its amorphous 20
and 28% counterparts. Shervedani and Lasia [8] proposed
that the high electrocatalytic activity of amorphous Ni-P
coating was indebted to its increase in surface area. A porous
electrode surface was observed in the NiP

8
coating which

demonstrated the best electrocatalytic activity among 8%
to 23% electrodes. Associated with the increase in inter-
nal stress, the coating sometimes developed cracking and



2 Journal of Nanomaterials

raised the effective surface area. The electrocatalytic activity
increased accordingly [9]. The increase in electrode surface
area provided more space for hydrogen adsorption and,
thereby, the electrocatalytic rate.

Nanomaterials, compared with its conventional bulk
counterparts, possess relatively high specific surface area
and surface atoms. These characteristics render them with
superior electrocatalytic activity. For electrode materials in
hydrogen evolution reactions, the enhancement in their
activities by adopting nanomaterial fabricated from anodized
aluminum oxide (AAO) has been frequently employed [10–
13]. More than four-time increase in the current density of Ni
electrode with nanowire configuration over its plane counter-
part was reported by Lee et al. [11]. Chen and coworkers [12]
studied the electrocatalytic activity of Ni nanowire exposed
from the AAO template with different lengths. In 1MNa

2
SO
4

electrolyte, they found that the current density increased
with longer nanowires exposed from the template. In the
meantime, in 0.5M H

2
SO
4
electrolyte Hsu et al. [13] found

the similar trendwithNi-P nanowires. Usually, the electrode-
positedNi-P nanowires had better HER performance thanNi
nanowires.

To further enhance the HER activity, the use of mag-
netic field has been proposed. Iida and coworkers [14] and
Matsushima et al. [15] discussed the effect of externally
imposed magnetic field during hydrogen evolution reaction.
Studied with different electrode distances and electrolytes,
they reported that high magnetic field, small electrode
distance, and low electrolyte concentration could provide
better HER activity. They attributed this enhancement to
the electrolyte convection caused bymagnetohydrodynamics
(MHD). In the KOHelectrolyte with 2mmelectrode distance
and 4V overpotential, Lin and coworkers reported that the
performance of ferromagnetic Ni plane electrode was better
than paramagnetic platinum and graphite electrodes [16].

In nanoscale, Yu and coworkers [17] prepared a single
crystalline and superparamagnetic Ni nanowire electrode
with 1110Oe coercivity, much higher than polycrystalline
Ni nanowire. For Ni-P nanowire with diameter of 200 nm,
Chiriac et al. [18] found the decrease in coercivity and
increase in Curie temperature with phosphorus content.
From the prior studies, it is understood that theHER catalytic
activity is controlled by many parameters. Nevertheless,
the considerations in practical application and cost should
be emphasized. In this study, by combining the nanosized
surface configuration of the electrode and the application
of external magnetic field, both the increase in surface
area and the enhancement of convection without additional
constant input of energy should benefit the HER activity in
water electrolysis. Therefore, the electrocatalytic activity of
the electrodeposited Ni-P nanowires under the influence of
magnetic field was investigated.

2. Experimental

With the same electroplating parameters, both plane and
nanowire electrodes were fabricated in this study first. Sub-
sequently, the electrochemical property and microstructure
and surface morphology of the electrode were measured

Table 1: Plating parameters used in this study.

Parameter Magnitude
N2+ 90 g/L
NiCl2 3 g/L
H3BO3 40 g/L
H3PO3 0, 10, 20, 30, 40 g/L
Wetting agent 1mL/L
Current mode Square pulse 500Hz
Current density 8A/dm2

Bath temperature 50∘C

and examined. Field emission scanning electron micro-
scope ((FESEM) JEOL 6700, Japan), X-ray diffractometer
((XRD) SHIMADZUXRD-6000, Japan), and high resolution
transmission electron microscope ((HRTEM) JEOL JEM-
2100F, Japan) were used for the structural examinations. The
application of magnetic field with permanent magnet during
HER activity measurement was employed to investigate its
effect. In addition, themagnetic property of the electrode was
tested using vibrating sample magnetometer ((VSM) Lake
Shore 7407, USA).

2.1. Plane Electrode. The substrate used for the electroplat-
ing was 0.3mm thick phosphor deoxidized copper plate
(C1220P).Nickel pallets (S-rounds)with 25mmdiameter and
6mm thickness were employed as anode. The substrate was
cut into 1.5×1.5 cm2 and heat-treated at 200∘C for one hour to
remove the residual stress. Before electroplating, the substrate
was polishedwith emery papers (no. 240∼#1200), activated in
5% sulfuric acid solution, and rinsed with de-ionized water.

2.2. Anodized Aluminum Oxide (AAO) Template. The high
purity aluminum foil (99.999%) was first annealed at 500∘C
in nitrogen atmosphere for 3 hours. The annealed aluminum
foil was then ultrasonically cleaned for 5min andwiped clean
with alcohol. Inside an electrolyte with sulfuric acid, phos-
phoric acid, and deionized water in 40wt% : 40wt% : 20wt%
concentration, the aluminum foil was subsequently elec-
tropolished with 20V voltage for 10min. Following the rinse
with de-ionized water, an anodizing treatment in 0.5M oxalic
acid solution at 4∘C was performed. A DC power supply
provided a 60V voltage between the aluminum specimen and
graphite electrodes for 3 hours. The thus formed aluminum
oxide filmwas removedwith 5wt%NaOHsolution.The spec-
imen was then subjected to a second anodizing treatment for
4 hours. Since the oxidationwas not yet complete through the
thickness of the specimen, the residual aluminum substrate
was dissolved away with 0.1M CuCl

2
⋅HCl solution. After

removing the barrier layer with 6wt% phosphoric acid, the
AAO template was obtained. However, for conducting cur-
rent in later electrodeposition, a thin Au film was sputtered
on one side of the template.

2.3. Electrodeposition of Ni Alloys in AAO Template. For
the electrodeposition of Ni alloys in AAO template, a
platinum plate was used as the anode. A square pulse with
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Figure 1: The microscopic examinations using field emission scanning electron microscope: (a) plane view of the AAO template, (b)
longitudinal section of the AAO template, (c) longitudinal section of the nickel alloy nanopattern electrode, (d) EDS spectrum of nano
pattern electrode, (e) longitudinal section of the nickel alloy nanowire electrode, and (f) plane view of the nickel alloy nanowire electrode.

peak current density of 8A/dm2 and frequency of 500Hz
was generated from a precision function generator (WAVE
FACTORY WF1943, NF, Japan) and amplified through a
power amplifier (NF TA-250, Japan). The nickel sulfamate
electrolytes consisting of 90 g/L nickel ion, 40 g/L boric
acid, 3 g/L nickel chloride, 1ml/L wetting agent, and various
(0∼40 g/L) phosphorous acid concentrations for preparing
different electrodes were employed, as listed in Table 1.

2.4. Electrochemical Measurement. A potentiostat (EG&G
263A, Princeton Applied Research, USA) and a three-
electrode container were used in the electrochemical

measurement in this study. The prepared plane specimen
or nanopatterned specimen was employed as the working
electrode with 1 cm2 exposed area in the 0.5M H

2
SO
4

electrolyte. A platinum wire with 0.5mm in diameter and
25 cm in length and a saturated calomel electrode (SCE)
served as the counter electrode and reference electrode,
respectively. The specimen was first trimmed into 2.0 cm
square and then rinsed fully with de-ionized water. The
following electrochemical measurements were performed:
(1) cathodic polarization curve scanned from 0V to −0.9V
with scan rate of 1mV/s; (2) HER stability measurement
conducted at fixed voltage of −0.75V versus SCE for 6 hours.
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Table 2: The P content of nanowires deposited from the bath with
different H3BO3 concentrations.

H3BO3
concentration 0 g/L 10 g/L 20 g/L 30 g/L 40 g/L

P content (at%) 0% 9.76% 12.53% 15.44% 23.29%

3. Results

3.1. Morphology of AAO Template and the Fabricated Nano-
electrodes. The AAO template prepared from the aforemen-
tioned process is shown in Figure 1. It is seen that the holes
were in parallel arrangement through the template thickness
with 75 nm diameter, 115 nm pitch, 25 𝜇m thickness, and 7.9×
10

9
/cm2 areal density. Figure 1(c) reveals that the nanowires

grew inside the nanopores from the bottom of the AAO tem-
plate. The nominal dimensions of the nanowires were 75 nm
in diameter and 15 𝜇m in length, which corresponded to
the approximate aspect ratio of 200. This prepared specimen
was calledNi-P (Ni

100−𝑥
-P
𝑥
) alloy nanopattern electrode.The

associated compositions measured from energy dispersive
spectrometer (EDS) indicated four constituents—O, Al, Ni,
and P, as presented in Figure 1(d). Disregarding the signals
of Al and O, the P contents of the nanowires are presented
in Table 2.The results show that the P content increased with
the concentration of phosphorous acid used in the electrolyte.
By submersing the nano pattern electrode in 5wt% NaOH
solution for sufficient duration, the AAO template was
dissolved, and the nanowires were exposed. Finally, a Ni-P
nanowire electrode was obtained, as presented in Figures 1(e)
and 1(f).

3.2. Structural Examination on the Nanowires. The X-ray
diffraction patterns of nickel alloy nanowires prepared in
electrolyte with different phosphorous acid contents are
shown in Figure 2. The broadening of the diffraction peaks
for the electrode with increasing phosphorous acid content
indicated that the grainwas refined.Moreover, for the pureNi
coating the ratio between the (200) and (111) peak intensities
was higher than that of powder nickel. This denoted that the
prepared pure nickel coating at 8A/dm2 current density in
this sulfamate bath had preferred (200) texture. However, it
is apparently shown in Figure 2 that with the presence of
phosphorous acid in the electrolyte the deposited coatings
had nearly no (200) diffraction peak and changed their
texture to (111). When the phosphorous acid content reached
40 g/L, almost no diffraction peak was detected, as shown in
Figure 2(e), and the electrode became amorphous. According
to the full width at half maximum of (111) diffraction peak
and Scherrer formula [19], the calculated grain sizes of the
electrodes were presented in Figure 3. Also shown in Figure 3
are the associated P contents in the electrodes. The results
showed that the grain size decreased while the P content of
the electrode increased with the addition of H

3
PO
3
in the

electrolyte.
The specimen for TEM examination was cut with ultra-

microtome (Reichert-Jung Ultracut E, Austria) in 1mm/s
and thickness 700 Å, placed in copper grid, and air-dried.

20 30 40 50 60 70 80

Cu (200)

(a)

(b)

(c)

(d)

(e)

In
te

ns
ity

 (a
.u

.)

Ni (111)

Ni (200)

2𝜃 (deg)

Figure 2: X-ray diffraction patterns of nickel alloy nanowires
prepared in electrolyte with different phosphorous acid contents: (a)
0, (b) 10, (c) 20, (d) 30, and (e) 40 g/L.
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Figure 3: The influence of the H
3
PO
3
concentration in the elec-

trolyte on the grain size and deposited P content of the prepared
electrode.

Figure 4(a) shows that electrodeposited nanowires adhered
closely to the gold substrate.The line scan of the composition
in Figure 4(b) revealed the traces of Au, O, Al, and Ni,
which were the signals from substrate, AAO template, and
nanowire, respectively.The TEM examination was also taken
on the Ni-P nanowires embedded in the AAO template
and was presented in Figure 4(c). The inset of this figure
shows the selected area diffraction (SAED) pattern of the
Ni-P nanowire. Apparently, the nanowire was amorphous in
nature.

3.3. Magnetic Measurement on the Ni-P Nanowires. The
magnetic characteristics of the prepared electrodes were
measured by using a vibrating sample magnetometer (VSM).
The specimen dimensions were 0.3 cm × 0.3 cm × 20 𝜇m,
and the temperature was at room temperature (300K). To
avoid the connection between nanowires due to overplating
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above the AAO template, the filled-in length of the nanowires
was controlled to 15𝜇m nominally, as shown in Figure 2(c).
For these nanopattern electrodes, the measurements were
performed in H

⊥
and H

//
directions, where H

⊥
and H

//

denoted the directions of magnetic field in perpendicular
and parallel to the plane of AAO template, respectively. In
other words, H

⊥
and H

//
were in parallel and perpendic-

ular directions with the longitudinal axis of the nanowires,
respectively. Figure 5 presents the measured hysteresis loops
in H
⊥

direction of the Ni
100−𝑥

P
𝑥
electrodes. It is clearly

seen that the hysteresis loop almost diminished and the
coercivity decreased drastically with the increase of P-content
in the nanowires. The nanowire with 23.29 at % P showed
nearly no coercivity, and the amorphous nature of this Ni-
P nanowire should be the main cause for this result. Similar
measurements were also conducted in the H

//
direction, and

the results are listed in Table 3. Because of the dimensional

anisotropy, the measured coercivities for pure Ni electrode
in H
⊥
and H

//
were 684.9Oe and 117.9Oe, respectively. Fur-

thermore, the associated squarenesses were 0.866 and 0.068.
These results revealed that the easy axis for magnetization of
the electrode was parallel to the axial direction of nanowire
[17]. Again, the coercivity decreased in both directions as the
P content in the nanowires increased.

3.4. The Influence of Magnetic Field on the Electrocatalytic
Activity. Three different morphologies of the electrodes were
employed in the cathodic polarization measurements: plane,
nanopattern, andnanowire. Figure 6(a) presents the polariza-
tion curves of the electrodes without the application of mag-
netic field. Considering the portion of the polarization curve
at low potential (<0.75V), the Ni-P electrode had higher
current density, that is, higher electrocatalytic activity, than its
Ni counterparts with corresponding electrode morphology.
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Moreover, for bothNi andNi-P electrodes the electrocatalytic
activity of the electrode decreased in the following order:
nanowire, nano pattern, and plane. These results should be
attributed to the higher specific surface area of nanowire
electrode and the more active catalytic property of the Ni-P
alloy [8, 13].

Figure 6(b) presents the polarization curves of the elec-
trodes measured under the applied magnetic field of 3.2 T.
It can be seen that, although the current densities of the
Ni nano pattern and nanowires were lower than their Ni-P
counterparts at low potentials, they surpassed the latters at
high potentials. The stronger coercivity of the Ni nanoelec-
trodes, as presented in Table 3, should induce higher mag-
netic field near the electrode. The enhanced local magnetic
field could interact with the electrolyte and promote the
magnetohydrodynamic motion. In this study, the direction
of the applied magnetic field was set to generate Lorentz
force which acted in the same direction with buoyancy.Thus,
the Lorentz force facilitated the escape of hydrogen bubbles
from the cathode surface and assisted the HER reaction.
Consequently, the electrocatalytic activity increased under
the influence of applied magnetic field accordingly [16].

4. Discussion

4.1. The Effect of Electrode Morphology on HER Activity. The
better electrocatalytic performance of Ni-P alloy over its
pure Ni counterpart was confirmed from the measurements
presented in Figure 6(a). The electron transfer in Ni alloying
with P [13, 20] and the change in crystalline texture of Ni-
P with P content [21, 22] have been associated with the
enhancement of this catalytic property. The grain refinement
and even amorphism for the prepared Ni-P nanowires were
confirmed through the XRD and TEM examinations shown
in Figures 2–4. Moreover, the increase in specific surface area
of the electrode by exposing longer nanowires contributes to

Table 3: Coercivity and squareness of Ni-P nanowires.

Nanowires
Ni
100−𝑥

P
𝑥
(at %)

Magnetization
axis

Coercivity
Hc (Oe)

Squareness
(𝑀
𝑟
/𝑀
𝑠
)

𝑥 = 0

H
⊥

684.85 0.866
H// 117.86 0.068

𝑥 = 9.76

H
⊥

45.11 0.078
H// 4.36 0.0018

𝑥 = 23.39

H
⊥

7.05 0.0085
H// 2.63 0.0007

the improved HER activity [12]. However, based on solely
the comparison the electrode surface area is not consistent
with the results presented in Figure 6(a). The nano pattern
electrode consists nominally of arrays of separated Ni area
in 75 nm diameter, 115 nm pitch, and 7.9 × 109/cm2 areal
density.The thus calculated electrode surface area is only 36%
of its plane counterpart. But the result in Figure 6(a) shows
that the nanopattern electrode had better electrocatalytic
property than the plane one. The mechanisms for this HER
enhancement can be as follows.

It has been reported that the electric field concentration
near the perimeter of the nanopatterned configuration can
alter the overall current efficiency and raise HER activity of
the electrode [13, 23]. In addition, a detailed examination
on the evolution of hydrogen bubbles near the electrode at
−0.75Vwas performedwith plane electrode and nanopattern
electrode, respectively. Figure 7(a) shows the picture taken
by a high speed CCD camera on the plane electrode. It was
found that the bubbles of various sizes were elevated from the
electrode surface. On the other hand, the bubbles generated
from the nanopattern electrodewere smaller in size andmore
uniform in size distribution, as shown in Figure 7(b). The
smaller bubble should stay adjacent to the electrode surface
in shorter duration, because it has less time to grow before
escape from the electrode.The larger bubble takes more time
to grow and blocks the electrode surface for longer duration.
Therefore, with larger hydrogen bubbles over its surface, the
plane electrode is not as active as the nano pattern electrode.

4.2. The Effect of Magnetic Field on HER Activity. As men-
tioned previously and shown in Figure 6(b), under the influ-
ence of applied magnetic field the paramagnetic Ni electrode
enhanced its electrocatalytic activity. The stability of the
electrodes in longer duration of HER reaction was further
investigated. Figure 8 presents the monitored current density
within 6-hour duration for electrode at constant −0.75V
potential in 0.5M H

2
SO
4
electrolyte. For plane electrode

both with and without the applied magnetic field, the cur-
rent density first decreased and then recovered gradually.
However, under the influence of magnetic field, the electrode
recovered its current density faster than under no magnetic
field. After the initial stage, the appliedmagnetic field steadily
enhanced the HER activity of the plane electrode. For the
nanowire electrode, the effect of magnetic field was even
more prominent. The measured current density was nearly
double its magnitude with the application of magnetic field.
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Figure 6: Cathodic polarization curves of Ni electrodes (a) without applied magnetic field, (b) with applied magnetic field of 3.2 T.
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Figure 7:The evolution of the hydrogen bubbles over the electrode surface at constant −0.75V potential: (a) plane electrode, (b) nanopattern
electrode.

Nevertheless, the slope of i-t curves gradually decreased over
time. Shown in Figure 9 are the FESEM micrographs of the
specimens after this 6-hour stability test. It is obviously seen
in Figure 9(a) that the remained length of the nanowires was
6 𝜇m,much shorter from its pristine length of 15𝜇m.The top
ends of the nanowires were broken whichmight be caused by
its oxidation in acidic solution and became brittle in nature
[13]. Figure 9(b) shows the aggregation of nanowires at their
top ends after being dried out for SEM examination.Whether
this aggregation persists when the electrode is submerged in
the electrolyte is uncertain. Therefore, its effect on the HER
activity is unclear. Despite this deterioration in electrode,
the overall current density increased by fourfold with the
introduction of nanowire morphology and magnetic field.
Therefore, how to alleviate the electrode damage and prolong
the electrode life should be topics for further study.

5. Summary

Different designs in electrode morphology by employing
AAO template and the electrodeposition of Ni-P alloy were
investigated herein along with the effect of applied magnetic
field during HER reaction. The increased concentration of
phosphorous acid in electrolyte during electrodeposition
raised the P content and refined the grain size of the
electrode. The electrocatalytic activity of the electrode was
thus enhanced by the incorporation of P in the Ni sub-
strate. Although the nanopattern electrode had less exposed
electrode surface area than its plane counterpart during
HER measurement, the smaller and more uniform bubbles
generated by the evenly distributed reaction sites helped their
quick escape from the electrode surface. Therefore, it could
maintain highly active electrode surface without the blockade
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Figure 9:The FESEMmicrographs of nanowire electrode after 6 hours of HER stability test at −0.75V: (a) cross-sectional view, (b) top view.

of nonconducting bubbles adjacent to the electrode and show
higher HER activity than the plane electrode. On the other
hand, the P content decreased the coercivity of Ni-P alloy.
The beneficial effect of applying magnetic field during HER
reaction to increase the electrocatalytic activity was not as
significant as the Ni electrode. With the use of nanowire
Ni electrode and under the assistance of magnetic field, the
current density of the HER reaction could be increased by
fourfold over its plane electrode counterpart. Nevertheless,
the damage of the nanowires over longer duration of HER
reaction deteriorated the performance of the electrode. The
prevention of this electrode deterioration needs further study.
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“Hydrogen generation from water electrolysis—possibilities of
energy saving,” Journal of Power Sources, vol. 118, no. 1-2, pp. 315–
319, 2003.

[4] R. F. de Souza, J. C. Padilha, R. S. Gonçalves,M.O. de Souza, and
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catalytic activity towards the hydrogen evolution reaction of

electrodeposited NiPx alloys,” Electrochimica Acta, vol. 46, no.
18, pp. 2761–2766, 2001.

[23] C. S.Hsu,H. B. Lee, C. S. Lin, andC. Y. Lee, “The electrocatalytic
activity of electrodeposited Ni-P micro-patterned structure
in acidic solution,” Journal of Chinese Society of Mechanical
Engineers, vol. 32, pp. 103–109, 2011.



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2013, Article ID 197276, 5 pages
http://dx.doi.org/10.1155/2013/197276

Research Article
The Development of Photocatalyst with Hybrid Material
CNT/TiO2 Thin Films for Dye-Sensitized Solar Cell

Yong Woo Kim1 and Sang Hee Park2

1 Green Energy Convergence Center, Kumoh National Institute of Technology, Daehak-ro 61, Gumi,
Gyeongbuk 703-701, Republic of Korea

2Department of Mechanical Engineering, Kumoh National Institute of Technology, Gumi 703-701, Republic of Korea

Correspondence should be addressed to Sang Hee Park; parksh@kumoh.ac.kr

Received 9 November 2012; Revised 3 June 2013; Accepted 18 June 2013

Academic Editor: Jie-Fang Zhu

Copyright © 2013 Y. W. Kim and S. H. Park. 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.

Dye-sensitized solar cell (DSSC) has big merits of simple manufacturing, low cost, and good applications. However, efficiency
of DSSC is quite low compared with other solar cells based on silicon. Ability of electron delivery is important for improving
the efficiency; therefore, CNT used as an electrode and transferring electrons and heat significantly easily can be highly expected
to contribute to increase conversion efficiency of DSSC. In this paper, CNT was loaded on the photocatalyst of TiO

2
thin films

in the range from 0wt% to 0.01 wt%. CNT was treated with 60% nitric acid at 120∘C for 6 hrs and performed on ball milling
process for 3 hrs. Hybrid material was made of TiO

2
paste and CNT predispersed by mixing. To demonstrate the property of each

sample, the analytical techniques including a spectrometer for transmission and surface resistance were used.The sample of higher
concentration of CNT has low transmission but low resistance, besides we have researched a proper amount of CNT 0.001 wt% that
can increase 1.5% conversion efficiency of DSSC.

1. Introduction

DSSCs based on nanostructure materials offer very low cost
and relatively efficient photovoltaic energy conversion, it has
attracted much attention in the last decade. The highest
efficiency, to the best of our knowledge, reported on DSSCs
was 11% obtained on nonporous TiO

2
by using ruthenium

complex dye, containing I−/I
3

− redox couple electrolytes and
platinum counter electrode [1].

There are several important aspects that need to be
considered for a photocatalyst as TiO

2
in DSSC. Firstly, it

must be able to transfer holes from the sensitizing dye after
the dye has injected electrons into the TiO

2
. Next, it must

be able to be deposited within the nanocrystalline layer, and
the methods used for the deposition will not dissolve and
degrade the monolayer of dye on the TiO

2
nanocrystallites

[2].
One of major variants of DSSC is that the dye which

absorbed the light energy receives the electrons after they are
transferred from ground state to excited state. The insertion
of electron is done in such a short time as femtoseconds or

picoseconds, and the oxidized dyes are recycled in nanosec-
onds [3].

The recombination speed of the electrons that are dis-
appeared as electrolytes through surface state is so slow as
microseconds or milliseconds, resulting that most of the
photoelectrons were inserted as the semiconductor does,
while the rest that could not be inserted diminishes the solar
cells’ efficiency as it gets together again with electron holes
[4]. If uses CNT, a composite which is useful for electrical
and heat transmission can expect speed increase of electron
injection speed than recombination speed and increase in
efficiency of DSSC through more movement of electrons.

There had been lots of studies focused on carbon nan-
otube which is widely used in various applications such as
Field Emission Display, Fuel Cell, Biosensor, and Atomic
Force Microscopy [5]. In addition, nanotube has excellent
electrical and mechanical properties and has larger aspect
ratio than other conductive fillers which is proper structure
for incorporating nanocomposites.With these superior prop-
erties, there are lots of trend to develop nanocomposites using
nanotubes in and out of Korea [6–8].
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TheMultiwall Carbon nanotube (MWCNT) can function
as a basic electrode as it can transfer electricity and heat easily.
nanotube functions as an electrode that mutually penetrates
through the wide surface of TiO

2
, as well as helping the

electric charges to be extracted efficiently in dye layers. These
electrodes are advantageous in solar light spectrum as it has
very good transparency in long wavelength.

This paper is aiming at increasing moving speed of
electrons that are generated in the dye using CNT/TiO

2
thin

films in the TiO
2
layers and thus generate current to enhance

the efficiency of DSSC. However, though the more it has
CNT’s contents, the more it decreases the surface resistance,
it should provide the optimum environment as it affects
current generation through reducing the transmissivity. Also,
measure transmissivity and surface resistance of composite
film which is CNT acid treated and TiO

2
; then, apply it to

solar cell to evaluate its properties.

2. Theoretical Background

2.1. DSSC Principle and Structure. Figure 1 shows the oper-
ational principle and structure of DSSC. If visible rays are
absorbed by 𝑛-type nanoparticles TiO

2
that dyemolecules are

chemically absorbed on the surface, the dye molecules gener-
ate electron-hole pairs, and the electronwere injected into the
conduction band of semiconductor’s oxides. These electrons
that are injected into the semiconductor’s oxide electrode
generate current through each nanoparticles’ interfaces. The
holes that are made from dye molecules are deoxidized by
receiving electrons, thus causing the DSSCs to begin to work
[9].

2.2. CNT Dispersion. In the process of synthesis, CNT
aggregation can be observed among each carbon nanotubes’
particles. Also, in physical aggregation of micro level, each
nanotubes as individual particles will be entangled and
wound with each others, whereas chemical aggregation in
nm level can be resulted from surface tension such as Vander
Waals forces amongmolecules. As these kinds of aggregation
hinder 3-dimensional network structures forming that can
enhance mechanical strength and conductivity properties, it
can be said CNT dispersion is a significant process [10].

The dispersion methods are mainly classified into three:
chemical, physical, and solvent agent. First, chemical method
uses mixed acids such as nitric acid or sulphuric acid to
oxidize nanotubes’ tip and surface chemically then intro-
duces functional group that contains oxygen such as –C=O,
–COOH, and –OH [11]. By introducing acid functional group
in nanotubes, it increases attraction with water molecules,
while nanotubes are electrificated negatively resulting elec-
trostatic interaction. With this, we can get nanotube dis-
persion solution that shows no sedimentation and is stable.
Second, there are methods in physical dispersion. The one is
mechanical method that handles ultrasonic waves by mixing
acetone and methanol, and the other one is ball milling that
reduces length and diameter distribution. Final one is using
solvent agents that melt down carbon nanotubes with SDS
(sodium dodecyl sulfate) Triton X-100, LDS surfactant.
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Figure 1: A schematic representation of the construction of a DSSC.
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Figure 2: (a) Process of CNT dispersion and (b) fabricating TiO
2

thin film.

3. Experiment

3.1. CNT Dispersion. Figure 2(a) shows the dispersion pro-
cess to protect CNT’s aggregation. By mixing 60% nitric
acid and distilled water with a proportion of 1 : 3, carry out
reflux work intensely for an hour stirring at 130∘C with an
amount of 1mg of CNT. After completion of this process,
do ultrasonication about 1 hour using lots of distilled water;
then, proceed to neutralization process until pH 7 of aqueous
solution is reached using 1mm diameter of PTFE thin
films and vacuum pump. Acidulation with nitric acid makes
multiple aggregations be released, and do 3-ball milling for 3
hours to reduce length and diameter effectively.

By filtering, get pure CNTs and follow ultrasonication
process in 200mL ethanol then store them. If CNT in ethanol
does not get together and no visible particles are observed,
it can be said the dispersion was successful. If CNT is not
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Figure 3: CNT/TiO
2
thin film according to each CNT wt%.

dispersed, it can cause the powder to be coagulated when it is
mixed with TiO

2
, which may lead to uneven coating on thin

films in the process.

3.2. Manufacturing CNT/TiO
2
Thin Film. Figure 2(b) depicts

composite thin films making process of CNT and TiO
2
. To

identify DSSC’s characteristics according to CNT densities,
mix 1 g of TiO

2
(dye-sol) with variable amount of dispersed

CNT to make paste of 0.001%, 0.002%, 0.005%, and 0.010%.
To make it have 49mm2 active area, carry out silk screening
process until its thickness reaches 21 𝜇m. And to ensure even
thickness, dry it with constant condition once coating is
completed; then, sinter for 30 minutes at 250∘C for 1 hour at
450∘C.

Figure 3 shows coated plates by CNT concentrations,
from which we can see that these plates with high content of
CNT have thicker colors.

3.3.ManufacturingDSSC. Figure 4 shows a table aboutDSSC
manufacturing process. CNT/TiO

2
board that is manufac-

tured through sintering process is digested in N719 dying
agent at room temperature for 12 hours. Using same process,
coat Pt (Dye-sol) on FTO board; then, sinter for 1 hour at
450∘C. With 40 𝜇m Surlyn sheet, two boards are sealed, and
then inject electrolytes.

4. Results and Discussion

4.1. Change of Transmissivity of according to CNT Density.
Figure 5 shows transmissivity difference of CNT/TiO

2
thin

films by CNT contents. And we measured visible rays’
transmissivity using UV/VIS/IR Spectrophotometer (Varian
Cary 5000) in a range of 300 nm∼800 nm. The more it has
lots of CNT contents, it can be seen that the transmissivity is
decreased steeply, and by adding small amount of CNT, there
happens about 20% difference of thin films’ transmissivity
that has no CNT in total.

4.2. Surface Resistance Variance according to CNT Densities.
Figure 6 shows electrochemical impedance spectra (EIS)
using Solar Cell test station (MST-4000A). Impedances
were measured under galvanostatic control of the cell. The
amplitude of the sinusoidal voltage signal did not exceed
1 V.The current values were acquired by changing conditions

Coating TiO2 on FTO membrane
Screen printing CNT/TiO2 (20 𝜇m)

Digesting in dye

N719 (dyesol) For 12 hrs at25∘C

Pt coating on a count electrode

Screen printing Pt sintering (450∘C, 1 hr)

Assembly
Inject electrolyteSealing (Surlyn, 40𝜇m)

Figure 4: Manufacturing of dye-sensitized solar cell.
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Figure 7: 𝐼-𝑉/𝑃-𝑉 curve of DSSC at CNT/TiO
2
0.001%.

from −1 V to 1 V increasing by 50mV intervals. The resulting
impedance was analyzed based on electrical circuit element
model. The value of the model elements was determined by
fitting the experimental data. 𝐼-𝑉 curves for the thin films
with various CNT content are displayed in Figure 4. As the
density of CNT goes high, the slope of 𝐼-𝑉 curve begins to
increase, whereas the resistance value goes down, and the
values are almost proportional to the CNT added values.
At the intermediated CNT loading of 0.01%, the maximum
performance was found over whole current density regimes.

4.3. Efficiency Change according to CNT Densities. Figure 7
shows graphs of current and power according to voltagewhen
the CNT density is 0.001%. The cell’s energy transformation
efficiency when the CNT is 0.001% showed the greatest
efficiency (3.372%) than any other cells. We get voltage
(𝑉MP) and current (𝐼MP) that can generate maximum power
output, and by multiplying its values acquire power output,
then calculate efficiency using ratios between incident rays
energies (𝑃in) and generated electric energies (𝑃out).

4.4. Change by the Difference of 𝐼MP and 𝑉MP. Figure 8 shows
change of 𝐼MP and 𝑉MP according to CNT densities. The 𝐼MP
value at 0.001% cell of CNT was 3.61mA which is higher
than the one (2.54mA) of a cell that did not added CNT.
However, as the density is increased more than that, the
value decreases as 1.43mA, 1.37mA, and so forth, and the
difference was found to be less than that of when it fell from
0.001% to 0.002%.This shows that CNT drops transmissivity
to cause to reduce electron generation ratio whereas transfers
more electrons, and when the CNT density is higher than
0.002%, the larger CNT contents reduce surface resistance,
but the generated electrons becomes less as the transmissivity
is very low. Furthermore, if this kind of trend assumed to be
same as the one of power, we can guess that the current is
more influential than that of voltage. And though𝑉MP values
changes between 0.43V∼0.49V by CNT densities, it cannot
be said that it affects more as it may not differ significantly.
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Figure 8: 𝐼MP and 𝑉MP of DSSC at each cell with different constant
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5. Conclusion

Figure 9 shows graphs that compared transmissivity, effi-
ciency, current, and voltage according to CNT densities when
the cell that contains no CNT is to be 100%. This study tried
to find out how tomanufacture CNT/TiO

2
thin films that can

enhance the transferring of electronswhichwere generated in
dye as a variant that affects dye sensitized solar cell’s efficiency
then adopts it to cell to see the efficiency difference between
transmissivity and surface resistance. Through this study, we
derived conclusions as follows.

(i) CNT/TiO
2
thin film reduces surface resistance, thus

enhancing the transfer of electrons.

(ii) As CNT decreases the transmissivity that leads to
reduce the generated electric charges, it is found that
wt 0.001% is most proper.
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(iii) The transforming efficiency of cells showed no signif-
icant difference among voltages, and seeing the same
trend of current, it can be said that the current affects
the efficiency.
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Dye-sensitized solar cells (DSSCs) based on a TiO
2
photoanode have been considered as an alternative source in the field of

renewable energy resources. In DSSCs, photoanode plays a key role to achieve excellent photo-to-electric conversion efficiency.
The surface morphology, surface area, TiO

2
crystal phase, and the dispersion of TiO

2
nanoparticles are the most important factors

influencing the properties of a photoanode. The smooth TiO
2
surface morphology of the photoanode indicates closely packed

arrangement of TiO
2
particles which enhance the light harvesting efficiency of the cell. In this paper, a smooth TiO

2
photoanode

has been successfully prepared using a well-dispersed anatase TiO
2
nanosol via a simple hydrothermal process. The above TiO

2

photoanode was then compared with the photoanode made from commercial TiO
2
nanoparticle pastes. The morphological and

structural analyses of both the aforementioned photoanodes were comprehensively characterized by scanning electronmicroscopy
and X-ray diffraction analysis. The DSSC fabricated by using a-TiO

2
nanosol-based photoelectrode exhibited an overall light

conversion efficiency of 7.20% and a short-circuit current density of 13.34mA cm−2, which was significantly higher than those
of the DSSCs with the TiO

2
nanoparticles-based electrodes.

1. Introduction

Much interest has been focused on the development of
dye-sensitized solar cell (DSSC) technology, due to its low
cost and easy fabrication with excellent photo-to-electric
conversion efficiency [1–5]. Recently, the maximum photo-
to-electric conversion efficiency of DSSCs was reported
to exceed 13% at 509W/m2 simulated solar intensity [5].
Even though DSSCs have their unique advantages, further
improving the efficiency is still a key challenge [6–8]. The
DSSCs were composed of a photoanode, a sensitizer, a redox-
coupled electrolyte, and a counter electrode [9]. Among
them, the photoanode is the main component in DSSC
and it significantly influences the photo-to-electric conver-
sion efficiency of the cell, due to its dye loading, electron
transportation, and electron collection characteristics [10,
11]. The photogenerated electron transport and collection
are slow in the nanoparticles-based photoanode due to the

recombination of electrons [7, 12]. Hence, a well performing
photoanode with desirable properties, such as high surface
area, smooth surface morphology with less grain boundaries
for fast electron transport, is essential for the development of
a high performance solar cell [13–15].

The nanocrystalline TiO
2
film is one of the most com-

monly employed photoanode materials in DSSCs due to its
excellent optoelectronic properties [16]. TiO

2
nanomateri-

als mainly exist as anatase, rutile, and brookite crystalline
phase and anatase TiO

2
phase has been mostly utilized

in DSSCs application [17]. Even though the rutile TiO
2
is

thermodynamically stable, it possesses a smaller surface area,
larger crystallite size, and lower Fermi energy level, compared
to anatase TiO

2
[18, 19]. The surface morphology, particle

size, surface area, porosity, crystalline phase, and dispersion
of TiO

2
nanoparticles are the various influencing factors

which determine the performance of a photoanode [20–
22]. For instance, Park et al. investigated the effect of both
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base-treated and acid-treated TiO
2
to analyze the effect of

particle size, shape, film porosity, and surface structure on the
performance of DSSCs [23]. For a typical photoanode, TiO

2

nanoparticle film with a thickness of 12–14 𝜇m was utilized
for highly efficient DSSCs [9]. So far, TiO

2
nanoparticle

films were fabricated using the pastes prepared from TiO
2

nanopowders. Ito et al. have studied the homogenization
effect of a different TiO

2
pastes by dispersing TiO

2
powders

via both ball-milling and mortar-grinding route, in which
the monodispersed particles were obtained by the former
process [24]. Lee et al. studied the influence of the surface
morphology of the TiO

2
film on the performance of DSSC,

in which the TiO
2
paste was prepared using a poly(ethylene

glycol) binder [25]. Dhungel and Park fabricated DSSCs
using different TiO

2
pastes by varying the proportion of

nanocrystalline particles of TiO
2
with particle size distri-

bution in a wide range [26]. The TiO
2
film morphology,

interparticle interaction, and the connection between the
TiO
2
film and conductive substrate are essential for the better

dye adsorption and transportation of electrons to the counter
electrode with reduced charge recombination. Hence, it is
very important to prepare the TiO

2
filmwith highly dispersed

TiO
2
nanoparticles.The preparation of unagglomerated TiO

2

paste from the homogeneous TiO
2
suspension is one of

the approaches to obtain a desired TiO
2
film. Jeong et al.

used a TiO
2
colloidal suspension to prepare an 𝛼-terpineol-

based TiO
2
paste and compared with the commercial dyesol

TiO
2
paste [27]. Based on the above considerations, in order

to obtain an effective TiO
2
photoanode, the preparation of

different types of TiO
2
pastes using the TiO

2
nanosol and

TiO
2
nanopowders was carried out.

In the present investigation, the TiO
2
nanosol was pre-

pared by hydrothermal process using titanium (Ti) pre-
cursor and its effect on the performance of DSSCs was
evaluated. The TiO

2
nanosol-based pastes were compared

with the TiO
2
nanopowders-based pastes. The photovoltaic

performance indicated that the anatase TiO
2
nanosol-based

photoelectrode exhibited higher photocurrent density and
higher efficiency than that of the photoelectrode using TiO

2

nanoparticles. This result may be attributed to the large
amount of dye adsorption on the TiO

2
nanosol which has

higher surface area with highly dispersed uniform a-TiO
2

particles.

2. Experimental Procedure

2.1. Materials. Titanium (IV) n-butoxide (TnB, 99%,
ACROS) and acetic acid (99.8%, Scharlau, analytical grade),
were used for the synthesis of TiO

2
. P25 (Degussa, Germany),

ST-01 (Ishihara Sangyo, Japan), and ST-21 (Ishihara Sangyo,
Japan) commercial TiO

2
nanoparticles were used for the

comparison analysis. Ethyl cellulose (45 cp and 10 cp) and
𝛼-terpineol were used for the preparation of TiO

2
pastes.

2.2. Preparation of TiO
2
Nanosol. Titanium (IV) n-butoxide

was added slowly into the acetic acid (2M) solution. The
solution was stirred for 4-5 days until obtaining a translucent

white solution.Then, themixture was hydrothermally treated
at 200∘C for 5 h. The obtained white precipitate solution
was cooled to room temperature, centrifuged, and washed
once with distilled (DI) water and twice with ethanol. The
centrifuged white precipitate was dispersed into 40mL of
anhydrous ethanol and kept stirring for one day. Subse-
quently, the centrifuged white precipitate was dispersed into
40mL of anhydrous ethanol and kept stirring for one day.
This sample is hereafter named as anatase TiO

2
(a-TiO

2
)

nanosol (NS) because of its anatase crystal phase.

2.3. Preparation of a-TiO
2
Nanosol-Based Paste. To pre-

pare a-TiO
2
nanosol-based paste, the obtained precipitate

after hydrothermal treatment was centrifuged/washed and
dispersed into anhydrous ethanol under stirring for 24 h
and sonicated further for proper homogeneous dispersion.
Then, 25.96 g of 𝛼-terpineol and the mixture solution of two
viscosities of ethyl cellulose (10 cp-1.8 g and 45 cp-1.4 g) in
anhydrous ethanol (29 g) were added into the above solution,
followed by repeated sonication for three times. The above
solution was evaporated using the rotary evaporator at 40∘C
until to obtain a viscous paste. Finally, the paste was rolled
using three-roller miller.

2.4. Preparation of TiO
2
Nanoparticles-Based Paste. Little

modifications were carried out for the preparation of TiO
2

paste using TiO
2
nanoparticles, namely, P-25, ST-01, and ST-

21. Briefly, 6 gram of TiO
2
nanoparticles was dispersed into

the mixture of DI water, acetic acid, and anhydrous ethanol.
Then the mixture was kept stirring for 24 h and sonicated
for 5min. Furthermore, the solution was sonicated 5min fol-
lowed by the addition of 𝛼-terpineol and again sonicated for
5min after adding ethyl cellulose. The remaining procedure
is the same as mentioned above in the preparation of TiO

2

nanosol paste.

2.5. Preparation of TiO
2
Photoanode and Solar Cell Assem-

bly. Fluorine doped tin oxide (FTO, Solaronix, 8Ωcm−2)
conducting glass was cleaned in detergent liquid, distilled
water, acetone and methanol using an ultrasonic bath each
for 30min. Then the TiO

2
paste was screen printed (Screen

Printing Machine, Weger, WE-400F, Guger Industries Co.,
Ltd.) on cleaned FTO substrate and dried at 110∘C. The
process was repeated until to achieve 6 𝜇m thick TiO

2
layer.

The TiO
2
films were annealed with a programmable heating

process: at 110∘C for 30min, 125∘C for 15min, 325∘C for
5min, 375∘C for 5min, 450∘C for 15min, and 500∘C for
15min. The working area of the TiO

2
films was 0.16 cm2.

The TiO
2
electrodes were cooled to 80∘C and then immersed

in 0.3mM N719 dye in acetonitrile/tert-butyl alcohol (1 : 1)
for 36 h. The sensitized photoanodes and the platinum (Pt,
20 nm, ion beam sputtering E-105) sputtered FTO substrates
were sandwiched together using 60 𝜇m surlyn spacers. The
ionic electrolyte consisting lithium iodide, iodide, and 4-tert-
butylpyridine in acetonitrile was introduced into the hole
predrilled on the counter electrode. Finally the hole was
sealed using 30 𝜇m surlyn and cover glass.
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2.6. Characterization of Samples and Device. Theparticle size
and themorphology of the TiO

2
nanoparticles were analyzed

by transmission electron microscopy (TEM, Hitachi, H-
7100). The surface morphology of TiO

2
films was studied

by scanning electron microscopy (SEM, Hitachi, S-4800).
X-ray diffraction (XRD, Rigaku PANalytical X’Pert PRO)
measurement was carried out with Cu K𝛼 radiation. The
surface area analysis of the TiO

2
nanoparticles was obtained

using Brunauer-Emmett-Teller (BET, Micromeritics, Gemini
V, ASAP-2010) surface area analyzer, in which all the samples
were degassed prior to analyzes. The reflectance UV-visible
spectrum was obtained using a Shimadzu UV-3600 spec-
trometer with an integrating sphere.The amount of adsorbed
dyewas determined by desorbing the dye froma-TiO

2
surface

into a solution of 0.1M NaOH. The concentration of the
adsorbed dye was analyzed by UV-visible spectrophotometer
(JASCO, V-630). The current-voltage (I-V) characteristics
of the cell under one sun irradiation (AM 1.5 filter-Oriel,
#81094) using solar simulator with 300WXenon lamp (Oriel
#91160) were obtained by applying external bias to the cell,
and the generated photocurrent was measured by a Keithley
model 2400 digital source meter. The incident photon-to-
current efficiency (IPCE) was obtained by Model SR830 DSP
Lock-In Amplifier and a Model SR540 Optical Chopper
(Stanford Research Corporation, USA), a 150W Xenon lamp
and power supply (Oriel, #66902), and a monochromator
(Oriel CornerstoneTM 130).

3. Results and Discussions

3.1. Structural Characterization of TiO
2
Nanoparticles and

TiO
2
Films. The anatase TiO

2
(a-TiO

2
) nanosol prepared

by hydrothermal process was used to prepare TiO
2
paste

(nanosol-basedTiO
2
paste).The commercially available TiO

2

nanoparticles (P-25, ST-01, and ST-21) were concomitantly
utilized to prepare TiO

2
pastes (nanoparticle-based TiO

2

pastes) by similar procedure (Section 2.4). Both types of TiO
2

pastes were screen-printed on FTO substrate and annealed
with stepwise heating process in order to compare the effect of
TiO
2
photoanodes prepared from nanosol-based TiO

2
paste

and nanoparticle-based TiO
2
pastes inDSSCs. Figure 1 shows

the typical SEM photographs of nanosol-based TiO
2
film

(NS film) and nanoparticle-based TiO
2
films (P-25 film, ST-

01 film, and ST-21 film) with two kinds of magnifications.
The noteworthy difference in the morphology of NS film
(Figure 1(a)) and nanoparticle-based TiO

2
films (Figures

1(b)–1(d)) could be observed instantaneously from the SEM
images with lower magnifications (×5,000). The NS film
(Figure 1(a)) is extremely smooth and uniform. This result
indicates that the highly dense TiO

2
particles formed are

homogeneously dispersed throughout the NS film.
It can be further confirmed by the higher resolution

SEM image (Figure 1(e), ×50,000). Comparatively, all the
nanoparticle-based TiO

2
films show rough surface morphol-

ogy which is evident in the higher magnification images
(Figures 1(f)–1(h)). For P-25 film (Figures 1(b) and 1(f)), some
voids between the closely packed TiO

2
nanoparticles were

observed on the porous TiO
2
layers. The ST-21 film (Figures

1(d) and 1(h)) surface is rough with TiO
2
aggregates of about

300 nm. In the case of ST-01 film, a completely clumpy and
nonuniform surface morphology was observed. The clumpy
structure is formed by aggregation of TiO

2
particles of size

from submicron to several microns. The observation of
individual TiO

2
nanoparticles is hardly distinguishable.

This result is consistent with the surface-profiling mea-
surement (results not shown here) in which the screen
printed TiO

2
film made from nanosol-based TiO

2
paste is

relatively flat compared with that made from nanoparticle-
based TiO

2
pastes. For comparison, the thickness of TiO

2

films from nanosol-based TiO
2
paste and nanoparticle-based

TiO
2
pastes were all controlled at about 6 𝜇m.

It is concluded from the aforementioned SEM analysis
that the nanosol-based TiO

2
electrode reveals smoother

surface morphology characteristics in comparison with the
nanoparticle-based TiO

2
electrodes. This can be insight by

investigation of the size and surface morphology of TiO
2

nanoparticles. Figure 2 shows the TEM micrographs of (a)
TiO
2
nanosol, (b) P-25, (c) ST-01, and (d) ST-21 samples. The

TiO
2
particles in TiO

2
nanosol are well-dispersed irregular

polyhedron which is typical for anatase phase TiO
2
. Similar

TEM morphologies are observed for commercial TiO
2

nanoparticles except for ST-01, where severe agglomeration
occurs presumably due to the extremely small TiO

2
particle

size. The average particle size of P-25, ST-01, and ST-21
samples is ∼35 nm, 5 nm, and 27 nm, respectively. The
size of TiO

2
nanoparticles (TiO

2
-NP, TEM not shown)

worked out (just drying) from TiO
2
nanosol is ∼20 nm. The

particle size of TiO
2
can also be estimated from BET surface

area measurement. The TiO
2
-NP, P-25, ST-01, and ST-21

nanoparticles possess specific surface area of 108.5, 51.6, 247.9,
and 65.1m2/g, respectively, which is consistent with the TEM
size measurement.The results of TiO

2
particle size calculated

from TEM and BET are also summarized in Table 1 and
compared with the crystalline size obtained from XRD.

The TEM particle size analysis was also performed for
TiO
2
samples after sintering at 500∘C in order to imitate

the annealing process after screen-printing the TiO
2
pastes

onto FTO substrate. The particle size is marginally enlarged.
The average particle size of TiO

2
-NP, P-25, ST-01, and ST-21

samples after sintering is ∼35 nm, 42 nm, 27 nm, and 39 nm,
respectively (Table 1).

Consistent with TEM analysis, the surface area from BET
measurement decreased to 82.3, 51.3, 99.5, and 58.6m2/g.The
ST-01 TiO

2
is more dispersed. It is expected that the growth

of TiO
2
nanoparticles upon high temperature heat treatment

may lead to the clumpy surface morphology of TiO
2
elec-

trodes as seen from SEM images (Figure 1) for P-25 film, ST-
01 film, and ST-21 film. As for the NS-film, the as-synthesized
TiO
2
nanoparticles in a-TiO

2
nanosol were evenly well

dispersed with unique morphological configuration on FTO.
Although the heat-induced aggregation may occur to some
extent after annealing, it does not significantly affect the
surface morphology. Both TEM characterization and BET
analysis reveal that the utilization of TiO

2
nanosol is more

desirable than the TiO
2
nanoparticles for the fabrication of

TiO
2
films.
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(a) 

NS film 

(e) 

NS film

(b) 

P-25 film

(f) 

P-25 film

(c) 

ST-01 film

(g) 

ST-01 film

(d) 

ST-21 film

(h) 

ST-21 film

Figure 1: SEM images of (a) a-TiO
2
nansol film, (b) P-25 TiO

2
film, (c) ST-01 film, and (d) ST-21 film, ((e), (f), (g), and (h)) SEM images at

higher magnification (×20,000) of samples (a), (b), (c), and (d), respectively.
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Table 1: Crystallite size, particle size, and specific surface area of various TiO2 nanoparticles.

Sample Crystallite size (nm)
∗film

Particle size (nm)
(before sintering) TEM

Particle size (nm)
(after sintering) TEM

BET (m2/g)
(before sintering)

BET (m2/g)
(after sintering)

TiO2-NP 20 20 (NS) 35 108.5 82.3

P-25 21 (anatase)
70 (rutile) 35 42 51.6 51.3

ST-01 7 5 27 247.9 99.5
ST-21 21 27 39 65.1 58.6
∗Represents for film, NS indicates for TiO2 nanosol.

a-TiO2nanosol

(a)

P-25

(b)

ST-01
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ST-01-500∘C
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ST-21-500∘C

(h)

Figure 2: TEM image (a) a-TiO
2
nanosol (b) P-25, (c) ST-01, (d) ST-21 ((a)–(d)) before sintering ((e)–(h)) after sintering at 500∘C.

20 30 40 50 60 70

R: 
A: 

R
R

A

AA

A
(d) ST-21 film

In
te

ns
ity

(a) NS film

(b) P-25 film

(c) ST-01 film

A

Sn
O
2

Sn
O
2 Sn

O
2

Sn
O
2

Sn
O
2

2𝜃 (deg)

Anatase
Rutile

Figure 3: XRD pattern of various TiO
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electrodes.

The crystal phase of TiO
2
films was determined by XRD.

Figure 3 illustrates the XRD patterns of (a) NS films, (b)
P-25 film, (c) ST-01 film, and (d) ST-21 film deposited on
FTO substrate. The XRD patterns mainly indexed to anatase
phase (A: anatase) with diffraction angle of 2𝜃 at 25.23∘,
37.67∘, 48.05∘, 53.90∘, 55.03∘, and 62.68∘ corresponding to
the characteristic anatase peaks. Several peaks appearing at
26.6∘, 33.9∘, and 51.8∘ in Figure 3 are due to the SnO

2
from

FTO substrate. These results indicate that the TiO
2
films

exhibit a stable anatase phase even after annealing at higher
temperature of 500∘C.Nophase transformationwas detected.
Only P-25 film shows some rutile (R: rutile) characteristics
diffraction peaks corresponding to about 20% of rutile TiO

2
.

This is consistent with the crystal phase of original P-25 TiO
2

nanoparticles (XRD not shown). The average crystallite size
of NS film, P-25 film, ST-01 film, and ST-21 filmwas estimated
from the (101) peak according to the Scherrer equation, 𝐷 =
0.89𝜆/𝛽 cos 𝜃, where 𝜆, 𝛽, and 𝜃 refer to X-ray wavelength
(nm), the full width at half-maximum, and the diffraction
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Table 2: Photovoltaic properties of the DSSCs made from a-TiO2 sol and commercial DP-25, ST-01, and ST-21 TiO2 photoanode.

DSSCs Thickness (𝜇m) N719ads (𝜇mol/cm2) 𝐽sc (mA/cm2) 𝑉oc (V) FF 𝜂 (%)
NS cell 6 0.132 13.34 0.77 0.70 7.20
P-25 cell 6 0.088 10.76 0.79 0.71 6.04
ST-01 cell 6 0.110 9.45 0.79 0.74 5.53
ST-21 cell 6 0.092 10.96 0.80 0.70 6.21
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Figure 4: (a) Current-voltage curve (b) Incident photon-to-current conversion efficiency (IPCE) curves of various TiO
2
photoelectrodes.

angle, respectively. The crystallite sizes listed in Table 1 are in
good agreement with the TEM data.

3.2. Photovoltaic Properties. The photovoltaic performance
of DSSCs (NS cell, P-25 cell, ST-01 cell, and ST-21 cell)
fabricated using the above prepared TiO

2
photoelectrodes

(NS film, P-25 film, ST-01 film, and ST-21 film) was char-
acterized by evaluating the current-voltage behaviour under
one sunAM 1.5 irradiation from a solar simulator. Figure 4(a)
shows the photocurrent-voltage characteristics (I-V) curves.
Table 2 summarizes the TiO

2
film thickness, the amount

of dye adsorption (N719ads), and the photoelectric data
of the DSSCs in Figure 4(a), including, the short-circuit
photocurrent density (𝐽sc), an open circuit voltage (𝑉oc), fill
factor (FF), and photo-to-electric conversion efficiency (𝜂).
It is apparent that the a-TiO

2
nanosol based photoelectrode

achieved the highest photo-to-electric conversion efficiency
of 7.20% with a short circuit current density of 13.3mA/cm2,
N719ads of 0.132 𝜇mol/cm2, 𝑉oc of 0.77V, and FF of 0.70.
In contrast to the DSSCs made from TiO

2
nanoparticle-

based photoelectrode, the photo-to-electric conversion per-
formance was significantly enhanced by using the TiO

2

nanosol-based photoelectrode. The efficiency and short-
circuit current density of DSSCs are mainly affected by the
dye adsorption on the TiO

2
electrode. As expected, from

the SEM analysis, the amount of dye adsorbed on TiO
2

nanosol based-photoelectrode was higher than that on the
TiO
2
nanoparticles-based photoelectrodes (Table 2).

Even though, the dye adsorption is higher for ST-
01 nanoparticle based-photoelectrode than P-25 and ST-21
photoelectrode, the 𝐽sc (mA/cm2) and 𝜂 (%) are lower. This
might be attributed to the large aggregation of the TiO

2

nanoparticles. Inhomogeneous film configuration creates
electron traps that hinders the electron transportation and
leads to the lower DSSCs efficiency. The TiO

2
nanosol-based

photoelectrode exhibits 19%, 30%, and 16% increase in the
photo-to-electric conversion efficiency compared to the P-25,
ST-01, and ST-21 photoelectrode, respectively.

Higher photo-to-electric conversion efficiency and short-
circuit density of a-TiO

2
nanosol-based photoelectrode are

attributed to higher amount of dye adsorption owing to larger
surface area and more compact smooth surface morphology
of TiO

2
photoanode.The higher dye adsorption value reveals

that a-TiO
2
nanosol-based paste is well interconnected and

the electrons are efficiently transported through the film
which is consistent with the work reported by Jeong et al.
[27]. The incident photon-to-current conversion efficiency
(IPCE) spectra were furthermeasured for the above prepared
DSSCs. From Figure 4(b), we can observe that the IPCE%
efficiency for all the samples wasmaximum at the wavelength
of 550 nm. Again, the NS cell shows a significant increase
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in IPCE percentage value over the long-wavelength range
(530–700 nm) compared with other cells made from TiO

2

nanoparticles. This improvement in the long-wavelength
range could be attributed to the enhancement of dye adsorp-
tion of the smooth TiO

2
film surface, leading to higher

𝐽sc. Further studies are required to analyze the properties
of charge transport and electron recombination process in
DSSCs.

4. Conclusion

The present work has demonstrated the effect of a-TiO
2

nanosol on the performance of DSSCs in comparison with
the TiO

2
nanoparticles. The well dispersed oval shaped a-

TiO
2
nanosol-based TiO

2
film (6𝜇m thickness) with larger

surface area results in higher dye adsorption, compared
to the commercial TiO

2
nanoparticles film. Hence, a-TiO

2

nanosol-based photoanode exhibits a short-circuit current
density (𝐽sc) of 13.3mA cm−2, an open-circuit voltage (𝑉oc) of
0.77V, and a fill factor (FF) of 0.70 and achieves an overall
light conversion efficiency (𝜂) of 7.2%. The performance
of the above photoelectrode was significantly higher than
the commercial P-25, ST-01, and ST-21 nanoparticle-based
electrodes, owing to the higher dye loading. In addition,
the NS cell shows higher IPCE efficiency than that of TiO

2

nanoparticles based DSSCs.
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Micrometer-sized and octahedral-shaped NiO particles were synthesized by microwave thermal treatment at 300 watt power for
15min in a microwave chamber to be used as an anode material in solid oxide fuel cells. SEM image and particle size distribution
revealed near-perfect octahedral NiOmicroparticle with sizes ranging from 4.0∼11.0 𝜇m.The anode functional layer (AFL, 60wt%
NiO synthesized: commercial 40wt% YSZ), electrolyte (commercial Yttria-stabilized zirconia, YSZ), and cathode (commercial
La
0.8
Sr
0.2
MnO

3
, LSM) layers were manufactured using the decalcomania method on a porous anode support, sequentially. The

sintered electrolyte at 1450∘C for 2 h using the decalcomania method was dense and had a thickness of about 10 𝜇m. The cathode
was sintered at 1250∘C for 2 h, and it was porous. Using humidified hydrogen as a fuel, a coin cell with a 15𝜇m thick anode functional
layer exhibited maximum power densities of 0.28, 0.38, and 0.65W/cm2 at 700, 750, and 800∘C, respectively. Otherwise, when a
commercial YSZ anode functional layer was used, the maximum power density was 0.55W/cm2 at 800∘C.

1. Introduction

Solid oxide fuel cells (SOFCs) consist entirely ofmetal oxides,
NiO, YSZ, and LSM and have advantages of high efficiency
and durability without expensive catalysts. However, it is
difficult to control the size and shape of the ceramics pro-
duced because of many restrictions and complex geometries.
In order to solve these problems, many researchers have
studied means of maximizing reaction areas by changing
stack sizes and developing new materials [1–5]. In many
of these areas, SOFC fabrication methods are generally
considered to be limiting factors based on considerations
of automation and scalability [6]. Some SOFC structures
are produced using traditional ceramic preparationmethods,
such as powder pressing, tape casting, screen printing, or
conventional spray methods [7]. Other more sophisticated
methods, such as plasma spraying [8, 9], vacuum deposition
[10], and extrusion-based direct-write methods [11], have
also been reported. Here, the decalcomania printing method
is introduced. This method involves the transfer of designs

from specially prepared paper to a wood or glass or metal
surface. This method is expected to have some advan-
tages because it is easy to prepare materials of the desired
shape and size; manufacturing is straightforward. On the
other hand, NiO/YSZ is widely used as an anode material
for SOFCs because it has sufficient electronic conductivity
and a good catalytic reaction for fuel gas at its operating
temperature. Generally, anode materials for SOFCs also
should be thermally and chemically compatible compared
with other component materials at operating and higher
temperatures, because SOFCs operate in the temperature
range 800∼1000∘C. However, commercial NiO-loaded YSZ
anode materials have a serious problem, because they are
strongly deactivated during the operations of SOFCs, because
of NiO aggregation at high temperature. Research into the
synthesis of NiO nanoparticles has increased during the past
decade and methods such as, sol-gel [12], microemulsion
precipitation [13], chemical vapor deposition [14], and sput-
tering [15] have been designed. Recently, some researchers
[16] have attempted to use advanced microwave treatments
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Figure 1: XRD pattern (a), SEM image (b), and particle size distribution (c) of the NiO powder synthesized using the microwave thermal
treatment.

using various polymeric or surfactant additives to synthesize
various metal materials with special morphologies. However,
few studies have addressed the morphology for NiO as
an anode material for SOFCs [17, 18]. In this study, we
examined the preparation of microsized octahedral NiO
particles using a microwave thermal treatment. Microwave
heating was found to increase densification and shortened
sintering time as compared with conventional heating. The
synthesized NiO was characterized by X-ray diffraction
(XRD), transmission electron microscopy (SEM), particle
size, and zeta potentials. In order to explore the applicability
of decalcomania printing to SOFCmaterials, a traditional set
of SOFC electrolytes were synthesized during this study. An
anode of commercial Yttria-stabilized zirconia and a cathode
of commercial La

0.8
Sr
0.2
MnO
3
(1.0 𝜇m, Tosho, Japan) were

selected. The top and cross-section morphologies of a single
cell were evaluated, and the electrochemical properties and
the output of an SOFC single cell were measured under
optimum conditions.

2. Experimental

2.1. Synthesis of Octahedral-Shaped Ni. The NiO was syn-
thesized by the microwave thermal treatment method. The
process used was as follows. First, after the addition of
polystyrene (molecular weight = 10,000, Aldrich, USA) and

Ni source (NiCl
2
⋅H
2
O, 99.95%, Junsei Chemical, Japan) into

ethanol, the solution was stirred homogeneously. The mixed
solution was then placed in a quartz liner and the solution
was microwave heated at 300W for 15min. The product like
a lump so obtained was then thermally treated at 450∘C
for 3 h to allow crystallization and remove polymer com-
ponents. To prepare anode functional layers, we purchased
a commercially available YSZ powder (TZ8Y, D50 = 3𝜇m,
Tosoh, Japan). To prepare the synthesized NiO (60wt%)/YSZ
(40wt%) material, a physically mixing technique was used.

2.2. Characterization of Octahedral-Shaped NiO. The pre-
pared NiO was subjected to powder XRD analysis (model
MPD from PANalytical) using nickel-filtered CuK𝛼 radia-
tion (30 kV, 30mA) at 2-theta angles of 10–90. The scan
speed was 10∘/min, and the time constant was 1 s. The sizes
and shapes of microparticles were determined by FE-SEM
(field emission scanning electron microscopy, SEM-S-4100,
Hitachi) at 120 kV. The morphologies were observed using a
scanning electronmicroscope. Particle sizes were determined
using a particle size analyzer (LA-950V2,Horiba, Japan). Zeta
potentials were determined by measuring electrophoretic
mobility using an electrophoresis measurement apparatus
(ELS 8000, Otsuka Electronics, Japan). Electrophoretic light
scattering (ELS) determinations were performed in reference
beam mode using a laser light source wavelength of 670 nm,
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a modular frequency of 250Hz, and a scattering angle of 15∘.
The standard errors of the zeta potentials, converted from
experimentally determined electrophoretic mobility, were
typically<1.5% and percent errors were<5%. Tomeasure zeta
potentials, 0.1 wt%NiOwas dispersed in deionized water and
the pH of the solution was adjusted 3, 5, 7, 9, and 11 with HCl
or NaOH. The relative molecular diameter size distributions
of the various solutions were also measured using this equip-
ment. Zeta potential distributionswere obtained by averaging
2 or 3 runs. H

2
-temperature-programmed reduction (TPR)

was conducted as follows. About 0.3 g of NiO was pretreated
under helium flow (30mL/min) at 700∘C for 2 h and then
cooled to room temperature. The analysis was carried out
using a thermal gravimetric analyzer at H

2
(10 vol%)/N

2
flow

rate of 30mL/min and by raising the temperature from room
temperature to 800∘C at 5∘C/min.

2.3. Fabrication of Solid Oxide Fuel Cells Using Decalcomania
Method. The decalcomania paper was prepared next. Briefly,
two types of commercial and synthesized NiO were each
mixed with YSZ powders at a weight ratio 6 : 4 in amortar for
1 h to obtain anode functional layer (AFL) precursor powder.
Mixtures were reduced to unique and fine particles (5∼10 𝜇m)
using a 3-roll ball mill (EXAKT50, German) and a high speed
mixer (Thinky centrifugal mixer, Japan), and then a binder
(benzene oil) was dropped into the powder mixture (the
weight ratio of powder to benzene oil in pastewas 58∼66 : 42∼

34). The prepared pastes were assembled onto decalcomania
sheets (Tullis Russell Coaters, Republic of Korea) using screen
printing equipment (DSP-380VS, Nsys, Republic of Korea).
Papers were dried at 40∘C for 24 h and then detached from
decalcomania sheets to use anode functional layer. First, the
AFL layer was fabricated onto a ceramic support (Φ20mm
disk) using the decalcomania coating method and then an
electrolyte (YSZ) layer paper was attached to the AFL layer.
The layers were pretreated at 400∘C for 1 h to remove the
organic binder and then cotreated at 1400∘C for 10 h at a
heating rate of 3∘C/min. La

0.7
Sr
0.3
MnO
3
/YSZ paper cathode

was fabricated on the YSZ films using the decalcomania
method. Finally, the assembled cell was sintered by heating at
1200∘C for 2 h. Cell 1 was based on commercial NiO anodes
(particle size 0.6𝜇m, Sumitomo, Japan) and NiO anode in
cell 2 was synthesized in this study; cell efficiencies were
compared. Pt paste (DAD-87, China) was employed as a
current collector and a sealing material. After being sealed,
cells were tested for power density in an electrical furnace
using the four-probe method. The NiO/YSZ anode was
reduced in situ at 800∘C. The anode was fed with hydrogen
at a flow rate of 500mLmin−1 and the cathode was exposed
to an oxygen flow of 1,000mLmin−1. I-V characteristics
and ELS impedance spectra were measured using an SOFC
Button Cell Test Station (Nara Cell Tech., Republic of Korea)
and an impedance analyzer SI 1260 (Solatron, England) at a
frequency range of 1Hz to 100,000Hz and at an AC voltage
of 20mV.
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Figure 3: The I-V and power density curves of single cells based on
commercial NiO and synthesized octahedral NiO anode functional
layers (a) at different temperatures (b).

3. Results and Discussion

Figures 1(a), 1(b), and 1(c) show the XRDpattern, SEM image,
and particle size distribution of an NiO powder synthesized
by microwave treatment. We believe in the microwave cham-
ber that ROR or H

2
O elimination rapidly induces a combi-

nation between each Ni alkoxide or hydroxide. During this
reaction, the condensation reaction continues in the absence

of any blocking molecules, and the resulting nucleated NiO
can grow in all directions to produce a spherical-shaped
NiO.However, the presence of polystyrene induces a selective
and competitive condensation reaction at the six terminals
of the Ni hydroxide complexes, resulting in an octahedral
shape. These results revealed that microwave pretreatment
had a significant effect on crystal growth, presumably because
microwave treatment processing induces rapid hydrolysis of
Ni–OH or Ni–OR and polycondensation of these. Initial
growth leads to a linear chain of Ni–OH and the high
concentration of OH ions present leads to crystallization of
NiO possibly because the intermolecular reaction between
each Ni–OH is higher than the intra-molecular reaction.
Due to the complexity of the NiO synthetic method, per-
fect octahedral NiO has not been synthesized for SOFCs.
Fortunately, we were able to obtain the octahedral NiO by
using the microwave thermal treatment method, as shown in
Figure 1(a).TheNiO structure showed peaks at 2 theta = 38.0,
43.5, 63.0, 70.0, and 78.58, which were assigned to the (d111),
(d200), (d220), (d311), and (d222) planes, respectively [19].
Line broadening of the peak of the main 200 plane is related
to crystallite size. The full width at half maximum (FWHM)
of the peak at 2 theta = 43.58 was estimated using Scherrer’s
equation [20] (t = 0.9𝜆/𝛽 cos 𝜃, where 𝜆 is the wavelength
of incident X-rays, 𝛽 the FWHM height in radians, and 𝜃
the diffraction angle). From this calculation, the crystalline
domain size was calculated as 7.2𝜇m. Figure 1(b) shows
FE-SEM images of the particle shapes of NiO. A relatively
uniform octahedral shape and particle sizes in the range
4∼10 𝜇m (average size 7.2𝜇m by the particle size analyzer in
Figure 1(c)) were observed.

Figures 2(a) and 2(b) depict the influence of pH on
the position of the zeta potential distribution and H

2
-TPR

profile of the octahedral NiO sample. Aggregated particle
sizes in aqueous solution are summarized in the table in
Figure 2. The zeta potentials of octahedral NiO suspen-
sions significantly decreased on increasing pH (Figure 2(a)).
Surface charges changed from positive in acidic solution
to negative in alkali solution. The isoelectric point was at
pH 5.4 and at this value a large amount of aggregation
occurred. Absolute surface charge peaked at −76.04mV at
pH 11, indicating that the octahedral colloidal NiO is stable
[21]. At this level, it exhibited little aggregation, indicating
that reaction sites were present over the surface of the anode
material. In addition, we compared the H

2
-TPR profiles of

the two NiO samples (octahedral and commercial), as shown
in Figure 2(b). One H

2
-TPR peak corresponding to the

reduction of the NiO component was observed. In general,
H
2
-TPR results indicated that (1) the peak area corresponded

to hydrogen uptake and (2) the peak at high temperatures
corresponded to the chemical reduction.The reduction peaks
of the octahedral NiO sample were gradually shifted more
so to lower temperatures than those of the commercial
NiO. Ni2+ ions were reduced to Ni0 at a comparatively low
temperature of 330∼430∘C in octahedral NiO.

Figures 3(a) and 2(b) compare the I-V and power density
curves of a single cell based on commercial NiO (cell
1) and the cell assembled by synthesized octahedral NiO
anode functional layers (cell 2). Maximum power densities



Journal of Nanomaterials 5

Commercial NiO anode  
paper

Octahedral NiO anode 
paper

Electrolyte paper

Cathode paper

Anode layer

Electrolyte layer

Cathode layer

Anode layer

Electrolyte layer

Cathode layer

(a)

(b) Cell 1

(c) Cell 2

Figure 4: FE-SEMmicrographs of cells with different anode functional layers after SOFC testing.

in cells 1 and 2 were measured at 551 and 654 mWcm−2
at 800∘C, respectively (Figure 3(b)). Cell performance was
significantly improved by the addition of the octahedral NiO
anode functional layer. In Figure 3(b), according to operating
temperatures, the maximum power densities on a single type
of cell were increased up to 293, 401, and 654mWcm−2 at 700,
750, and 800∘C, respectively.

We considered that fuel cell performance differences
could be due to different interfacial microstructures.

Figures 4(a) and 4(b) show the SEM micrographs of the
cells with different anode functional layers after SOFC testing.
The pores in the commercial NiO-AFL (cell 1) are submicron
in diameter and the large pores are 2∼5 micrometers in
diameter. The estimated porosity of the commercial AFL is
about 35%. However, the pores in the octahedral NiO-AFL
(cell 2) were smaller than those in commercial NiO-AFL.
Large cracks were clearly discernible at the interface between
the AFL and the electrolyte layer in the commercial NiO cell,
but no crack was observed in the octahedral NiO cell. The
development of cracks at the AFL/electrolyte layer interface
was probably caused by the differential sintering shrinkages
of the multiple layers, and thus, the octahedral NiO particles
perhaps better matched the YSZ electrolyte particles in this
respect. Additionally the grains between octahedral NiO
particles were well connected in octahedral NiO-AFL cells.

Fewer cracks at the AFL/electrolyte interface result in
a lower ohmic cell ASR. Electrochemical impedance spec-
troscopy (EIS)measurements in open-circuit conditionswere
used to evaluate the resistance values with respect to oper-
ating temperature for the octahedral NiO-AFL cell. Figure 5
shows typical Nyquist plots of cells with an octahedral NiO
anode functional layer, measured at 700, 750, and 800∘C.
The intercept with the real axis at high frequency represents
the ohmic resistance of a cell (Rohmic), which includes its
electrolyte and lead wire resistances and some contact resis-
tance associated with interfaces.The low-frequency intercept
corresponds to the total resistance of the cell. Therefore, the
difference between the high frequency and low frequency
represents the total interfacial polarization resistance (𝑅

𝑝
) of

the cell [22]. The Rohmic of the cell was almost the same
(0.78Ω cm−2) at all temperatures, but 𝑅

𝑝
was significantly

lower at 800∘C than at 700 and 750∘C. 𝑅
𝑝
reduced from 2.85

to 1.21Ω cm−2, respectively, with increasing temperature from
700 to 850∘C. Generally, these different resistance values are
ascribed to the addition of the anode functional layer, since
other parameters, such as electrolyte thickness, cathodemate-
rial, anode substrate, and sintering temperature, were kept
constant. Asmentioned above,𝑅

𝑝
is mainly due to electrolyte

and contact resistance. Therefore, a better contact between
electrolyte and anode can decrease contact resistance and
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Figure 5: Typical Nyquist plots of cells with an octahedral NiO
anode functional layer at 700, 750, and 800∘C.

reduce total 𝑅
𝑝
for a given electrolyte thickness. At the

anode/electrolyte interface for the cell with anode functional
layer, the elimination of macropores led to a better contact
between electrolyte and the anode, which reduced contact
resistance at the anode/electrolyte interface. In this study,
the octahedral NiO-AFL cell provided lower 𝑅

𝑝
values due

to faster electrochemical reactions at the anode/electrolyte
interface.

4. Conclusions

This study described the effect of anode functional layer on
SOFC performance. Identical single cells, differing only in
terms of anode functional layer morphology, were fabricated
and tested. Using an octahedral NiO anode functional layer,
fuel cell performance was significantly improved by up to
a power output of 100mWcm−2 at 850∘C, due to better
contact between the electrolyte and anode. These findings
demonstrate cell performance is critically dependent on
anode microstructure and that microwave thermal treatment
provides an effective means of octahedral NiO anode materi-
als.
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ZnO:In thin filmswere grown from 100mLof spray solution on glass substrates by chemical spray at𝑇
𝑠
= 400

∘Cusing solution spray
rates of 0.5–6.7mL/min. Zinc acetate and indium(III)chloride were used as Zn and In sources, respectively, with [In]/[Zn] = 3 at.%.
Independent of solution spray rate, the crystallites in ZnO:In films grow preferentially in the (101) plane parallel to the substrate.The
solution spray rate influences the surface morphology, grain size, film thickness, and electrical and optical properties. According
to SEM and AFM studies, sharp-edged pyramidal grains and canvas-resembling surfaces are characteristic of films grown at spray
rates of 0.5 and 3.3mL/min, respectively. To obtain films with comparable film thickness and grain size, more spray solution should
be used at low spray rates. The electrical resistivity of sprayed ZnO:In films is controlled by the solution spray rate. The carrier
concentration increases from 2⋅1019 cm−3 to 1⋅1020 cm−3 when spray rate is increased from 0.5mL/min to 3.3mL/min independent
of the film thickness; the carrier mobilities are always lower in slowly grown films. Sprayed ZnO:In films transmit 75–80% of the
visible light while the increase in solution spray rate from 0.5mL/min to 3.3mL/min decreases the transmittance in the NIR region
and increases the band gap in accordance with the increase in carrier concentration. Lower carrier concentration in slowly sprayed
films is likely due to the indium oxidation.

1. Introduction

The wide band gap zinc oxide can be used in many appli-
cations, for example, in piezoelectric transducers, as trans-
parent conductive layers (TCO-s), and as window layers in
photovoltaic devices [1]. Various methods such as atomic
layer deposition (ALD) [2], pulsed laser deposition (PLD)
[3], chemical bath deposition (CBD) [4], RF magnetron
sputtering [5], and chemical spray pyrolysis (CSP) [3, 6–16]
have been used to deposit ZnO thin films. Among these
methods, the spray pyrolysis is a versatile and cost-effective
method for the rapid production of large-area metal oxide
thin films.

Up to date, the effect of several technological parameters
(zinc source and concentration, dopant type and concentra-
tion, solvent, growth temperature, etc.) on the properties of
sprayed ZnO films have been studied [6–16] to determine
the optimal deposition conditions to obtain as high electrical
conductivity and optical transparency as possible. Earlier

studies have shown that the preferred crystallite orientation
of intrinsic ZnO and gallium- and aluminium-doped ZnO
is along 𝑐-axis [8, 9, 15] while the preferred crystallite
orientation of indium-doped ZnO film is (101) plane parallel
to the substrate [7–9, 12, 15].The use of Ga or Al as the dopant
leads to smaller grains than the use of In as a dopant [6, 7,
9]. Additionally, the density and the optical transmittance
of sprayed ZnO film is controlled by the dopant type and
concentration [7]. It has been reported that an optimal
growth temperature for sprayed ZnO films is in the range of
350–500∘C. Independent of dopant, the optical transmittance
is ca. 85% [7, 9, 17–19] while the lowest resistivities of sprayed
indium-doped and gallium-doped ZnO thin films are in
the order of 10−4–10−3Ωcm [17, 18] and in the order of
10

−3–10−2Ωcm for aluminium-doped ZnO [19].
Sprayed ZnO:In thin films have been used successfully

as front electrodes in thin film silicon solar cells [20] and as
window layer in Cu(In,Ga)(S,Se) solar cells [21]. Our long-
term goal is to study the feasibility of ITO substitution with
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ZnO:In, for use as the front electrode in the CSP-prepared
extremely thin inorganic absorber (ETA) solar cell [22].

Among mentioned technological parameters, the solu-
tion spray rate (or solution flow rate) and its effect on ZnO
thin films have received little attention. Ebothé et al. [16]
studied the effect of the solution flow rate on the growth
of undoped ZnO films prepared from ZnCl

2
solution and

reported that the solution flow rate influences the surface
topology. Dedova et al. [10] concluded that the solution
spray rate affects the surface morphology and roughness of
undoped ZnO thin films produced by spraying Zn acetate
solutions.

Recently, we showed that the electrical resistivity of
chemically sprayed In-doped ZnO thin films grown at 400∘C
can be altered within an interval of 102–10−3Ωcm by varying
the solution spray rate [12]. In this study we will not focus
on obtaining the highest electrical conductivity or optical
transmittance; we study the effect of the solution spray
rate on the structural, morphological, optical, and electrical
properties of ZnO:In thin films deposited by chemical spray.
The aim is to find the optimal solution spray rate to deposit
transparent and conductive ZnO:In thin films.

2. Experimental

ZnO thin filmswere grown from 100mLof spray solution that
was pneumatically sprayed onto preheated soda-lime glass
substrate (25 × 25 × 1mm3). The chemical spray pyrolysis
(CSP) setup is described elsewhere [23]. The spray solu-
tion consisted of Zn(CH

3
COO)

2
⋅ 2H
2
O (Merck, analytical

grade, 99.5%), dissolved in a mixture of deionised water
and isopropyl alcohol (2 : 3 by volume) with Zn(CH

3
COO)

2

concentration of 0.2mol/L. To avoid the precipitation of zinc
hydroxide, a few drops of acetic acid were added to the spray
solution. As a doping agent, indium(III)chloride (InCl

3
) was

added to the spray solution with an indium to zinc atomic
ratio of 3 ([In3+]/[Zn2+] = 3 at.%). Compressed air (flow rate
8 L/min) was used as the carrier gas. The glass substrate was
washed with soapy water, rinsed with deionised water, and
cleaned ultrasonically in ethanol. After cleaning, the substrate
was dried using compressed air and placed onto a hot plate.
According to the results of our previous study [12], a film
growth temperature of 400∘Cwas chosen as optimal and kept
constant within ±5∘C throughout the experiments using a
feedback control system for the heater. The solution spray
rate was varied from 0.5mL/min to 6.7mL/min. We verified
that the solution spray rate has no effect on the growth
temperature.

For a comparison, films with spray rates of 0.35mL/min,
0.5mL/min, and 1.5mL/min were grown from 150mL of
spray solution on a soda-lime glass substrate to obtain films
with comparable thicknesses throughout the solution spray
rate range.

The structure of the films was characterised by X-ray
diffraction (XRD) using a Rigaku Ultima IV diffractometer
with monochromatic Cu K𝛼 radiation (𝜆 = 1.5406 Å),
a tube voltage of 40 kV, and a current of 40mA using a
D/teX Ultra silicon strip detector. The crystallite size was

In
te

ns
ity

 (a
.u

.) (1
00

)
(0

02
) (1

01
)

(1
02

)

(1
03

)

(1
12

)

0.5 mL/min

1.5 mL/min

6.7 mL/min

30 40 50 60 70
2Θ (deg)

Figure 1: X-ray diffraction patterns of ZnO:In thin films deposited
from 100mL of spray solution at solution spray rates of 0.5mL/min,
1.5mL/min, and 6.7mL/min.

calculated by the Debye-Scherrer method from the FWHM
(full width at half maximum) of the (101) reflection of
ZnO. The surface morphology of the films was characterised
by scanning electron microscopy (SEM) and atomic force
microscopy (AFM). SEM was performed with a Zeiss EVO-
MA15 microscope at magnifications of 25000x and 50000x.
AFM was performed on NT-MDT Solver 47 Pro system in
tapping mode. The samples were studied over a 2 × 2𝜇m2
area. The grain sizes estimated from the SEM images were
comparable to those measured with the AFM. The surface
roughness analysis was performed according to the ISO
4287/1 standard. The root mean square (RMS) roughness
was calculated over a 3 × 3𝜇m2 scanned surface area with
an accuracy of ±0.5 nm. Image analysis (IA) was achieved
using the Media Cybernetics Image-Pro 7 analysing sys-
tem. The specular UV-VIS-NIR transmittance was recorded
in the wavelength range of 350–2500 nm with Jasco V-
670 spectrophotometer. The film thickness was calculated
using the Spectra Manager software (version 2.02.00) by
analysing the interference in the transmittance spectra. The
film thickness calculated from the optical spectra is in good
agreement (less than ±10% variance) with that obtained from
the SEM images.The elemental composition of the thin films
was evaluated from four different 20 × 20𝜇m2 areas on
the film using energy dispersive X-ray (EDX) analysis with
an Oxford Instruments INCA at an accelerating voltage of
7 kV. The electrical properties of the thin films (resistivity,
charge carrier concentration, andmobility) weremeasured at
room temperature using MMR’s Variable Temperature Hall
System supplied with Hall, Van der Pauw Controller H-50.
The contact material used for the Van der Pauw and Hall
measurements was graphite.

3. Results and Discussion

3.1. Structural Properties. The X-ray diffraction patterns of
ZnO:In thin films deposited at various solution spray rates
at 400∘C are presented in Figure 1. All of the determined
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Table 1: The effect of the solution spray rate on the sprayed ZnO:In film thickness (𝑡), crystallite size (𝑑), average grain size (𝐷), electrical
resistivity (𝜌),main carriermobility (𝜇), carrier concentration (𝑛), and optical band gap (𝐸

𝑔
). Soda-lime and borosilicate glasses are designated

as Na-gl and B-gl, respectively.

Spray rate, mL/min 𝑉, mL Substrate 𝑡, nm 𝑑, nm 𝐷, nm 𝜌,Ωcm 𝜇, cm2/Vs 𝑛, cm−3 𝐸

𝑔
, eV

0.5 100 Na-gl 700 22 ∼100 6.3 ⋅ 10−2 4.4 2.3⋅1019 3.28
0.5 150 Na-gl 1400 26 ∼250 3.3 ⋅ 10−2 9.2 2.1⋅1019 3.24
0.5 150 B-gl 1350 26 ∗n.m. 7.8 ⋅ 10−2 3.9 2.0⋅1019 3.24
1.5 100 Na-gl 900 21 ∼120 1.2 ⋅ 10−2 7.7 6.9⋅1019 3.31
1.5 150 Na-gl 1400 29 ∼250 7.3 ⋅ 10−3 11 7.6⋅1019 3.27
3.3 100 Na-gl 1100 34 ∼250 3.7 ⋅ 10−3 16 1.1⋅1020 3.34
4.7 100 Na-gl 1100 35 ∼250 3.2 ⋅ 10−3 15 1.4⋅1020 3.36
6.7 100 Na-gl 1350 36 ∼250 4.6 ⋅ 10−3 12 1.2⋅1020 3.32

∗n.m.: not measured.
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Figure 2: SEM images of ZnO:In thin films deposited from 100mL of spray solution at solution spray rates of (a) 0.5mL/min, (b) 1.5mL/min,
(c) 3.3mL/min, and (d) 6.7mL/min. The cross-sectional views are presented as insets on the surface images.

peaks belong to zincite (PDF card number 01-079-0208) [24].
According to Figure 1, ZnO:In film is preferably orientated
in the (101) plane parallel to the substrate irrespective of
the solution spray rate. Solution spray rates below 3mL/min
lead to smaller crystallites (average size of 20 nm), whereas
solution spray rates above 3mL/min result in crystallite sizes
of ca. 35 nm (Table 1).

The microstructure of ZnO:In films was studied using
SEM and AFM. According to the SEM study, sprayed ZnO:In

films exhibit a dense inner structure and relatively smooth
surface with no cracks or pinholes. The SEM surface and
cross-sectional images of ZnO:In films obtained at various
solution spray rates are presented in Figure 2. The surface of
the film deposited at the solution spray rate of 0.5mL/min
has well-shaped prismatic grains with similar sizes of ca.
100 nm (Figure 2(a)). The surface of the film grown with
the solution flow rate of 1.5mL/min consists of grains that
vary in size from 50 nm to 500 nm (Figure 2(b)). The surface
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Figure 3: AFM3D images of ZnO:In films deposited from 100mL of spray solutionwith solution flow rates of (a) 0.5mL/min, (b) 1.5mL/min,
(c) 3.3mL/min, and 6.7mL/min (d). AFM images are of a 2 × 2𝜇m2 area.

structure of the film deposited with the solution spray rate
of 3.3mL/min is a network of interweaving grains (size of
ca. 250 nm) resembling canvas or burlap (see Figure 2(c)).
Further increase in the solution spray rate to 6.7mL/minhas a
minor effect on the surface of ZnO:In thin film (Figure 2(d)).

The surface morphology of the ZnO:In films deposited
at different solution spray rates was also characterised by
AFM using images acquired over a 2 × 2𝜇m2 area (Figure 3).
The AFM images reveal that the solution spray rate has a
strong effect on the surface morphology. The surface of the
ZnO:In film obtained at a solution spray rate of 0.5mL/min
(Figure 3(a)) consists of well-shaped pyramidal grains with
sharp edges and tip. The mean grain size is ca. 100 nm and
the grain aspect ratio (the ratio of the major axis length to
the minor axis length of an equiareal ellipse) is ca. 2.0. For
the ZnO:In film with solution spray rate of 1.5mL/min, the
peaks and edges of the grains are rounded (Figure 3(b)), and
the grain size varied from 70 nm to 200 nm (Figure 3(b)).
According to the SEM image (Figure 2(b)), some of the
grains had a diameter of ca. 500 nm. According to the AFM
study, the mean grain size is ca. 120 nm and the aspect
ratio of the grains is ca. 1.7. In contrast, the ZnO:In films
prepared at solution spray rates of 3.3mL/min and above
have more complex surface structure (Figures 3(c) and 3(d)).

Using the solution spray rate of 3.3mL/min, the film surface
(Figure 3(c)) shows a fine-grain structure on top of grains
with the size of ca. 200–250 nm and an aspect ratio of ca.
1.6, forming a double-layer surface. The fine-grain layer is
composed of particles with an average diameter of ca. 40 nm.
The surface structure of the film deposited at a solution spray
rate of 6.7mL/min (Figure 3(d)) is similar to that prepared
at 3.3mL/min (Figure 3(c)). The ca. 200–300 nm sized grains
are covered by individually distinct particles with an average
diameter of ca. 50 nm (Figure 3(d)).

Interestingly, the RMS roughness was ca. 20 nm for all
sprayed ZnO:In films independent of solution spray rate and
surface morphology. This RMS is similar to that reported by
Dedova et al. [10] for sprayed ZnO:In films.

AFM study showed that the grain size increases with
increasing solution spray rate. It is generally recognised that
large grains are formed due to the recrystallisation of smaller
grains. An extra phase on the grain boundaries may inhibit
the growth of grains. This problem will be discussed in more
detail in Section 3.2.

3.2. Electrical Properties. The resistivity, carrier concentra-
tion, and mobility of ZnO:In thin films dependent on the
solution spray rate are presented in Figure 4. The films
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Figure 4: Resistivity (◻), carrier concentration (Δ), and carrier mobility (I) of ZnO:In thin films deposited from 100mL of spray solution at
solution spray rates of 0.5–6.7 mL/min.

presented in Figure 4 are sprayed from 100mL of spray
solution.The resistivity of the sprayed ZnO:In films decreases
from ca. 6.3 ⋅ 10−2Ωcm to 3.7 ⋅ 10−3Ωcm while increasing
the solution spray rate from 0.5mL/min to 3.3mL/min,
respectively (Figure 4 and Table 1). Increasing the solution
spray rate from 0.5mL/min to 3.3mL/min increases the
carrier concentration from 2.3 ⋅ 1019 cm−3 to 1.1 ⋅ 1020 cm−3
and mobility from 4.4 cm2/Vs to 16 cm2/Vs, respectively.
The increase in the carrier mobility with increasing solution
spray rate can be ascribed to the increased grain size from
100 to 250 nm as shown by AFM (Figure 3 and Table 1).
This hypothesis is further supported by the following. The
positive correlation between the carrier concentration and
carriermobility observed in our films is presented in Figure 5.
A similar relation has been noted for ZnO:Al films grown
by PLD [25], indicating that the conduction mechanism
is driven by grain boundary scattering. Further increase
in spray rate from 3.3mL/min to 6.7mL/min has minor
effect on the electrical properties of ZnO:In thin films. The
films prepared with spray rates above 3mL/min show carrier
concentrations around 1 ⋅ 1020 cm−3 and carrier mobilities in
the range of 12–16 cm2/Vs. A minor rise in resistivity (to 4.6 ⋅
10

−3
Ωcm) in the film deposited at spray rate of 6.7mL/min is

attributed to lower carrier mobility of 12 cm2/Vs.Wienke and
Booij [15] reported similar carrier mobility of ca. 14 cm2/Vs
and concentration of 1.4⋅1020 cm−3 for ultrasonically sprayed
ZnO:In film.
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Figure 5: Carrier mobility versus carrier concentration of ZnO:In
thin films deposited from 100mL of spray solution at solution spray
rates of 0.5–6.7mL/min.

The films grown with the spray rates of 0.5–1.5mL/min
show carrier mobilities of 4.4–7.7 cm2/Vs that is up to three
times lower than recorded for the films grown with the spray
rates above 3mL/min (Figure 4, Table 1). It is known that the
carrier mobility in the film is thickness and grain size depen-
dent [26]. To prepare films with comparable thicknesses, the
ZnO:In films with spray rates of 0.5mL/min and 1.5mL/min
were deposited from 150mL of spray solution and as a result,
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Figure 6: SEM images of ZnO:In thin films deposited from 150mL of spray solution at solution spray rates of (a) 0.5mL/min, and (b)
1.5mL/min. The cross-sectional views are presented as insets on the surface images.

films with thicknesses of ca. 1400 nm were grown (Table 1).
According to SEM images in Figure 6, the shape of the
grains in the thicker films is similar to that reported for the
thinner films with spray rates of 0.5mL/min and 1.5mL/min
in Section 3.1 (Figures 2(a) and 2(b)). The grain sizes of
the thicker films with spray rates of 0.5–1.5mL/min were
estimated from SEM images (Figure 6). The grain size of
the thicker films is ca. 2 times higher when compared to
the thinner films (Figures 2(a) and 2(b)). Thus, larger grains
(size of ca. 250 nm) were obtained in thicker films and that
is in accordance with the literature [9, 27, 28]. The carrier
mobilities increased with the film thickness from 4.4 cm2/Vs
to 9.2 cm2/Vs and from 7.7 cm2/Vs to 11 cm2/Vs for films
deposited at 0.5mL/min and 1.5mL/min, respectively. Still,
the mobilities in the films deposited at spray rates of 0.5–
1.5mL/min are slightly lower than in the films grown with
solution spray rates above 3mL/min regardless of comparable
thicknesses (Table 1). The decrease could be due to the larger
grain size distribution (75–700 nm) in the filmwith spray rate
of 0.5mL/min (Figure 6(a)) compared to the film with spray
rate of 3.3mL/min (200–300 nm) (Figure 2(c)).

It can be seen from Table 1 that carrier concentration
depends on the solution spray rate independent of the film
thickness. The carrier concentration of ca. 2 ⋅ 1019 cm−3 in
film grown at 0.5 mL/min is ca. 10 times lower than in films
with solution spray rate above 3 mL/min (ca. 1 ⋅ 1020 cm−3).
Moreover, a ZnO:In film with thickness of 1400 nm was
grownwith solution spray rate of 0.35mL/min and the carrier
concentration of the mentioned film was 6⋅1018 cm−3. As the
carrier concentration depends on the doping level [6, 8, 15]
then it is possible that part of the indium was not incorpo-
rated into the ZnO lattice at lower solution spray rates.

It could be speculated that part of the dopant source
might have left the system at slow spray rates due to relatively
high InCl

3
vapour pressure of ca. 1.0 kPa at 400∘C [29]. For

this reason, the elemental composition of the films obtained
with different spray rates was studied. According to EDX,
the films deposited at different solution spray rates have
similar elemental compositions (Table 2).Thus, the [In]/[Zn]
ratio in the film is constant at varied spray rates. As the
EDX measurements were performed using factory-defined

Table 2: Elemental composition (in at.%) of ZnO:In thin films
deposited at solution spray rates of 0.5mL/min and 3.2mL/min
according to EDX.

Solution spray rate, mL/min Zn O In
0.5 43.4 54.4 2.2
3.2 43.3 54.7 2.0

standards only, the atomic percentages of the elements are not
absolute values. However, EDX confirms that there is no loss
of the dopant source or that the loss is similar at all solution
spray rates used.

Another cause for lower electron concentration while
using low solution spray rates can be the diffusion ofNa to the
ZnO film from the soda-lime glass substrate at 400∘C during
long spray process [30]. In that case, Na could create defects
that reduce the concentration of free electrons.Unfortunately,
EDXcannot be used to detectNa due to the overlapping peaks
of Zn and Na. To overcome this problem, a thicker ZnO:In
film (from 150mL) with thickness comparable to that on a
soda-lime glass was deposited onto a borosilicate substrate
at 0.5mL/min. Film with thickness of ca. 1350 nm has a
resistivity of 7.8 ⋅ 10−2Ωcm, carrier mobility of 3.9 cm2/Vs,
and concentration of 2.0 ⋅ 1019 cm−3 (see Table 1). The carrier
concentrations of ZnO:In films on soda-lime and borosilicate
glass substrate are comparable and thus the diffusion of Na is
not responsible for the lower concentration of electrons in the
films with low spray rates.

As there is no difference in the dopant concentration
in the films deposited at different solution spray rates and
the diffusion of sodium is not the case, the lower carrier
concentration in the films with lower solution spray rates
could be due to the failing of In incorporation into the ZnO
lattice due to the oxidation of indium source. The study of
ZnO:In films structural properties supports this hypothesis,
as an extra phase on the grain boundaries inhibited the grain
growth at low solution spray rates (see Section 3.1).

3.3. Optical Properties. The optical transmittance spectra of
the ZnO:In films grown from 100 mL of spray solution using
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Figure 7: Specular transmittance of ZnO:In thin films deposited
from 100mL of spray solution at solution spray rates of 0.5mL/min,
1.5mL/min, and 3.3mL/min.

various solution spray rates are presented in Figure 7. In the
visible light region, the ZnO:In thin films show specular
transmittance above 75% irrespective of the solution spray
rate.

For the film prepared at 0.5mL/min or lower, the trans-
mittance in the near infrared region (NIR) is comparable to
that in UV-VIS region. The increase in solution spray rate
decreases film transmittance in theNIR region and the lowest
transmittance is recorded for the film with solution spray
rate of 3.3mL/min.The decrease in the optical transmittance
in the NIR spectral region corresponds to the increased
concentration of carriers in the films sprayed at higher
solution spray rates (Table 1). According to the literature, the
decrease in the transmittance of TCO films in NIR spectral
region is caused by the free carrier absorption [31–33]. This
has been recorded for conductive ZnO films with electron
concentrations of 3 ⋅ 1020 cm−3 and 6 ⋅ 1020 cm−3 deposited by
ion-layer gas reaction spray [31] and PLD [32], respectively.

The optical band gap of the films is determined from
the transmittance spectra. The optical band gap values were
determined from the commonly used equation

𝛼ℎ] = 𝐴 ⋅ (ℎ] − 𝐸
𝑔
)

1/𝑛
, (1)

where𝐴 is the parameter that does not depend on the photon
energy, ℎ is the Planck constant, 𝐸

𝑔
is the band gap energy, ℎ]

is the incident photon energy, and 1/𝑛 is an exponent that
depends on the nature of the optical transition (𝑛 = 0.5
for direct transition). The determination of 𝐸

𝑔
from (𝛼ℎ])2

versus the ℎ] plot is shown in Figure 8 and the 𝐸
𝑔
values

of ZnO:In films depending on the solution spray rate are
given in Table 1. The ZnO:In film band gap increases from
3.24 eV to 3.36 eV as the solution spray rate increases from
0.5mL/min to 4.7mL/min, respectively. The increase in the
band gap is in accordance with the increase in the carrier
concentration (Table 1) and can be explained by the Burstein-
Moss effect [33]. Thus, we have achieved a good agreement
with the results of similar studies on ZnO [11, 13, 15, 25, 33].
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Figure 8: Graphical determination of direct optical band gap of
ZnO:In thin films deposited from 100mL of spray solution with
solution spray rates of 0.5mL/min and 4.7mL/min.

4. Conclusions

At constant spray solution volume, an increase in the solu-
tion spray rate results in thicker ZnO:In films with larger
crystallites and grains; also the surface morphology and
electrical conductivity are affected. The grains in the film
with spray rate of 1.5mL/min are roundish when compared
to the sharp-edged grains in the film with spray rate of
0.5mL/min. The surface of the films with spray rate above
3mL/min is composed of canvas-resembling grains (size ca.
250 nm) covered with particles with the size of ca. 40–50 nm.
Increasing the spray rate from 0.5 mL/min to 3.3 mL/min
decreases the electrical resistivity from 6.3 ⋅ 10−2Ωcm to
3.7 ⋅ 10

−3
Ωcm as the carrier concentration increases from

2.3⋅10

19 cm−3 to 1.1⋅1020 cm−3 andmobility from 4.4 cm2/Vs
to 16 cm2/Vs, respectively.

To obtain films with comparable thicknesses throughout
the solution spray rate range, more spray solution has to be
used for films deposited at 1.5mL/min and below. An increase
in film thickness from 700 nm to 1400 nm and in grain size
from 100 nm to ca. 250 nm increases the carriermobility from
4.4 cm2/Vs to 9.2 cm2/Vs and from 7.7 cm2/Vs to 11 cm2/Vs
for films deposited at 0.5mL/min and 1.5mL/min, respec-
tively. Independent of the similar film thicknesses and the
mean grain sizes, the mobilities in the slowly grown films are
lower than in films with spray rate above 3mL/min. Higher
spray rates lead to higher carrier concentrations: spray rates
of 0.5, 1.5, and 3.3mL/min result in carrier concentrations
of ca. 2 ⋅ 1019, 7 ⋅ 1019, and 1 ⋅ 1020 cm−3, respectively.
The decreased carrier concentrations characteristic of the
films with lower spray rates could be due to the oxidation
of indium source that prevents indium from acting as the
dopant in ZnO. Sprayed ZnO:In films with thickness of 1.1–
1.4 𝜇m transmit 75–80% of visible light. A decrease of the
transmittance in NIR spectral region and an increase in
band gap is characteristic of films with higher spray rate and
corresponds to the increased carrier concentration in these
films.
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This study shows that the solution spray rate is an impor-
tant technological parameter controlling the film thickness,
morphology, grain size, optical properties, and electrical con-
ductivity of the sprayed ZnO:In films. Still, the optimal spray
rate should be determined for every setup to obtain films
with properties required for a transparent and conductive
material.
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The increasing amount of waste residue produced during the electrolytic preparation process of manganese has nowadays brought
about serious environmental problems. The research on utilization of manganese slag has been a hot spot around the world. The
utilization ofmanganese slag is not only environment friendly, but also economically feasible. In the current work, a summarization
of the main methods to produced building materials from manganese slag materials was given. Baking-free brick, a promising
buildingmaterial, was produced frommanganese slag with the addition of quicklime and cement.The physical properties, chemical
composition, and mechanical performances of the obtained samples were measured by several analyses and characterization
methods. Then the influence of adding materials and molding pressure during the preparation of baking-free brick samples on
their compressive strength properties was researched. It is concluded that the baking-free brick prepared from manganese residue
could have excellent compressive strength performance under certain formula.

1. Introduction

China has the largest amount of electrolytic manganese
in production, consummation, and exportation. The total
quantity of electrolytic manganese can be as huge as millions
of tons every year, which account for up to 95% of that of
the world [1–3]. It is also reported that Chinese electrolytic
manganese production enterprises are mainly located in
provinces like Hunan, Chongqing, Sichuan, Guizhou, and
Yunnan. The production capacity and production amount of
Chinese electrolytic manganese industry have a significant
increase from 0.210 million tons in 2002 to 1.411 million
tons in 2011, which can be seen in Table 1 [4, 5]. The
production of manganese metal is finical to our life. But,
with the continuous increase production amount, the grade
of available manganese ore has been decreased to only 15%∼
20%. This means that there will be 5∼7 t of acid residue
prepared per 1 t of electrolytic manganese, resulting in the
formation of a great deal of electrolytic manganese residue.

Electrolytic manganese residue (EMR) can be defined
as the acid residue obtained during the preparation of

electrolytic manganese, which is a process of adding mineral
powders containing manganese carbonate into the sulfuric
acid. It is also an inert salic material, more than 80% of whose
particle size is below 80 𝜇m. On the other hand, EMR is full
of sulfate, for the content of SO

3
can be up to 15%∼25%

[6]. However, EMR has a complicated composition due to
its production process. The heavy metal ions in EMR would
introduce terrible environmental pollution to the around soil
and water after a long time of stockpiling and weathering.
These soil andwater rich of heavymetal ions could be a threat
to human health. So for the purpose of reuse of manganese
residue and reduction of its negative influences, research
on the comprehensive utilization is an extremely interesting
subject.

As a promising active material, EMR can be widely
use in the production of building materials like cement,
concrete, and brick [7–12].The prepared cement and concrete
could have excellent performance of corrosion resistance and
mechanical properties [13, 14]. As to the according research
[15, 16], industrial residues such as EMR, slag can be used
to produce the sintered brick, ceramic brick, steam-pressing
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Table 1: Production capacity and amount of the Chinese electrolytic manganese industry (million tons).

Year 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011
Production capacity 0.300 0.450 0.550 0.921 1.049 1.570 1.879 2.110 2.200 2.230
Production amount 0.210 0.325 0.494 0.566 0.733 1.024 1.139 1.317 1.376 1.411

Table 2: The physical properties of EMR.

Physical properties Fineness
(%)

Density
(g/cm3)

Moisture content
(%)

Dry density
(g/cm3)

Cohesion
(kPa)

Internal friction angle
(∘)

EMR 31.1 1.72 52.6 1.13 11.5 22.2

brick, and baking-free brick. The method is to produce brick
from the mixture of these industrial residues with shale
and deposited mud. It is not only economically feasible, but
also environmental friendly. Recently, many attempts have
been made to prepared these kinds of bricks with better
mechanical properties. Both Peng et al. [17] and Gao [18]
have prepared sintered bricks using EMR, shale, and fly ash
as raw materials. Their compressive strength can be up to
22.64MPa. Zhang et al. [19] have done the research on the
preparation of cameral brick materials from manganese slag.
The mixing amount can be up to as much as 40%. Wang
et al. [20] obtained the steam-pressing brick from EMR with
10%∼20% of cement and 5%∼10% of quicklime. And the
compressive strength can be about 20∼30MPa.

As to the preparation of baking-free brick, Jiang et al. [21]
have found a new preparationmethod to obtain the compres-
sive strength reaching up to 10MPa. They mixed the EMR
with fly ash, lime, and binding materials like lime cement
followed by the addition of aggregate. Then the baking-free
brick is obtained after the process of compression moulding.
This process can dramatically enhance the strength and
decrease the use of water. Generally, it is an effective way of
resource utilization of EMR to obtain baking-free brick by
the process of compression moulding [22]. In this paper, we
have produced baking free brick from manganese slag with
the addition of quicklime and cement and have measured the
physical properties, chemical compositions, and mechanical
performances of the obtained samples.

2. The Preparation of EMR Brick

2.1. Materials. The status of EMR is loose when it was first
poured into the slag stocking site and will change into half
flow conditions under the action of rainwater which is as
shown in Figure 1(a). Then the manganese slag will solidify
after a long time of evaporation. The surface can turn into
a hardened state which is illustrated in Figure 1(b). And it is
harder than the part under the surface.

Figure 2(a) reveals the vertical distribution pattern of the
manganese residue. The sampling site is 30m far from the
slag dam and 0.8∼1.2m below the hardened surface. EMR in
this site is black dope in the state of half flow as shown in
Figure 2(b).

The physical performances and chemical composition of
the taken samples are separately illustrated in Tables 2 and 3.
From Table 2, it can be known that the density is 1.72 g/cm3,

and the moisture content can be around 52.6%. And from
Table 3 it can be seen that themain composition is SiO

2
which

is the main composition of brick. On the other hand, the
cement used in these experiments is 42.5 ordinary Portland
cement. The fineness modulus of sand is separately 3.1 and
1.1. The experimental quicklime containing 76.5% of active
calcium oxide is sieved at a 0.8% residue. Its fineness is
referring to the standard of cement.

2.2. Preparation of the Samples. The proportion of materials
in this experimental is in dry status. As shown in Table 2,
the moisture content of the taken EMR is 52.6%. What is
more the contents of MnSO

4
and (NH

4
)
2
SO
4
are separately

3.75% and 2.47%. As to the fabrication of EMR brick,
the forming process is was semidry pressing process. The
size of the performing tool was Φ100mm × 100mm. The
samples after forming were maintained by watering in the
air. The strength is referring to the Mortar Strength Testing
Method of Cement (GB/T17671-1999), performances testing
to the Chinese National Standard of Wall Bricks Testing
Methods (GB/T2542-2003), and the Detection Technological
Standards of Building Structure (GB/T 50344-2004).

3. Testing Properties of EMR
Baking-Free Brick

3.1. Raw Materials Systems. The low strength of brick from
EMR-sand-lime system cannot afford the requirement of
building materials. But the properties can be enhanced
through adding ∼15% content of cement into the system [23].
As a building material, the fabrication process of baking-free
brick is simple and becomes a hot spot of the researchers glob-
ally. In the previous studies, fly ash often acts as cementing
materials [24].However, due to thewidely use of fly ash rather
than cement and low production quantity of electrolytic
manganese enterprise, it is critically important and low cost
to produce the brick with the utilization of cement. The
purpose of this paper is to investigate the influence of ratio
and kinds of the raw materials on the mechanical properties
of obtained bricks. According to the previous paper and the
comparing experiments, it was proved that the system of
EMR-sand-lime-cement is the best.

3.2. Forming Pressure. Theearly strength of EMR baking-free
brick obtained in the process of forming pressure is due to the



Journal of Nanomaterials 3

Table 3: The chemical composition of the EMR.

Composition (%) SiO2 Al2O3 Fe2O3 CaO MgO MnO SO3 Loss
EMR 38.4 14.3 6.78 9.45 — 3.75 19.2 10.12

(a) (b)

Figure 1: (a) Half flow conditions; (b) hardened state of surface.

Table 4: Compressive strength of bricks under different forming
pressures.

Forming pressure (MPa) Compressive strength (MPa)
7d 28d

20 10.6 16.3
25 13.5 17.4
30 14.7 21.3
35 15.3 21.7
40 16.2 22.3

close contact of the raw particle materials [25]. It is beneficial
to the physical and chemical reaction between these particles
and simultaneously provides base for the later strength. The
compressive strength of the bricks prepared under different
forming pressures is shown in Table 4. From Table 4, it can
be known that the 7d and 28d compressive strengths increase
gradually along with the value of forming pressure. The rate
of increase is low. But it is said that the larger the forming
pressure is, the higher cost and the lower production the
efficiency is. Comprehensively considering these factors, we
conclude that the forming force of 25∼30MPa can meet the
requirement of architectural design. So it is believed to be the
optimum range of moulding pressure.

3.3. Properties of EMR. Compressive strength testing was
carried out on the baking-free brick fabricated by binding
materials base on the previous forming pressure experiment.
The binding material was obtained under different ratios of
EMR-sand-lime-cement system. In the process, the ratio of
water to solid is an important factor. Its value was determined
in the range of 0.10∼0.20, according to case if the slurry would
overflow from the formingmold.What is more the result also
will differ under different ratio of cement to sand.The 7d and
24d compressive strengths under different formulas are stated

in Table 5. It can also be seen that the average compressive
strength of the as-obtained samples is over 10MPa, which is
up to the standard of building materials.

Table 5 illustrates that an optimum formula is 50% of
EMR, 20%of river sand, 15%of quicklime, and 15%of cement,
and ideal ratio of water to solid materials is 13%. On the
other hand, the result of test for heavymetal extractionmeets
the environmental criterion. The concentration of leaching
Mn2+ is about 1.3mg/L, while that of the national discharged
standard of sewage is 1.8mg/L. Consequently, the preparation
of baking-free brick with excellent properties can be achieved
using EMR as the main raw material.

The addition of aggregate can improve the particle size
of mixture, reduce the contraction of the fabricated bricks,
and enhance the mechanical behavior and durability of the
samples. Due to the high proportion of aggregate and low
proportion of cementing materials in Formula 1 and Formula
2, only when reducing the ratio of water to cement can it
meet the conditions of compression moulding. Even though
it has a large value of 28d strength, products from these
two formulas have no practical applications because of the
lacking of binding materials, tendency to loose, complex
corporation of production process, and bad durability. While
as to Formula 4 and Formula 5, the samples have more
binding materials and less aggregate, leading to low strength.
Shortage of framework materials and high demand of water
are the main reasons. Above all, it can be concluded that the
as-fabricated samples can have the largest 7d and 28d strength
at a cement aggregate ratio of 1 : 1. It can be used in actual
production using the formula of 50% EMR, 25% river sand,
10% quicklime, and 15% cement.

4. Conclusion

From the experiments and discussions in this paper, we
can know that, in the production of EMR baking-free
brick, 25∼30MPa of molding force is economically feasible,
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(a) (b)

Figure 2: (a) Vertical distribution pattern of the manganese residue; (b) samples taken from 1.0m below.

Table 5: Compressive strength under different ratios of cement to sand.

Formula Cement-sand ratio Water-solid ratio Compressive strength (MPa)
7d 28d

1 1 : 2.0 0.11 10.4 12.4
2 1 : 1.5 0.12 11.9 15.3
3 1 : 1.0 0.15 14.7 19.0
4 1 : 0.6 0.18 14.3 18.1
5 1 : 0 0.22 7.9 16.5

and the pressure during forming process is beneficial to
obtainment of the brick strength. Furthermore, when the
cement aggregate ratio is 1 : 1 water solid ratio is 0.15, and the
moulding pressure is 30MPa, the produced EMR baking-free
bricks have excellent mechanical properties like compressive
strength. What is more is EMR-sand-lime-cement produc-
tion system is the optimum one with 50% of EMR, 25% of
river sand, 10% of quicklime, and 15% of cement.
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Coal fly ash has been evaluated as low-cost material for pollutants adsorption. But powdered fly ash is difficult to be separated
from the adsorbate and solution after saturation.When it is made into granules, this problem can be solved. Granules with uniform
diameter of 6mm were prepared and used as adsorbents for phenol removal from aqueous solution. The physical and chemical
characteristics of the granules were investigated.The data indicated that the granules were abundant with nanosize pores of 9.8 nm
on average.The specific surface area and porosity reached 130.5m2/g and 60.1%, respectively.Themain components in the granules
were SiO

2
, Al
2
O
3
, MgO, Fe

2
O
3
, CaO, K

2
O, and unburned carbon. The adsorption batch experiments showed that this granular

material was an efficient adsorbent for phenol removal. Phenol adsorption on the granules was mainly influenced by dosage and
contact time. Increase in the dosage could enhance phenol adsorption effectively. More than 90% phenol could be removed under
normal temperature and neutral pH with initial concentration of 100mg/L, contact time of 90min, and dosage of 140 g/L. The
adsorption of phenol on the granules was spontaneous and complied well with the pseudo-second-order model and Langmuir
isotherm model.

1. Introduction

Coal fly ash is byproduct from the burning process of coal in
fired burning plants and other industries with coal as fuel. It is
usually taken as solid industrial waste in many countries and
places. The annual production of coal fly ash has continued
to increase in recent years. Disposal of it usually consumes
large quantities of land and water [1]. Coal fly ash is generally
composed of SiO

2
, Al
2
O
3
, CaO, Fe

2
O
3
, MgO, and unburned

carbon. It can be used not only as an additive in construction
industry [2] but also as cheap media for soil amelioration [3]
and adsorbents for pollutants removal [4].

Phenol is an important raw material or product of some
industries such as coal tar, gasoline, plastic, pesticide, and
steel production. It can be combined with other pollutants as
phenolic compounds.Moreover, phenol is always dissolved in
water with high solubility, but lesser amount of it can produce
unpleasant odor and cause chronic toxic effects to human
being, animals, and plants [5]. Many countries have listed

phenol as one kind of priority pollutants and set strict limits
for it in surface water andwastewater discharge [6]. Complete
removal or in some cases reduction of it to an acceptable
concentration has become amajor challenge for environment
protection.

Because of the toxic characteristics, it is very difficult
for phenol to be biodegraded directly. The regular treatment
methods for water containing phenol are flocculation, solvent
extraction, adsorption, advanced oxidation, and so forth.
Among these processes, adsorption has been taken as an
effective separation process for phenol. Although activated
carbon is widely used as adsorbent for phenol removal from
water, it has the disadvantage of high-cost and complex regen-
eration. The development of potential low-cost adsorbents
with high adsorption capacity is essential for phenol removal.
In recent years, many materials such as synthetic resin [7],
green macro alga [8], and bagasse fly ash [9] have been used
in phenol removal from aqueous solution. Some researchers
have studied the removal of phenol and its analogs fromwater
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Table 1: Physical indexes of the granules acquired by mercury porosimeter.

Index 𝑉ti (mL/g) 𝐴

𝑡
(m2/g) 𝑅mv (nm) 𝑅ma (nm) 𝑅

𝑎
(nm) 𝐷

𝑎
(g/mL) Porosity (%)

Value 0.33 66.8 14.7 6.0 9.8 4.63 60.1

with coal fly ash [10]. But powdered fly ash is difficult to be
separated from the adsorbed phenol and solution. When it
is used to remove phenol from water, additional coagulation
and sedimentation measures are usually needed.

In this study, coal fly ash was used to produce composite
ceramic granules with high porosity and specific surface area.
The physical characteristics and chemical composition of the
granules were studied. The granules were used as adsorbents
for phenol removal from water. Effects of various parameters
such as adsorbents dosage, contact time, and temperature
were studied to optimize the adsorption parameters. Kinetics,
thermodynamics, and isotherm studies were also carried out
to illustrate the adsorption process of phenol onto the ceramic
granules.

2. Material and Methods

2.1. Granules Preparation. Coal fly ash was taken from a
fired burning power plant utilizing coal as fuel in Huludao,
Liaoning Province of China. 51% fly ash, 39% clay, and 10%
diatomite (in weight) were mixed after crushing and screen-
ing. The mixture was used to produce spherical granules
of certain diameter with the aid of sodium silicate in a
granulator. After being dried at 383K with a baking furnace,
the raw granules were calcined for 2 hours at 723K in an
incinerator [11]. The finished granules were finally produced.
In the preparation process, the diameter of the granules could
be accurately controlled. Granules with uniform diameter of
6mmwere used as adsorbent to remove phenol from aqueous
solution in this study.

2.2. Characterization of the Granules. Since adsorption is
an interface phenomenon, pore area and distribution in the
granules are vital for the adsorption process. This material
was studied firstly with scanning electron microscope (SEM,
Quanta 200, FEI, Holland) to ascertain the external and
sectional structure of the granules. A mercury porosimeter
(Autopore 9500, Micromeritics, USA) was used to charac-
terize the granules in terms of porosity, total pore area, pore
radius, and so on. It is capable of generating a pressure
up to 60,000 psi to detect the main indexes of meso- to
macropores [12].The granules were also analyzedwith energy
dispersive X-ray spectrometry (EDS,GENESIS, EDAX,USA)
to investigate the main compositions [13].

2.3. Adsorption Experiments. The batch studies were con-
ducted by dosing the granules into aqueous solution with
certain initial phenol concentration prepared in the labo-
ratory. The pH of the solutions was controlled around 7.0
with 1mol/L solutions of HCl or NaOH. The samples were
stirred in a temperature-controlled oscillator at a constant
speed of 180 rpm. After some time, the supernatant was

withdrawn and filtered through 0.45𝜇m membrane filter.
Residual phenol concentrationwas analyzedwith themethod
of spectrophotometry [14].The effect of operation parameters
such as dosage, contact time, and temperature on phenol
removal was investigated. The adsorption kinetics, thermo-
dynamics parameters, and isothermmodel were also studied.

The removal percentage of phenol (𝜂) and adsorption
capacity q (mg/g) were calculated using the following equa-
tions:

𝜂 (%) =
𝐶

0
− 𝐶

𝐶

0

× 100,

𝑞 =

(𝐶

0
− 𝐶)𝑉

𝑤

,

(1)

where 𝐶
0
is the initial phenol concentration (mg/L), C

is phenol concentration (mg/L) after adsorption, V is the
volume of the solution (L), and 𝑤 is the mass of the granules
(g).

3. Results and Discussion

3.1. SEM Characterization. The shape of materials, surface
texture, and even particle distribution can be observed and
analyzed by scanning electron microscope [15, 16]. SEM
pictures of the external and sectional view of the composite
granules are shown in Figure 1. It can be seen that this
kind of ceramic granules had many drapes and pores in
the surface. Some pores even penetrated into the internal
part. The section plane showed typical laminated and layered
structure in the granules, which amplified the specific surface
area of this material and favored pollutants adsorption into
the inner positions of this material.

3.2. Porous Characterization. Table 1 contains the data for
the granules with the mercury intrusion method in terms of
the total intrusion volume (𝑉ti), total pore area (𝐴 𝑡), median
pore radius (volume, 𝑅mv), median pore radius (area, 𝑅ma),
average pore radius (2V/A, 𝑅

𝑎
), apparent (skeletal) density

(𝐷
𝑎
), and porosity. The average pore radius in the granules

was 9.8 nm. The total pore area, porosity, and apparent
(skeletal) density of the granules reached 66.8m2/g, 60.1%,
and 4.63 g/mL, respectively. The relationship between pore
radius and incremental pore volume is shown in Figure 2.
The data indicated that the radius of meso- to macropores
was in the wide range of 1.5 nm to 45300 nm. The peak
of nanopores distribution was located at 10.5 nm with the
incremental pore volume of 0.03289mL/g, amounting to
about 10% of the total intrusion volume. The pores with
radius under 10 nm, 50 nm, and 100 nm accounted for 35.1%,
79.2%, and 91.4%, respectively. The proportion of pores with
radius above 100 nmwas only 8.6%.These data indicated that
the granular material was a kind of nanosize porous media
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(a) (b)

Figure 1: Typical SEM photographs of the ceramic granules: (a) external; (b) sectional.

Table 2: Main elements composition of the granules.

Main elements O Si C Al Mg Fe Ca K
Mass (%) 55.94 17.51 9.97 4.83 3.2 2.69 2.04 1.06

Trace elements composition of the granules.
Trace elements Cl Na S Ti Se Zn Mn Cu
Mass (%) 0.89 0.67 0.4 0.35 0.3 0.07 0.05 0.03

with high porosity and specific surface area, which were vital
parameters in the utilization as adsorbent.

3.3. Chemical Composition. As determined by EDS (Table 2),
the predominant elements were O, Si, C, Al, Mg, Fe, Ca, and
K, which amounted to 97.24% in total. There were also other
minor elements of Cl, Na, S, Ti, Se, Zn, Mn, and Cu. Element
composition of carbon accounted for 9.97% (mass fraction).
This is significant since it has been shown that carbon and
its compounds can significantly increase the porosity and
total pore area of ceramic granules made of fly ash [17, 18].
According to the elements composition, the chemical oxides’
components in the granules were calculated.Themain oxides
were SiO

2
(37.47%), Al

2
O
3
(9.13%), MgO (5.31%), Fe

2
O
3

(3.46%), CaO (2.86%), and K
2
O (1.28%).

3.4. Effect of Dosage on Phenol Adsorption. The effect of
granules dosage on phenol adsorption percentage (𝜂) and
adsorption capacity (q) was investigated by varying the
dosage from 20 g/L to 300 g/L at pH 7.0 and 288K with
initial phenol concentration of 100mg/L and contact time of
60min. The increase in dosage supplied more active sites at
the surface and the internal structures of the granules and
resulted in obvious rise in the phenol adsorption. As shown
in Figure 3, with the dosage increasing from20 g/L to 300 g/L,
the removal percentage of phenol with initial concentration
of 100mg/L increased obviously from 51.4% to 100%. So it was
feasible to remove phenol completely with sufficient granules
dosage. At 140 g/L dosage, nearly 90% of phenol was removed
from water.
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Figure 2: Distribution of pore size in the granules.
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Figure 4: Effect of contact time on phenol adsorption: (a) adsorption percentage and capacity variation with time; (b) pseudo-second-order
kinetic model. pH: 7.0; dosage: 140 g/L; temperature: 303K; initial concentration: 100mg/L.

It can also be seen that the adsorption capacity declined
obviously with dosage increase. The adsorption capacity at
300 g/L dosage was only 13.0% of that at 20 g/L dosage.
This indicated that the adsorption capacity could not be
fully utilized at high-dosage operations. Consequently the
granules after adsorption at high dosage could be reused at
low-dosage operations.

3.5. Effect of Contact Time and Adsorption Kinetics. The
effect of contact time on phenol adsorption was carried out
to ascertain the equilibrium point and adsorption kinetics
at pH 7 and 303K with the granules dosage of 140mg/L.
Figure 4(a) shows phenol adsorption variation versus contact
time. Before 105min, there were enough vacant adsorption
sites on the granules, and phenol adsorption almost increased
linearlywith contact time. Phenol removal rose from85.9% to
99.0% with contact time increasing from 45min to 105min,
indicating that contact time was a vital parameter for phenol
adsorption on the granular material. But it can also be
noticed that overlong contact time was not helpful when
the adsorption of phenol attained equilibrium between the
solution and the granules after 105min [19]. Phenol removal
percentage was maintained above 95% with contact time in
the range 90–105min. Subsequent experiments were done
with adsorption time of 90min, which was considered as
approximately sufficient for phenol removal from water with
the granules.

There are several kinetics models for substances adsorp-
tion such as the first-order kinetic model, pseudo-second-
order kinetic model, and an intraparticle diffusion kinetic
model [20]. The adsorption of phenol on the granular
material had the characteristics of both physisorption and
chemisorption [21]. Consequently, the pseudo-second-order
model might be more suitable for phenol adsorption on the
granules [22].

Table 3: Main thermodynamic parameters variation at different
temperatures.

𝑇 (K) Δ𝐺

∘ (kJ/mol) Δ𝐻

∘ (kJ/mol) Δ𝑆

∘ (J/mol K)
288 −9.93
298 −10.78
303 −11.20 14.42 84.56
308 −11.62
318 −12.47

The pseudo-second-order model can be expressed using

𝑡

𝑞

𝑡

=

1

𝑘

2
𝑞

2

𝑒

+

1

𝑞

𝑒

𝑡, (2)

where 𝑞
𝑒
is the equilibrium adsorption capacity (mg/g), 𝑞

𝑡

is the amount of phenol adsorbed at time t (min), and
𝑘

2
is the rate constant of pseudo-second-order adsorption

(g/(mgmin)).
𝑡/𝑞

𝑡
against t for the pseudo-second-order model is

shown in Figure 4(b). The correlation coefficient value
(𝑅2) reached 0.9967, implying that the pseudo-second-order
model was appropriate for phenol adsorption onto the gran-
ular material.

3.6. Effect of Temperature on Phenol Adsorption. The effect
of temperature on phenol adsorption was investigated with
the operation temperature ranging from 288K to 318 K with
initial phenol concentration of 100mg/L, contact time of
90min and solution pH of 7.0. Figure 5(a) shows the changes
of equilibrium concentration (𝐶

𝑒
) and adsorption capacity

(𝑞
𝑒
) under different temperatures. With the increase in tem-

perature from 288K to 318 K, 𝐶
𝑒
decreased from 10.18mg/L

to 5.97mg/L, whereas 𝑞
𝑒
increased slightly from 0.642mg/g

to 0.672mg/g. Phenol removal percentage and adsorption
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variation; (b) distribution coefficient (𝐾
𝐷
) variation.

capacity obviously increased with temperature rise, which
indicated that the adsorption of phenol on the granules
was not exothermic but endothermic [23]. The increase in
temperature supplied more energy to the phenol molecules
and more chances for phenol interaction with the active sites
at the surface and internal structure of the granules [24];
consequently more phenol was adsorbed. The increase in
phenol adsorption capacity of the granules with the increase
in temperature was similar to some carbonaceous adsorbents
[25].

The influence of temperature on phenol adsorption onto
the ceramic granules can be analyzed with thermodynamic
parameters including free energy change (Δ𝐺∘), enthalpy
(Δ𝐻∘), and entropy (Δ𝑆∘). The relation among the three
parameters can be expressed with (3), and Δ𝐺∘ can be
calculated with thermodynamic distribution coefficient (𝐾

𝐷
)

((4) and (5)) [26, 27]:

Δ𝐺

∘
= Δ𝐻

∘
− 𝑇Δ𝑆

∘
, (3)

where T is the temperature,

Δ𝐺

∘
= −𝑅𝑇 ln𝐾

𝐷
, (4)

where R is the universal gas constant (8.314 J/(mol K)), and

𝐾

𝐷
=

𝑞

𝑒

𝐶

𝑒

, (5)

where 𝐶
𝑒
and 𝑞

𝑒
are the equilibrium concentration and the

equilibrium adsorption capacity with units of mg/mL and
mg/g, respectively.

Consequently, (6) can be obtained with the combination
of (3) and (4). With the data in Figure 5(a), the thermody-
namic parameters of Δ𝐻∘ and Δ𝑆∘ were acquired with the
slope and intercept of Figure 5(b); then Δ𝐺∘ was calculated

using (3).The values of Δ𝐺∘, Δ𝐻∘, and Δ𝑆∘ for the adsorption
of phenol on the ceramic granules are shown in Table 3:

ln𝐾
𝐷
=

Δ𝑆

∘

𝑅

−

Δ𝐻

∘

𝑅𝑇

.

(6)

The positive value of Δ𝐻∘ indicated that the adsorption
of phenol was endothermic, which was also supported by
the slightly increase of the equilibrium adsorption capacity
with temperature rise. The positive value of Δ𝑆∘ suggested
the increase of randomness at liquid/solid interface during
phenol adsorption, which was mainly caused by the substi-
tution of water by phenol with larger molecular weight at the
interface [28]. The faster move of water molecules from the
solid interface to liquid face resulted in the increase of the
entropy. The negative free energy changes (Δ𝐺∘) indicated
that the adsorption of phenol on the ceramic granules was
spontaneous. Moreover, the decrease of Δ𝐺∘ with tempera-
ture showed that the adsorption was more favorable at higher
temperatures. As shown in Figure 5(a), the adsorption was
more complete at higher temperatures. However, Δ𝐺∘ only
changed from −9.93 kJ/mol to −12.47 kJ/mol with tempera-
ture ranging from 288K to 318 K, and adsorption capacity
also varied slightly with temperature variation.Therefore, the
influence of temperature on phenol adsorption was minor
compared with that of dosage and contact time. Phenol
adsorption on the ceramic granules can be accomplished at
normal temperatures.

3.7. Adsorption Isotherm. Adsorption isotherm is usually
used to describe the relationship between the equilibrium
adsorption capacity and equilibrium concentration under
a constant temperature. Langmuir isotherm model (7) and
Freundlich isotherm model (8) are usually used to describe
the distribution of adsorbates between the liquid phase and
the solid phase [29]. The adsorption isotherm of phenol on
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Figure 6: Adsorption isotherm of phenol onto the granules: (a) Langmuir model; (b) Freundlich model.

the ceramic granules was obtained with initial phenol con-
centration varying from 60mg/L to 140mg/L and granules
dosage of 140 g/L at 303 k.The adsorption time and initial pH
value were controlled at 90min and 7.0, respectively:

𝐶

𝑒

𝑞

𝑒

=

1

𝑄

𝑚
𝑏

+

𝐶

𝑒

𝑄

𝑚

, (7)

𝑞

𝑒
= 𝑘

𝑓
𝐶

𝑒

1/𝑛
, (8)

where𝑄
𝑚
is the adsorption capacity (mg/g), and b, 𝑘

𝑓
, and n

are characteristic constants of adsorption. For linearization
of the data, the Freundlich equation can be written in the
following logarithmic form:

ln 𝑞
𝑒
= ln 𝑘

𝑓
+

1

𝑛

ln𝐶
𝑒
.

(9)

The linearization of equilibrium data under different
initial concentrations showed that the adsorption of phenol
on the ceramic granules complied with both Langmuir and
Freundlich isothermmodel (Figure 6).𝑄

𝑚
and b in Langmuir

model were calculated to be 1.142mg/g and 0.381 L/mg. 𝑘
𝑓

and n in Freundlich model were estimated to be 0.378 and
2.545, respectively. Nevertheless, the 𝑅2 value of Langmuir
model was higher than that of Freundlich model, so the
Langmuir isotherm model was more appropriate for phenol
adsorption on the granules.

3.8. Overall Evaluation and Comparison with Other Adsor-
bents. This kind of ceramic granules is efficient and con-
venient to be used in phenol removal from water. After
saturation, the granules are easily to be separated from
the aqueous solution. There are many studies on phenol
removal with powder-activated carbon, fly ash [10], and
organobentonite [30]. However, suchmaterials can onlywork

efficiently with the integration of coagulation [31]. In this
study, with the ceramic granules’ application, there is no
need for other disposal steps of coagulation or sedimentation.
The adsorption with the granules can be operated under
normal temperature and neutral pH with high efficiency.
In the study of Parida and Pradhan [29] with manganese
nodule leached residue as adsorbent, the adsorption was
almost doubled with temperature increased from 298K to
338K, and phenol was only adsorbed completely at low pH.
Alzaydien and Manasreh [32] found that phenol adsorption
onto activated phosphate rock was also affected obviously
by pH and temperature. The adsorption capacity reached
the highest value at pH 8.0, whereas it decreased greatly
with temperature increase. In this study, the adsorption of
phenol onto the ceramic granules is also very fast, and it
can reach equilibrium at around 90min. In the study of
Srivastava et al. [9] with bagasse fly ash and activated carbon
to remove phenol, the optimum equilibrium timewas around
5 h, whereas in a study with zeolitic material made from
bagasse fly ash as adsorbent, the adsorption equilibrium time
was as long as 10 h [33].

4. Conclusions

The granules mainly made of coal fly ash were abundant
with nanosize pores. The specific surface area and porosity
reached 130.5m2/g and 60.1%, respectively. SiO

2
, Al
2
O
3
,

MgO, Fe
2
O
3
, CaO, K

2
O, and unburned carbon were the

main compositions in the granules.The granules showed high
efficiency in phenol adsorption. From solution with initial
phenol concentration of 100mg/L, more than 90% phenol
could be removed with contact time of 90min and dosage of
140 g/L. Although the adsorption of phenol on the granules
was endothermic, phenol adsorption on the granules could
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be operated under normal temperature efficiently. Phenol
adsorption on the granules complied well with the pseudo-
second-order kinetic model and Langmuir isotherm model.
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Manganese ferrite nanospheres constructed by nanoparticles were synthesized in high yield via a general, one-step, and template-
free solvothermal method. The product was characterized by X-ray diffraction (XRD), scanning electron microscope (SEM), and
transmission electron microscopy (TEM). BJH pore-size distribution shows that the sphere-like manganese ferrite particle was a
porous structure with a narrow pore-size distribution. The investigation of magnetic property of manganese ferrite nanospheres
reveals that the saturationmagnetization is high,which showes an excellent ability formagnetic removal of chromium inwastewater.

1. Introduction

Manganese ferrite is a kind of magnetic materials with cubic
spinel structure which have been extensively used in vari-
ous technological applications. The properties of manganese
ferrite highly depend on the composition, morphology, and
size, which are strongly connected with the preparation con-
ditions. Up to now, various morphologies and sizes of man-
ganese ferrite have been synthesized. For example, nanoparti-
cles ofMFe

2
O
4
(M =Mn, Co, andNi) with diameters ranging

from 5 to 10 nm have been obtained through a solvother-
mal method [1]. Zhang et al. reported the preparation of
octahedral-likeMnFe

2
O
4
crystallites fabricated using a TEA-

assisted route under mild conditions [2]. A large number
of high-purity Mn

1−𝑥
Zn
𝑥
Fe
2
O
4
nanocrystallites were syn-

thesized and these nanocrystallites oriented aggregation to
nanospheres [3]. Hollow spheres and colloidal nanocrystal
clusters ofMnFe

2
O
4
with similar submicron scales have been

synthesized controllably by a solvothermal method through
simply adjusting the synthesis microenvironment [4].

Chromium (Cr(VI)), one of the most toxic heavy metals,
is usually generated by the electroplating, metal finish-
ing, leather tanning, dye, and textile industries. Trivalent
chromium is less toxic than hexavalent chromium which
is carcinogenic to living organism [5, 6]. Therefore, Cr(VI)

should be removed from aqueous solution in order to protect
human health. Adsorption is a simple and effective method
in the removal of Cr(VI). Several kinds of materials were
used as adsorbents for heavy metal ions, such as zeolite [6],
active carbon [7, 8], boehmite [9], activated alumina [10],
aluminum magnesium mixed hydroxide [11] and, chitosan
[12]. These materials showed good performance for the
removal of Cr(VI) from aqueous solutions. However, these
kinds of adsorbents suffer from a common problem that it
needs a next separation process from the solution, which will
increase the operation cost. In order to avoid this problem,
some researchers have find that magnetic materials can be
a promising candidate to be easily separated from solution
through a magnetic field [13, 14], which is convenient for the
seperation of adsorbents from aqueous solution.

Magnetic adsorbent can provide a quick and effective
route for magnetic seperation from an aqueous solution.
Various applications have been carried out by usingmagnetic
materials in environmental protection [15], catalytic chem-
istry [16], and drug delivery [17]. In this paper, the application
of magnetic seperation technology was employed to solve
environmental problem. Although nanoparticles usually
showed a high surface area, the magnetic respond was low.
In this case, nanospheres constructed by nanoparticles have
a high surface area; at the same time, magnetization is high
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Figure 1: (a) XRD pattern, (b) SEM image, and (c)-(d) TEM images of manganese ferrite product prepared at 200∘C for 24 h.

enough for separating the adsorbent from aqueous solution
in a few seconds.

2. Experimental

2.1. Preparation of Manganese Ferrite Nanospheres. All
reagents are analytically pure and used as-received with-
out further purification. In a typical experiment, 4mmol
FeCl
3
⋅6H
2
O and 2mmol MnCl

2
⋅4H
2
O were dissolved in

50mL of ethylene glycol using magnetic stirring under room
temperature. 5mL ethanolamine was added to the above
solution and followed by magnetic stirring to form a homo-
geneous solution. Then, this solution was transferred into
a Teflon-lined stainless steel autoclave for hydrothermal
treatment at 200∘C for 24 h.After the autoclavewas allowed to
cool down to room temperature naturally, the solid products
were collected by centrifugation, washed separately with
distilled water and ethanol for several times, and then dried
in an oven at 60∘C before characterization and application.

2.2. Characterization. X-ray diffraction (XRD, Rigaku D/
max 2500 VPC, Japan) was used to analyze the composition

and crystal structure of the prepared products. The shapes
of the products were characterized by transmission electron
microscopy (TEM, JEM-1230, Japan) and scanning electron
microscope (SEM, Hitachi S4800, Japan). N

2
adsorption

and desorption isotherm was measured on a Micromeritics
ASAP-2020 nitrogen adsorption apparatus (USA). Magnetic
property data were collected with a quantum design physi-
cal property measurement system (PPMS). The absorption
spectra of the solutions were obtained on a UNIC 7200
spectrophotometer (China).

2.3. Adsorption of Cr6+. Adsorption experiments were
carried out with a desk-type constant temperature oscillator
(SHA-CA, China) at 25∘C at a rate of 200 r/min. 0.1 g
Mn ferrite adsorbent was added in 50mL chromium(VI)
solution (100mg/L) prepared by dissolving required amount
of potassium dichromate (K

2
Cr
2
O
7
) in distilled water.

Chromium(VI) concentrations were measured by 1,5-
diphenylcarbazide spectrophotometricmethod.The sorption
kinetics was investigated. After shaking for various time
intervals, the suspensions were separated with a magnet in
a few seconds. The equilibrium concentrations of chromium
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Figure 3: Nitrogen adsorption-desorption isotherms and the
inset—the BJH pore-size distribution of manganese ferrite product
prepared at 200∘C for 24 h.

were determined at 540 nm using a 7200 spectrophoto-
meter.

The removal percentage (𝑅%) of chromium was calcu-
lated using the following equation:

(𝑅%) =
𝐶

𝑖
− 𝐶

𝑒

𝐶

𝑖

× 100, (1)

where 𝐶
𝑖
and 𝐶

𝑒
are the initial and equilibrium concentra-

tions of chromium.

3. Results and Discussion

Thepowder XRD pattern of the product synthesized at 200∘C
for 24 h using 5mL ethanolamine is depicted in Figure 1(a).
Crystalline nature can be derived from the appearance of
sharp diffraction peaks in the XRD pattern prepared by the
solvothermal method, which can be well indexed to a pure
cubic phase of spinel manganese ferrite (JCPDS Card no. 38-
0430). Morphology of the sample is studied by TEM and
SEM. The SEM image of sample shows that the diameters of
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Figure 4: The magnetization hysteresis of manganese ferrite nano-
spheres at room temperature.

most of the spheres are in the range of 200–400 nm.The sur-
face roughness demonstrates the formation of a ferrite sphere
via the construction of nanoparticles (Figures 1(b) and 1(c)).
Careful observation from an enlarged spheres, as shown in
Figure 1(d), can further confirm the assembly of nanoparti-
cles.

Figure 2 was the EDAX spectrum of the obtained man-
ganese ferrite sample. The result shows that the as-prepared
manganese ferrite nanospheres contained Fe, O andMn, and
no contamination element is detected. The atomic ratio of
Fe :Mn is about 5.5, indicating that the chemical formula of
the as-synthesized Mn ferrite is nonstoichiometric in nature.

Figure 3 shows the nitrogen adsorption-desorption iso-
therm and pore-size distribution curve of manganese ferrite
nanospheres. Manganese ferrite nanospheres exhibit a type
IV isotherm with an H3 type hysteresis loop, namely, typ-
ical hysteresis loops of mesoporous materials. Moreover, a
sharp peak at 7 nm can be observed in the Barrett-Joyner-
Halenda (BJH) pore-size distribution curve (the inset of
Figure 3), which further demonstrates the existence of
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mesopores with a relatively narrow pore-size distribution.
The Brunauer-Emmett-Teller-(BET-) specific surface area of
manganese ferrite spheres is 52.39m2/g.

Figure 4 represents themagnetization curvesmeasured at
300K. As-prepared manganese ferrite nanospheres showed
high magnetization performance. The magnetic saturation
values reached 75 emu/g. As depicted in Figure 4(a), it is hard
to see an obvious hysteresis loop at the full scale. In the close-
up view (Figure 4(b)), the curve presents a very samll hystere-
sis loop with a remnant Mr of 1.2 emu/g and a coercivity Hc
of 12Oe, denoting the ferromagnetic behaviour of the sample.
This structural particle with highmagnetization performance
is supposed to be of great potential in magnetic seperation of
chromium in wastewater.

The relationship between contact time and chromium
adsorption onto Mn ferrite is shown in Figure 5.The adsorp-
tion increased from the beginning to 60min, and the removal
percentage increased to 35% at a contact time of 60min.
With a further increase in time, the adsorption approached to
equilibrium in all the cases. The fast adsorption at the initial
stage is probably due to the increased concentration gradient
between the adsorbate in solution and adsorbate in adsorbent
as there must be increased number of vacant sites available in
the beginning.The attainment of equilibrium adsorptionmay
be due to limited mass transfer of the adsorbate molecules
from the bulk liquid to the external surface of ferrite. As
shown in the inset of Figure 5,manganese ferrite nanospheres
were attracted toward the magnet within 10 s, demonstrating
directly that manganese ferrite nanospheres could be easily
separated from wastewater by applying a magnetic field.

4. Conclusion

In summary, the solvothermal method has been used to
successfully synthesize manganese ferrite nanospheres with
high magnetization. This approach developed a simple and
efficient route to fabricate manganese ferrite nanospheres in
large scale. The maximum saturation magnetization value of

the product is 75 emu/g, which showed a magnetic manipu-
lation of chromium in wastewater.
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Methane (CH
4
), ethane (C

2
H
6
), ethylene (C

2
H
4
), and acetylene (C

2
C
2
) are important fault characteristic hydrocarbon gases

dissolved in power transformer oil. Online monitoring these gaseous components and their generation rates can present the
operational state of power transformer timely and effectively. Gas sensing technology is the most sticky and tricky point in
online monitoring system. In this paper, pure and Pd-doped SnO

2
nanoparticles were synthesized by hydrothermal method and

characterized by X-ray powder diffraction, field-emission scanning electronmicroscopy, and energy dispersive X-ray spectroscopy,
respectively.The gas sensors were fabricated by side-heated preparation, and their gas sensing properties against CH

4
, C
2
H
6
, C
2
H
4
,

andC
2
H
2
weremeasured. Pd doping increases the electric conductance of the prepared SnO

2
sensors and improves their gas sensing

performances to hydrocarbon gases. In addition based on the frontier molecular orbital theory, the highest occupied molecular
orbital energy and the lowest unoccupied molecular orbital energy were calculated. Calculation results demonstrate that C

2
H
4
has

the highest occupied molecular orbital energy among CH
4
, C
2
H
6
, C
2
H
4
, and C

2
H
2
, which promotes charge transfer in gas sensing

process, and SnO
2
surfaces capture a relatively larger amount of electric charge from adsorbed C

2
H
4
.

1. Introduction

With the development of ultra-high voltage and extra-high
voltage electricity transmission and transformation project
[1, 2], the quantity and capacity of power transformers with
various voltage levels sharply increase. Power transformers
are essential electrical apparatus, and their operating con-
ditions directly affect the safety and reliability of the power
system [3–5]. Faults happened in power transformers bring
huge economic losses to our national economy [6]. Now,
most of the large power transformers are in oil-paper insu-
lation structures. When internal insulation faults occur in a
transformer, the transformer generates some low molecular
hydrocarbon gases [7–9], such as methane (CH

4
), ethane

(C
2
H
6
), ethylene (C

2
H
4
), and acetylene (C

2
H
2
), and most

of these gaseous components are dissolved in transformer
oil. Online monitoring the component contents of these
dissolved hydrocarbon gases and their generation rates is one

of the most effective and convenient methods for diagnosing
transformer incipient faults.Thismethod can distinguish dif-
ferent types of faults which happened in power transformer,
such as overheating, partial discharge, spark discharge, and
arcing discharge [10–13].

Gas sensing technology is the core of online monitoring.
At present, semiconductor gas sensors [14, 15], palladium
gate field effect transistors [16], catalytic combustion sensors
[17, 18], fuel cell sensors [19], and optical sensors [20, 21] are
mainly methods utilized to detect characteristic fault gases.
Given remarkable advantages of simple fabrication process,
low maintenance cost, rapid response and recovery time,
long service life [22], metal oxide semiconductor materials
like SnO

2
[22], ZnO [23], TiO

2
[24], and In

2
O
3
[25] have

been receiving scientific and technological importance for
many years [26, 27] and widely used to detect flammable,
explosive, and poisonous gases. However, when used to
detect hydrocarbon gases traditional SnO

2
-based gas sensor
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Figure 2: XRD patterns of (a) pure, (b) 1 wt%, (c) 3 wt%, and (d)
5wt% Pd-doped SnO

2
nanoparticles.

presents some limitations such as low gas response and high
operating temperature [28]. Many relevant studies have been
conducted to enhance the sensing performances of SnO

2
[29–

31]. Doping noble metal is an effectivemethod to improve the
gas sensing properties of conventional thick or thin film gas
sensor [32, 33]. However, due to the same composition and
similar structure for the four hydrocarbons, the gas sensing
mechanism is still unclear and lack detail understandings.

In this work, SnO
2
samples doped withmetallic ions Pd2+

(1, 3, and 5wt%) were prepared using a simple hydrothermal
synthesis route. The crystalline structures, chemical compo-
sitions, and surface morphologies of the prepared samples
were performed by X-ray powder diffraction (XRD), field-
emission scanning electronmicroscopy (FESEM), and energy
dispersive X-ray spectroscopy (EDS), respectively; as well as
their gas sensing properties to CH

4
, C
2
H
6
, C
2
H
4
, and C

2
H
2

were measured. Furthermore, the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular
orbital (LOMO) of hydrocarbon gases and the density of
states (DOS) of SnO

2
(110) surface were calculated.

2. Experimental

2.1. Preparation and Characterization of Materials. Pure
and Pd-doped SnO

2
powders were prepared by hydrother-

mal method usingSnCl
4
⋅5H
2
O, Na

2
SO
4
⋅5H
2
O, PdCl

2
⋅2H
2
O,

NaOH, absolute ethanol, and distilled water as precursors.
All chemical reagents were of analytical grade and purchased
from Beijing Chemicals Co. Ltd. In this study, 0.903 g of
NaOH, 1.262 g of SnCl

4
⋅5H
2
O, 0.3 g of Na

2
SO
4
⋅5H
2
O, 30mL

of absolute ethanol, and 30mL of distilled water were mixed
together. Then, the compound metal salt PdCl

2
⋅2H
2
O was

added drop by drop to the mixed solution with intense
magnetic stirring. The mass ratio of the total metallic ions
added was estimated in a molar ratio of 1, 3, and 5wt%,
respectively. The reaction mixtures were magnetically stirred
for about 30min and then transferred into a 100mL Teflon
autoclave. The vessel was sealed and heated at 180∘C for
24 h in an electric furnace. The prepared products were
centrifuged and then washed several times with distilled
water and absolute ethanol until Cl− could not be detected
by 0.1mol/L AgNO

3
aqueous solutions. Finally, the products

were further air-dried for further characterization.
The crystalline structures of the products were investi-

gated using X-ray powder diffraction.The surface morpholo-
gies of both pure and Pd-doped SnO

2
samples were charac-

terized by field-emission scanning electron microscopy. An
energy dispersive X-ray spectroscopy analysis was utilized to
confirm the chemical compositions of the prepared samples.

2.2. Fabrication andMeasurement of Sensors. To fabricate the
sensors, the synthesized samples were mixed with absolute
ethanol and distilled water at a weight ratio of 80 : 10 : 10
to form a paste. The paste was then screen-printed on an
Al
2
O
3
ceramic tube, in which a pair of gold electrodes was

previously printed. And an Ni-Cr heating wire was inserted
into the tube to form a side-heated gas sensor. Figure 1 shows
the structure of a side-heated gas sensor.

Its gas sensing properties were measured by a chemical
gas sensor-8 (CGS-8) intelligent gas sensing analysis system
(Beijing Elite Tech Co., Ltd., China). The sensors were pre-
heated at different operating temperatures for about 30min.
When electric resistances of all the sensors were stable, a tar-
geted gas was injected into the test chamber (20 L in volume)
by a microinjector through a rubber plug. The targeted gas
was mixed with air by using two fans in the analysis system.
After the sensor resistance values reached a new constant
value, the test chamber was opened to recover the sensors.
All measurements were performed in a laboratory fume
hood. Sensor electric resistance and gas response values were
automatically acquired by the analysis system. The whole
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Figure 4: EDS spectra of (a) pure and (b) 3wt% Pd-doped SnO
2
nanoparticles.

experiment process was performed in a clean room with
constant humidity and temperature, which were monitored
by the analysis system.

The relative variation of the gas response was defined as
𝑆 = (𝑅

0
− 𝑅)/𝑅

0
, where 𝑅

0
and 𝑅 represent the resistance of

the sensor in air and in targeted gas, respectively. Response
time and recovery time were defined as the time taken by the

sensor to reach 90% of the total resistance change when gas in
and 10% when gas out, respectively. All measurements were
repeated several times in order to ensure the reproducibility
of the gas sensing response.

2.3. Theoretical Calculation Method. The orbital energy was
calculated with the DMol3 module, which is based on the
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linear combination of the atomic orbits. The exchange-
correlation function between electrons is described by the
revised Perdew-Burke-Ernzerh form of the generalized gra-
dient approximation [34–36]. The orbital cutoff quality was
set as 4.3 Å, and the maximum root-mean-square convergent
tolerance is 1.0 × 10−6 eV/atom. The basis set was approxi-
mated with a double numerical orbit base group and an orbit
polarization function to handle the p orbit polarization of
hydrogen atom.

3. Results and Discussions

3.1. Structural Characterization. X-ray powder diffraction
patterns of the synthesized pure and Pd-doped (1, 3, and
5wt%) SnO

2
samples were shown in Figure 2. It is obvious

that the prominent peaks of (110), (101), (211), and other
smaller peaks are corresponding to the standard data file
of rutile SnO

2
(JCPDS 41–1445). As the amount of metallic

ions doped in SnO
2
is small, no other metal-oxide diffraction

features were observed in the patterns. With the amount of
metallic ions doped in SnO

2
increasing, the relative intensity

of the diffraction peaks decreases, and the full width at half
maximum increases. Based on the Scherrer equation D =
0.89𝛾/(𝛽 cos 𝜃), where 𝛾 presents the X-ray wavelength, 𝛽
means the half peak width, and 𝜃 is the Bragg angle, the
calculated average particle size of pure SnO

2
samples is about

50 nm, and it is about 35–40 nm for Pd-doped SnO
2
samples.

Field-emission scanning electron microscopy was used
for characteristic surface morphologies of the prepared sam-
ples. One can clearly see in Figure 3 that the crystal particles
of prepared samples are uniform in size and have a nearly
spherical shape. As shown in Figure 3(a), the average size of
pure SnO

2
nanospheres is about 50 nm, and the image inset

in Figure 3(a) presents a high-resolution image of a single
nanosphere. As seen in Figures 3(b)–3(d), the diameters of
the sphere-like Pd-doped SnO

2
samples are ranging from 25

to 30 nm. From these images, it is clearly seen that doping
a moderate amount of noble metallic ions Pd2+ affects the
shapes of SnO

2
slightly but inhibits the crystalline growth of

the samples evidently.
In order to further check whether metallic ions Pd2+ were

successfully doped into the SnO
2
particles, energy dispersive

X-ray spectroscopywas used to confirm the elemental chemi-
cal compositions of the prepared samples. Figure 4 shows the
EDS spectra of pure and 3wt%Pd-doped SnO

2
nanoparticles.

As shown in Figure 4(a), the EDS spectra reveal the elemental
compositions of Sn, O, C, and Cu, and no other peaks have
been found. Nevertheless, the presence of Pd element is
confirmed in the EDS date of Figure 4(b), and the atomic
percentage of Pd in the samples is calculated to be about
3wt%.

3.2. Gas Sensing Properties. Figure 5 shows the electric resis-
tance properties of the prepared SnO

2
-based sensors at

different temperatures in pure air. As seen in Figure 5, the
resistance values of all the sensors decrease when the working
temperature increases from 200 to 500∘C, which is the
intrinsic characteristic of a semiconductor gas sensor. It is
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Figure 5: The electric resistance properties of the prepared sensors
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also observed that the resistance of the SnO
2
sensor decreases

somewhat after Pd2+ ions doping. When worked at a same
temperature, the electric resistance value decreases in the
order of pure 1, 3, and 5wt% Pd-doped SnO

2
sensors, which

means doping amoderate amount of noblemetal can improve
the electric conductivity of our prepared sensor, and 5wt% is
the optimum doping content among our samples.

It is well known that gas sensing performances of metal
oxide semiconductor gas sensor are attributed to the changes
of electric conductance and particularly dominantly con-
trolled by band structure, conduction band, and valence band
near the Fermi level.
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Figure 7: Gas responses of the sensors to 100 𝜇L/L of CH
4
, C
2
H
6
, C
2
H
4
, and C

2
H
2
at different operating temperatures (room temperature at

25∘C and relative humidity as 60%).

Rutile SnO
2
crystal has four major low-index surfaces

(110), (101), (100), and (001) [37, 38]. The (110) surface is the
most thermodynamically stable surface and has been widely
used to investigate the surface properties of SnO

2
. Thus, the

density of states (DOS) of SnO
2
(110) surface before and

after Pd2+-doping were calculated by replacing partial Sn
atoms on the (110) surface (Sn : Pd = 4 : 1). As shown in
Figure 6 after Pd2+-doping the DOS of SnO

2
(110) surface

shifted downward somewhat, the band gap narrowed and
new doping levels appeared near the Fermi level. Pd2+-
doping promotes electron transfer between conduction band
and valence band and improves the electric conductance
properties of the sensor.

The gas responses of these sensors against CH
4
, C
2
H
6
,

C
2
H
4
, and C

2
H
2
were measured at different operating tem-

peratures to find out their optimum operating temperatures.

The gas responses of the sensors to 100 𝜇L/L of CH
4
, C
2
H
6
,

C
2
H
4
, and C

2
H
2
at different operating temperatures were

indicated in Figure 7, respectively. For each gas, the gas
response values of the sensor increase at different degrees
firstly and reach itsmaximumvalue at the optimumoperating
temperature and then decrease rapidly with the operating
temperature rising. This tendency is commonly observed in
pure and Pd2+-doped SnO

2
sensors. As shown in Figure 7,

the optimum operating temperature of the prepared sensor
to 100 𝜇L/L of CH

4
, C
2
H
6
, C
2
H
4
and C

2
H
2
are about

400, 400, 350 and 350∘C, respectively, which is attributed
to the sensor showing the maximum gas response at the
corresponding operating temperature. It is also noted that
for each hydrocarbon gas the sensor doped with 5wt% Pd2+
exhibits the highest sensitivity among the four prepared sen-
sors. Correspondingly, when worked at optimum operating
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Figure 9: The gas molecule models of CH
4
, C
2
H
6
, C
2
H
4
, and C

2
H
2
.

temperatures, the gas responses of the 5wt% Pd2+-doped
sensor against 100 𝜇L/L of CH

4
, C
2
H
6
, C
2
H
4
, and C

2
H
2

are about 4.95, 5.89, 6.78, and 7.22, respectively, which are
obviously larger than those of pure 1 and 3wt% Pd2+-doped
sensors.

The gas response of the 5wt% Pd2+-doped SnO
2
sensor to

different gas concentrations of CH
4
, C
2
H
6
, C
2
H
4
, and C

2
H
2

is shown in Figure 8, where the sensor worked at its own
optimum operating temperatures as mentioned above. One
can clearly see in Figure 8 that with the gas concentration
increasing, the gas response of the sensor has an increasing
trend in different degrees. Among the four characteristic

hydrocarbons, the sensor exhibits maximum response to
C
2
H
4
, followed by C

2
H
2
, C
2
H
6
, and CH

4
with a descending

order. The relationship between gas response and concentra-
tion is quasilinear, which indicates that our prepared sensor
can be used to online monitor and detect characteristic
hydrocarbon gases dissolved in transformer oil.

Based on the molecular frontier orbital theory, a large
number of gas molecular properties are decided by the orbits,
particularly HOMO orbits and LOMO orbits [36], which
determine the ability of atoms to gain or loss electrons and
perform electronic transfer. It is considered that HOMO
orbits occupied with the highest energetic electrons are
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easy to lose electrons, whereas LUMO orbits occupied with
the lowest unoccupied electrons are demonstrated to easily
capture electrons during the gas sensing process.

Tin oxide is a typical n-type semiconductor material, and
characteristic fault hydrocarbons like CH

4
, C
2
H
6
, C
2
H
4
, and

C
2
H
2
are reducing gases. During the gas sensing process,

reducing gas molecules manifest to lose electrons, and SnO
2
-

based gas sensor would capture the same number of elec-
trons lost by adsorbed gas molecules. The electrons received
by sensing materials increase the number of carriers and
decrease the height of the barrier in the depletion region.
In order to further understand the difference of the 5wt%
Pd2+-doped SnO

2
sensor exhibiting various gas responses

to hydrocarbon gases, orbital energies of CH
4
, C
2
H
6
, C
2
H
4
,

and C
2
H
2
were calculated through the quantum mechanics

program. The models of built hydrocarbon gases are shown
in Figure 9. After geometry optimization, orbital energy
calculations were performed using the DMol3 module.

As shown in Figure 10, the HOMO energy values of CH
4
,

C
2
H
4
, C
2
H
2
, and C

2
H
6
are −0.3441, −0.2401, −0.2542, and

−0.2995 eV, respectively, and the LUMO energy values for
CH
4
, C
2
H
4
, C
2
H
2
, and C

2
H
6
are 0.0834, −0.0272, 0.0121, and

0.0702 eV. Based on the molecular frontier orbital theory, gas
molecules easily lose electrons with a higher HOMO. Thus,
the ability of losing electron weakens in the following order
of C
2
H
4
, C
2
H
2
, C
2
H
6
, and CH

4
. The possibility of electron

transfer between adsorbed gas molecules and adsorption
surface diminishes with the sequence of C

2
H
4
, C
2
H
2
, C
2
H
6

and CH
4
. Because C

2
H
4
has the highest HOMO among the

four hydrocarbon gases, a relatively higher gas response of the
prepared sensor to C

2
H
4
is observed. On the contrary, a rel-

atively lower gas response was measured to CH
4
. Theoretical

calculation results highly agree with our experimental data
as mentioned in Figure 8. This finding provides a qualitative
understanding for the 5wt% Pd2+-doped SnO

2
sensor, which

indicates different gas responses to CH
4
, C
2
H
6
, C
2
H
4
, and

C
2
H
2
with the same gas concentration.

Figure 11 presents the voltage responses of the 5wt%
Pd2+-doped SnO

2
gas sensor to 50𝜇L/L of CH

4
, C
2
H
6
,

C
2
H
4
, and C

2
H
2
, where the sensor worked at the optimum

operating temperature. It is an intrinsic characteristic of the
prepared SnO

2
-based sensor that voltage response sharply

increased when gas in and dramatically decreased when gas
out. As seen in Figure 11, the prepared sensor shows rapid
response and recovery to CH

4
, C
2
H
6
, C
2
H
4
, and C

2
H
2
, and

for each gas, the recovery time is somewhat longer than the
response time. Such a rapid response and recovery property
could be attributed to the doping effect of the doped metallic
ions, which provide some new activity points and catalyze the
gas sensing process [29, 33, 34].

4. Conclusions

Pure and Pd-doped nano-SnO
2
particles were successfully

prepared and characterized by XRD, FESEM, and EDS,
respectively. The sensor doped with 5wt% Pd2+ ions shows
a higher electric conductance and gas sensing properties to
characteristic fault hydrocarbons with rapid response and
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Figure 11: Response and recovery property of the 5wt% Pd2+-
doped sensor to 50 𝜇L/L of CH

4
, C
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, and C
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(room

temperature at 25∘C and relative humidity as 60%).

recovery property. The optimum operating temperatures of
the 5wt% Pd-doped sensor are about 400, 400, 350, and
350∘C for 100 𝜇L/L of CH

4
, C
2
H
6
, C
2
H
4
, and C

2
H
2
with gas

responses of 4.95, 5.89, 6.78, and 7.22, respectively. Based on
themolecular frontier orbital theory calculations, theHOMO
energy values of CH

4
, C
2
H
6
, C
2
H
4
, and C

2
H
2
are −0.2401,

−0.2542, −0.3441, and −0.2995 eV, separately. The ability of
lose electrons weakens in the following order: C

2
H
4
, C
2
H
2
,

C
2
H
6
, and CH

4
. Therefore, the sensor exhibits a larger gas

response to C
2
H
4
among the four characteristic hydrocarbon

gases. These findings provide a further insight to understand
different gas sensing properties of the prepared sensors to
CH
4
, C
2
H
6
, C
2
H
4
, and C

2
H
2
.
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Porous calcium silicate hydrate (PCSH) was synthesized by carbide residue and white carbon black.The influence of hydrothermal
temperature on phosphorus recovery efficiency was investigated by Field Emission Scanning Electron Microscopy (FESEM),
Brunauer-Emmett-Teller (BET), and X-Ray Diffraction (XRD). Hydrothermal temperature exerted significant influence on
phosphorus recovery performance of PCSH. Hydrothermal temperature 170∘C for PCSH was more proper to recover phosphorus.
PCSH could recover phosphorus with content of 18.51%. The law of Ca2+ and OH− release was the key of phosphorus recovery
efficiency, and this law depended upon the microstructure of PCSH. When the temperature of synthesis reached to 170∘C, the
reactions between CaO and amorphous SiO

2
were more efficient. Solubility of SiO

2
was a limiting factor.

1. Introduction

Phosphorus recovery fromwastewater in the form of hydrox-
yapatite is an effective method [1]. However, the optimal pH
value for the formation of hydroxyapatite is in the range of
10.5∼12.5 [2]. But this pH value is too high to biochemical
treatment system where the pH value is located between 6.0
and 9.0 [3].

Phosphorus recovery on the condition of alkalescency
not only decreased the significant competition between car-
bonate and calcium, but also decreased the cost of chemical
treatment and increased the effective phosphorus composi-
tion of the final products [4]. To address these issues, calcium
silicate hydrate was introduced [5]. The existing researches
showed that calcium silicate hydrate could be considered as a
very attractive and promisingmaterial to remove phosphorus
from wastewater when compared with the common natural
materials [6]. Because calcium silicate hydrate could release
Ca2+ and OH− [7], Ca2+, OH− and PO

4

3− in the solution
form a condition locally for the growth of HAP, which could
grow with pH = 8.0-9.0. In order to achieve this goal, it
is necessary to find a process condition to prepare calcium
silicate hydrate.

From a theoretical and practical point of view, the
synthesis, properties, and structure of calcium silicate hydrate

have been analyzed in detail [8–11]. Dynamic hydrothermal
synthesis is a common method to prepare calcium silicate
hydrate [12, 13]. Hydrothermal temperature is one of themost
important factors, which determine the microstructure of
calcium silicate hydrate [14]. Prophase researches showed that
the difference of microstructure has an effect on the phos-
phorus recovery performance of calcium silicate hydrate.
However, the bottleneck problem was that it was hard to
determine the appropriate hydrothermal temperature for the
preparation of the calcium silicate hydrate which possesses
the phosphorus recovery performance.

The main aim of the research is to find a proper
hydrothermal temperature for calcium silicate hydrate to
recover phosphorus. The originality and importance of this
paper are highlighted by the following three points.

(1) PCSH was synthesized by carbide residue and white
carbon black with a dynamic hydrothermal method.
The influence of hydrothermal temperature on phos-
phorus recovery performance was investigated.

(2) The relationship between pore structure and the law
of Ca2+ and OH− release was established by Avrami
kinetic model.
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Table 1: Chemical components of carbide residue and white carbon black.

Chemical components (contents)/%
CaO SiO2 Al2O3 SO2 MgO Fe2O3 SrO NaOH CuO H2O

Carbide residue 79.34 3.57 2.14 1.22 0.62 0.21 0.26 — — 12.64
White carbon black 0.08 97.46 0.16 1.82 — 0.03 — 0.29 0.02 0.14

(3) The mechanism of phosphorus recovery was studied
by FESEM, BET, and XRD on the basis of an in-depth
critical investigation.

2. Materials and Methods

2.1. Preparation of PCSH. PCSH was synthesized with car-
bide residue (providing Ca) and white carbon black (pro-
viding Si). Carbide residue (calcareous, hoar, and powdery)
was obtained from Chongqing Changshou Chemical Co.
Ltd. and calcined at 700∘C for 2 h. White carbon black
(particles present spherical with homogeneous diameter)
was purchased from Chongqing Jianfeng chemical Co. Ltd.
Chemical constituents of carbide residue and white carbon
black are shown in Table 1. The phosphorus solution was
adjusted by adding KH

2
PO
4
(Analytical reagent, Chongqing

Boyi Chemical reagent Co. Ltd.) to prepare solution with
initial phosphorus concentration of 100mg/L. The above
materials and chemicals were placed into sealed bottles for
storage.

Carbide residue and white carbon black were mixed,
and the Ca/Si molar ratios were controlled at 1.6 : 1. The
mixture was then added to prepared slurries. The slurry was
hydrothermally reacted at 110∘C, 140∘C, 170∘C, and 200∘C,
respectively, and the reaction time was 6 h. The samples were
taken out when the temperature was reduced to the natural
condition. The hydrothermal reaction was carried out with
a liquid/solid ratio of 30. The obtained products were dried
at 105∘C for 2 h, and then were ground through a sieve of
200 meshes. The prepared samples that were hydrothermally
reacted at 110∘C, 140∘C, 170∘C, and 200∘C were denoted as
PCSH: 110∘C, PCSH: 140∘C, PCSH: 170∘C, and PCSH: 200∘C,
respectively.

2.2. Evaluation of Phosphorus Recovery Performance. Firstly,
synthetic solution (1 L) was added into several bottles. 4 g of
samples were added to these bottles, respectively, and shaken
at 40 r/min under controlled temperature conditions (20∘C).
Phosphorus concentration of supernatant was measured
according to themolybdenumblue ascorbic acidmethod (the
relative error of data is 0.3%) with a Unico spectrophotome-
ter (UV-2012PCS, Shanghai Unico Instruments Co., Ltd.,
China). The solid samples were then separated from the
removed synthetic solution with the addition of samples
after reaction. Finally, the produced sedimentswere separated
from removed synthetic solution, dried, and weighted. Phos-
phorus was contented by

𝑃 =

(𝐶

0
− 𝐶

𝑡
) × 𝑣

𝑤

× 100%, (1)

where 𝐶
𝑡
is the restrained phosphorus concentration in

synthetic solution (mg/L), 𝑣 is the volume of the solution
(L), 𝑤 is the mass of produced sediment after phosphorus
recovery (mg), and𝐶

0
is the initial phosphorus concentration

(mg/L).
4 g of samples (PCSH: 110∘C, PCSH: 140∘C, PCSH: 170∘C,

and PCSH: 200∘C) were immersed in 1 L of demonized water,
respectively, contained in a glass bottle, generating samples
with a solution concentration of 4 g/L. The bottle was placed
on an agitation table and shaken at 40 r/min under controlled
temperature conditions (20∘C). Samples of solution were
taken after 5, 10, 15, 20, 40, 60, and 80mins of agitation.
Ca2+ concentration of the samples was determined by EDTA
titration (the relative error of data is 0.05%).

2.3. Characterization Methods. XRD patterns were collected
in an XD-2 instrument (Persee, China) using Cu K𝛼 radi-
ation. FESEM images were collected on an S-4800 field
emission scanning electron microscope (Hitachi, Japan).
BET surface areas were measured by nitrogen adsorption at
77.35 K on an ASAP-2010 adsorption apparatus (Micromerit-
ics, USA).

3. Results and Discussion

3.1. Phosphorus Recovery Performance of PCSH. The PCSH
samples were separated from the removed synthetic solution
after phosphorus removal, and these samples were added
into synthetic solution with initial phosphorus concentration
100mg/L again. This process was repeated for several times
in order to explore the phosphorus recovery performance
of PCSH. Changes of restrained phosphorus concentration
are shown in Figure 1. There were great differences among
the phosphorus recovery performance of these samples.
Phosphorus content of PCSH: 110∘C was only 6.49% after 7
times of phosphorus removal. Phosphorus content of PCSH:
140∘Cwas 9.07% after 9 times of phosphorus removal. PCSH:
170∘C could remove phosphorus repeated for 15 times, and
phosphorus content of this sample reached 18.51%. Phospho-
rus content of PCSH: 200∘C was 12.92% after 11 times of
phosphorus removal. Generally speaking, the material could
be used as a high grade phosphorus ore when the phosphorus
content of this material exceeds 15% [15]. Therefore, the
hydrothermal temperature 170∘Cwas beneficial for the PCSH
to phosphorus removal. As seen in Figure 2, these samples
reflected good phosphorus removal efficiency when pH
values maintained 8.0∼9.0. But with the times of phosphorus
removal increased, pH values and the phosphorus removal
efficiency of PCSH samples declined. The concentration
of restrained phosphorus kept unchanged when pH values
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Figure 1: Changes of restrained phosphorus concentration by
circulation of phosphorus removal.

declined to 7.0. This phenomenon showed that these samples
had no phosphorus recovery performance on the condition of
neutral. In contrast, PCSH: 170∘C could maintain pH values
at a range of 8.0∼9.0 more effectively.

3.2. The Pore Structure and Ca2+ Release of PCSH. Specific
surface area and pore size distributionwere calculated byBET
equation and Barrett-Joyner-Halenda method, respectively
(Figure 3). The nitrogen sorption analysis was conducted to
reveal the pore structure of calcium silicate hydrate. All three
samples showed similar adsorption-desorption isotherms,
which could be classified as type IV according to IUPAC
nomenclature [16]. The results suggested the phenomenon of
adsorption hysteresis loop. That mean mesopore or narrow
gap pore existed on sample. Adsorption in mespore occurred
mainly in medium pressure region (0.4 < 𝑃/𝑃

0
< 0.9).

When the hydrothermal temperature was lower than 170∘C,
with the increase of hydrothermal temperature, the phe-
nomenon of adsorption hysteresis loop became obvious and
the adsorption curve increased. While the adsorption curve
of PCSH: 200∘C declined slightly, specific surface areas of
PCSH: 110∘C, PCSH: 140∘C, PCSH: 170∘C, and PCSH: 200∘C
were 11.91, 49.85, 113.36, and 59.67m2/g, respectively. Pore
volumes of these sampleswere 0.07, 0.15, 0.53, and 0.30 cm3/g,
respectively.

The morphology of PCSH: 110∘C, PCSH: 140∘C, PCSH:
170∘C, and PCSH: 200∘C was examined by FESEM observa-
tions (Figure 4). It could be indicated from the photographs
that the surface structure of PCSH: 110∘C seems dense with
pore size inhomogeneous distribution. The surface structure
of PCSH: 140∘C and PCSH: 200∘C seems dense with pore
size homogeneous distribution. In contrast, PCSH: 170∘C
possesses obverse fibrous-network structure with a large
number of mesopores, and the particle size of spherical
particle distributed from 25 to 30 𝜇m uniformly.
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The experiments showed that Ca2+ concentration dis-
solved from PCSH: 110∘C, PCSH: 140∘C, PCSH: 170∘C, and
PCSH: 200∘C was 2.70, 3.11, 4.91, and 3.76mg/g, respectively
(Figure 5). This result showed that PCSH: 170∘C reflected
better performance of Ca2+ release. The experimental capac-
ities of Ca2+ release were potted according to Avrami kinetic
model as follows [17]:

− ln (1 − 𝑥) = 𝑘𝑡𝑛, (2)

where 𝑘 is the kinetic constant, 𝑛 is the characteristic constant
of solid, 𝑡 is the reaction time (min) and 𝑥 (𝑥 = 𝐶

𝑡
/𝐶max, 𝐶𝑡

is concentration of time 𝑡 (mg/L), and 𝐶max is concentration
of the maximum (mg/L) is the fraction conversion. The
characteristic constant 𝑛 was 0.947. The kinetic constants
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Figure 4: FESEM photographs of samples. (a) PCSH: 110∘C; (b) PCSH: 140∘C; (c) PCSH: 170∘C; (d) PCSH: 200∘C.

were determined by fitting the Avrami kinetic model to the
experimental data obtained from Table 2. The high correla-
tion coefficients (𝑅2 > 0.9) indicated that this model could
describe the law of Ca2+ release well. Combined with specific
surface area (𝑆) of samples, a relationship between 𝑘 and 𝑆
could be established as follows:

𝑘 = 0.018𝑆

0.315
.

(3)

According to (3), specific surface area of samples and the
rate of Ca2+ release were in good agreement with each other.
The relationship between specific surface area and dissolved
concentration of Ca2+ was obtained by substituting (3) into
(2) as follows:

− ln (1 − 𝑥) = 0.018𝑆0.315𝑡0.947. (4)

According to (4), concentration of Ca2+ release was
related to specific surface area. This result demonstrated
the influence of hydrothermal temperature on phosphorus
recovery performance. Hydrothermal temperature affected
the pore structure and the performance of Ca2+ release. Ca2+
was released faster due to the larger specific surface area.
Comparatively speaking, PCSH: 170∘C possesses larger spe-
cific surface area. Porous structure provided a local condition
to maintain a high concentration of Ca2+ release. PCSH:

170∘C could release a suitable concentration of Ca2+ andOH−
to maintain the pH values during 8.0∼9.0. Phosphate existed
in the form of HPO

4

2− in the range of these pH values [18].
Ca2+, OH−, and HPO

4

2− formed a local condition with high
concentration.This condition was beneficial to the formation
of hydroxyapatite with pH = 8.0∼9.0. The major reaction of
the hydroxyapatite crystallization on PCSH crystal seed was
as follows:

5Ca2+ +OH− + 3HPO
4

2−
󳨀→ Ca

5
(PO
4
)

3
(OH) ↓ +3H+.

(5)

3.3. Mechanism of Hydrothermal Temperature Effect on Phos-
phorus Recovery Performance. Themechanism of hydrother-
mal temperature effect on phosphorus recovery performance
could be further investigated by XRD. The XRD patterns of
PCSH samples were compared (Figure 6). The main phase
of PCSH: 110∘C was SiO

2
(PDF card 18-1169), and this result

indicated that carbide residue and white carbon black had
not reacted completely. When the hydrothermal temperature
increased to 140∘C, the main phase included Jennite (PDF
card 18-1206, chemical formula Ca

9
Si
6
O
18
(OH)
6
⋅8H
2
O) and

SiO
2
, but the principal peaks of Jennite were not obvious.

In this stage, a part of SiO
2
had involved in the forma-

tion of Jennite, but the reaction was not completely, so



Journal of Nanomaterials 5

Table 2: Correlation equations and rate constants for the Avrami kinetic model describing Ca2+ release.

Samples Avrami kinetic equations Kinetic constant (𝑘) Correlation coefficient (𝑅2)
PCSH: 110∘C − ln(1 − 𝑥) = 0.039𝑡0.947 0.039 0.973
PCSH: 140∘C − ln(1 − 𝑥) = 0.052𝑡0.947 0.052 0.985
PCSH: 170∘C − ln(1 − 𝑥) = 0.085𝑡0.947 0.085 0.998
PCSH: 200∘C − ln(1 − 𝑥) = 0.066𝑡0.947 0.066 0.988
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Figure 5: Concentrate of Ca2+ dissolved from samples.

the content of Jennite was low. When the hydrothermal
temperature reached to 170∘C, the principal peaks of Jennite
appeared instead of the principal peaks of SiO

2
in the XRD

patterns. This result indicated that the main component of
PCSH: 170∘C was Jennite. As the hydrothermal temperature
heated to 200∘C, the production included jennite, xonotlite
(PDF card 23-0125, chemical formula Ca

6
Si
6
O
17
(OH)
2
), and

Ca
3
Si
2
O
7
(PDF card 11-0317).

As the siliceous material, white carbon black exhibited
high activity [19]. Therefore, the hydrothermal reaction in
the high-pressure reactor belonged to controlling solution
reaction. The reaction process depended on the dissolution
of SiO

2
, and the dissolution rate depended on the solubility

of SiO
2
in the white carbon black. Based on the above

analysis, when the hydrothermal reaction was too low, SiO
2

was difficult to dissolute, and formed a layer of rich silicon
on the surface of samples. This condition made the pore
structure of samples became dense. Rising the hydrother-
mal temperature could increase the solubility of SiO

2
. The

solubility of white carbon black was low at atmospheric
temperature and pressure, but the solubility increased with
the increasing of hydrothermal temperature. Jennite formed
when the hydrothermal temperature reached to 170∘C, and
this material could dissolve a proper concentration of Ca2+
and OH− due to loose and porous structure. So PCSH: 170∘C
has better phosphorus recovery performance. The system
of PCSH became instable due to a too high hydrother-
mal temperature, and multiple impurities appeared in this
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Figure 6: XRD patterns of samples.

system.The phosphorus recovery performance of the sample
declined because the efficiency of Ca2+ and OH− release of
the impurities was too low.

4. Conclusions

Porous calcium silicate hydrate was synthesized by carbide
residue andwhite carbon black with a dynamic hydrothermal
method.This material could be considered a tenable material
for phosphorus removal and recovery from wastewater.
Hydrothermal temperature showed significant influence on
phosphorus recovery performance of PCSH. Hydrothermal
temperature 170∘C for PCSH was more proper to recover
phosphorus. PCSH could recover phosphorus with content
of 18.51%.

The law of Ca2+ and OH− release was the key of
phosphorus recovery efficiency. Changes of hydrothermal
temperature led to the different pore structures. The increase
of specific surface area and the increase in concentration of
Ca2+ release were in good agreement with each other.

Further analysis by XRD indicated that hydrothermal
reaction process depended on the dissolution of SiO

2
. And

hydrothermal temperature affected the solubility of SiO
2
.
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is paper concerns the microstructure of the anodic tungsten oxide (WO3) and its use in an electrochromic (EC) glass device.
When voltages between 100V and 160V were applied to tungsten �lm for 1 h under 0.4 wt. % NaF electrolyte, porous WO3 �lm
was formed. e �lm, which had a large surface area, was used as electrochromic �lm for EC glass. e average transmittance
in a visible region of the spectrum for a 144 cm2 EC device was above 75% in the bleached state and below 40% in the colored
state, respectively. Repeatability using of the colored/bleached cycles was tested good by a cyclic voltammograms method. e
internal impedance values under colored and bleached states were detected and simulated using an electrical impedance spectra
(EIS) technique. e EC glass impedance characteristics were simulated using resistors, capacitors, and Warburg impedance. e
ITO/WO3, WO3/electrolyte, electrolyte/NiO, and NiO/ITO interfaces can be simulated using a resistance capacitance (RC) parallel
circuits, and bulk materials such as the indium tin oxide (ITO) and conducting wire can be simulated by using a series of resisters.

1. Introduction

In recent years, the nanometer technological progress has led
to the creation of many special newmaterials.erefore now,
information photoelectricity, catalysis, and magnetism have
broader application domains because of nanotechnology.
For example, the tungsten oxide (WO3), which has rich
special physics and chemical properties, is widely treated as
electrochromic (EC) [1, 2].

According to a 2012 US department of energy (DOE)
report, windows contribute to about 40 percent of overall
building heating and cooling load with annual impact of
about 4.4 quads, and there is a potential to reduce lighting
impact by 1 quad through day lighting. e Environmental
Protection Agency says an average household spends over 40
percent of its annual energy budget on heating and cooling
costs. By 2020, industry leaders believe that windows will
become active parts of building climate, engineering, infor-
mation, and structural systems. Advanced electrochromic
(EC) technologies such as ECwindowswill darken in sunlight
without the use of an external control circuit. Such windows
would be ideal for applications such as car sunroofs. Accord-
ing to theNational Renewable Energy Laboratory (NREL), by

allowing control of daylighting and solar gain, electrochromic
windows have the potential to reduce annual US energy
consumption by several quadrillion (1015) Btus (quads). e
United States currently consumes a total of about 94 quads of
energy per year [3–5].

EC glass—also known as smart windows or switchable
windows—changes its light transmission properties when
voltage is applied. is type of window has “memory” and
does not need constant voltage once the change has been
initiated [6, 7]. e use of smart glass can allow control of
the amount of light and heat passing through and thus save
heating, air conditioning, and lighting costs. An EC device
is comprised of �ve layers: the working electrode, the ion
conducting layer, and the counter electrode are sandwiched
between two electronically conductive transparent electrodes
coated on glass. Critical aspects of smart glass include
installation costs, the use of electricity, durability, as well as
functional features such as the speed of control, possibilities
for dimming, and the degree of transparency of the glass [8–
10].

Tungsten trioxide (WO3) has been the most widely
used material in EC glass since its electrochromism was
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F 1: Schematic diagram of anodizationmold: (a) counter electrode is �xed between top andmiddle cover, working electrode is between
middle and bottomcover, and the counter-working electrodes distance is adjusted by using a �xed column and (b) three-dimensional diagram.

�rst reported in 1969 [11, 12]. Tungsten oxide has a large
number of interstitial sites where guest ions can be inserted.
Tungsten trioxide in its fully occupied state is transparent,
but electrochemical reduction caused it to enter the EC
state [13]. Much work on improving the performance of
EC glass has been published. For example, Nagai et al. [14]
published a study about the durability of the EC glazing.
An all-solid-state structure can enhance the durability of EC
glazing by reducing thermal effect. Reisfeld [15] published
an EC glass fabrication technique involving mixing metal
oxide from sol-gel using colloidal solutions of tungstic acid.
e needed operational voltage was about ±1.3V, and the
number of cycles based on theoretical estimates was about
105∼106 cycles. ey noted that the rate of color change can
be accelerated by increasing the conductivity of the tin-doped
indium oxide (ITO) supporting glass. e blue coloration
of the mixed valence tungsten in the EC �lm prevents the
entry of solar light mainly in the UV and in a large part
of the visible spectrum. ey also mentioned that the effect
of blocking solar radiation can be achieved by adding a
fractional amount ofMoO3. Fang andEames [16] pointed out
the edge effect in EC windows. Even vacuum glazing small
sizes (0.4m × 0.4m), leading to the thermal conductance in
the central glazing region being 3.1% greater than the result,
was calculated using an analytic model that does not consider
edge effects. For larger sizes of vacuum glazing (1m2), the
variation between the central glazing heat transmittance
was calculated using �nite volume and analytic models is
0.4%. Also, they mentioned that high temperatures will both
damage the glazing system andmake the indoor environment
unbearable. e glass pane with the electrochromic layer
must in all installations face the outdoor environment [17–
21].

Transition metal oxides of WO3 have transparent and
semiconducting physical characteristics that make them
usable for electrochromic �lm in electrochromic glass. In

recent years WO3 thin �lm has been manufactured by using
an anodic oxidation process, purely using chemical solutions
and parameters as objects of study [22, 23]. NanoporousWO3
thin �lm should be able to cause hydrogen (H+) or lithium
(Li+) ions to bemore rapid in the reaction process that carries
on the proliferation, thereby increasing the color/bleach rate.
Large-scale development of electrochromic glass based on
porous �lms can potentially result in tremendous increase
color/bleach rate, extended durability, insulated heat transfer,
and energy savings. In addition, the production process
will be relatively environmentally friendly. e knowledge
generated by this research will signi�cantly advance research
in the area of the WO3 �lm fabrication and use �lm as
insulator and electrochromic �lm in electrochromic glass
applications.

In principle, electrochemical impedance spectroscopy
(EIS) measures a broad frequency range that can provide
information on the interfaces of electron transport and
charge transfer characteristics [24–29]. An analysis of electro-
chemical devices that describes electron transport and charge
recombination in nanoparticle and nanotube �lm has been
presented based on a transmission line model [30–33]. Kern
et al. [34] indicated that Nyquist plot characteristics in the
low-frequency range correspond to the electrolyte, while the
middle-frequency range re�ects the anode, and the high-
frequency range corresponds to the cathode. Hoshikawa [35]
also reported that the 𝜔𝜔1, 𝜔𝜔2, 𝜔𝜔3, and 𝜔𝜔4 semicircles were
attributable to electron transfer at the transparent conduction
oxide (TCO)/electron transport oxide (TiO2) interface, TiO2,
TiO2/electrolyte interface, and the diffusion impedance of
ions in the electrolyte, respectively. Labidi et al. [36] discussed
the EIS properties of surface morphology of WO3 thin
�lms which were prepared by RF sputtered, and, indicated
that e AC impedance spectroscopy is a powerful method
to understand the nature of conduction processes and the
mechanism of gas/solid interactions. e Nyquist response
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F 2: SEM images showing the porous structure on anodic tungsten oxide when tungsten was anodized in 0.4 wt.% NaF electrolyte, at
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WO3 of electrochromic �lm by anodization, and (c) the 144 cm2

electrochromic device includes aworking electrode (ITO,WO3), ion
conductor (electrolyte), and counter (Pt, NiO2, ITO).

dry air O3 decomposed, and the adsorption of oxygenmainly
affects the characteristics of the space charge region at the
WO3 grain boundaries.

Electrochromic glass has been developed since the 1970s
and especially since the 1990s. However, there are still some
aspects that could be improved such as the rate of color
change and the lifetime of the EC glasses. In this paper, we
use anodic porous WO3 as EC �lm. We also report results
from an EIS analysis that describes ohmic resistance, electron
transfer resistance, diffusion resistance, charge-transfer resis-
tance, contact capacitance, chemical capacitance, electrolysis
capacitance, and double-layer capacitance in porousWO3 EC
glass.

2. Experimental Procedures

2.1.WO3, W, NiO, and Pt Films Deposition. PorousWO3 EC
glass was fabricated on ITO glass as follows. (1) e WO3
thin �lm was deposited by RF magnetron sputtering using
a 4-inch tungsten metal target with a purity of 99.99%. A
mixture of argon and oxygen gasses with an Ar/O2 ratio of 3
was used for the deposition. Working pressure was set to 5 ×
10−3 Torr and sputtering power during deposition was 100W,
while the thickness of the �lm was about 50 nm. (2) Tungsten
(W) �lm was deposited by DC magnetron sputtering on
WO3. Working pressure (without O2) was set to 5 × 10−3 Torr
and sputtering power during deposition was 150W, while
the thickness of the �lm was about 100 nm. (3) NiO thin
�lm was deposited by RF magnetron sputtering using a 4-
inch nickel metal target with a purity of 99.99%. A mixture
of argon and oxygen gasses with an Ar/O2 ratio of 1 was
used for the deposition. Working pressure was set to 5 ×
10−3 Torr and sputtering power during deposition was 100W,
while the thickness of the �lmwas about 50 nm. (4) Platinum
(Pt) particles were deposited by DCmagnetron sputtering on
NiO. Working pressure (without O2) was set to 5 × 10−3 Torr
and sputtering power during deposition was 10W for 14 sec.

2.2. Porous WO3 Fabrication. e WO3 porous �lm was
made by anodization of tungsten �lm. According to the
tungsten Porubaix diagram [37] when tungsten in an ionic
containing electrolyte, for example, sodium �uoride (NaF)
solution and applied a voltage, the tungsten (W) can oxidize
to a porous tungsten oxide (WO3). e speci�c surface area
value of WO3 can further be tested by BET (Brunauer,
Emmett, Teller). Porous anodic tungsten oxide was fabricated
by anodizing tungsten �lm in an anodization mold (Figure
1). A Ti counter-electrode net was �xed between a top cover
and a middle cover, working tungsten �lm electrodes were
�xed between the middle cover and a bottom cover, and
the counter-working electrode distance was adjusted using
a �xed column. At the same time, the working electrode
and counter-electrode served, respectively, as the positive
and negative terminal for a DC power supply. A sample of
working and counter-electrodes was sandwiched in themold,
and a silicon rubber sheet was used to prevent electrolytic
leaking into the mold. e top, middle, and bottom covers
were fastened using threaded Te�on screws. Pressure was
applied to the Te�on tubes to keep the top cover and bottom
substrate in close contact. Finally, the working electrode
in the mold was anodized in 0.4 wt.% NaF electrolyte, and
voltage of 20V to 160V was applied for 1 h at 25∘C. However,
when the applied voltage is up to 160V, the partial of porous
WO3 �lm was destroyed.

2.3. Electrochromic Device. Electrochromic devices with a
con�guration consisting of glass/ITO/WO3/1M LiClO4-
PC/Pt-NiO/ITO/glass and a size of 144 cm2 were obtained
by assembling two pieces of coated glass as follows. e
two electrodes were assembled into a sandwich type cell
and sealed with a hot-melt �lm (S�1170, Solaronix, thick-
ness 0.1mm) between electrodes interface. Electrolyte was
injected into the space between the two electrodes with a
syringe to fabricate an EC glass device. e device was then
sealed with vacuum glue (Torr Seal) around electrodes and
the electrolyte injecting hole.

2.4. Characterization of Electrochromic Glass. e micro-
morphology of the porous WO3 �lm was examined using
a scanning electron microscope (SEM, JEOL 6500). e
optical transmission and re�ection spectra were recorded
using a UV-VIS-NIR optical photometer (JASCO V570)
with an integrating sphere (JASCO ISN-470) in the range
from 200 to 800 nm. e electrochromic properties were
characterized using cyclic voltammetry (CV) method with a
Zahner Impedance Measuring Unit (IM 6). Two electrodes
were used to perform electrochemical tests in 1M LiClO4
electrolyte in propylene carbonate solution. e internal
impedance was evaluated using electrochemical impedance
spectroscopy (EIS). e EIS measurements were carried
out with a Zahner Impedance Measuring Unit (IM 6).
Electrochemical measurements were carried out using two
electrode con�gurations: the glass/ITO/WO3/porous WO3
as working electrode and Pt-NiO/ITO electrode as counter-
electrode. Cell impedance measurements were recorded over
a frequency range of 3M to 5mHz with AC amplitude of
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F 4: Images of electrochromic glass devices and optical transmittance spectrum: (a) electrochromic glasswith transparent characteristics
in a bleached state, (b) electrochromic glass with blue translucent characteristic in a dyed state, and (c) the glass has transparency of 82% and
21.1% in bleached and dyed states.

10mV. e EIS data was analyzed by the equilibrium circuit
mold and �tted by Microso Excel programs.

3. Results and Discussion

3.1. Structure and Characterization of EC Device. Figure 2
shows SEM images of the porous structure on the anodic
tungsten oxide when tungsten was anodized in 0.4 wt.% NaF
electrolyte at 25∘C for 1 h and the following voltages were
applied: (a) 20V, (b) 40V, (c) 60V, (d) 80V, (e) 100V, (f)
120V, (g) 140V, and (h) 160V.eWO3 pore sizes increased
with the amount of voltage applied. When 20V was applied,
the WO3 �lm had an island structure but no pores formed.
When voltage was increased to between 40 and 80V, the
WO3 �lm was etched by �uorine ions (F−) to form partially
random porous WO3 �lm. Furthermore, when voltages were
increased to 100V∼160V, the pores in the WO3 widened to
form a more regular porous WO3 �lm.

Figure 3 shows a schematic diagram of EC glass using
porousWO3 and a multilayer structure. (a) An underlayer of
WO3 (50 nm) was �rst deposited on the ITO glass and then
metal W �lm was deposited on the WO3 (100 nm), (b) metal

W �lm was used to form porous WO3 electrochromic �lm
by anodization, and (c) the 144 cm2 electrochromic device
including a working electrode (ITO (200 nm), WO3), ion
conductor (electrolyte), and counter (Pt, NiO (50 nm), ITO).
Porous WO3 is transparent before absorbing hydroxylated
or lithiated materials. Aer voltage (−) is applied to WO3
electrochromic �lm, its color changes to blue. WO3 elec-
trochromic �lm can serve as an intercalation host for H+

and Li+. PorousWO3 �lm causes hydrogen (H+) and lithium
(Li+) ions to bemore rapid in the reaction process that carries
on the proliferation, increasing the color/bleach rate. e
reactions describing the intercalation/deintercalation of ionic
species can be represented as

WO3 + 𝑥𝑥H
+ + 𝑥𝑥e− ⟺ WO3−𝑥𝑥(OH)𝑥𝑥 (1)

WO3 + 𝑥𝑥Li
+ + 𝑥𝑥e− ⟺ Li𝑥𝑥WO3 (2)

Figure 4 shows a photograph of the 144 cm2 EC glass
device. Figure 4(a) shows the as-prepared state and the
transparent state. When a voltage is applied to the device,
the active layer changes from transparent to the translucent



6 Journal of Nanomaterials

T


1:
Eq

ui
lib

riu
m

ci
rc
ui
ts
an
d
m
at
he
m
at
ic
al
re
su
lts

of
re
al
(𝑍𝑍

RE
)a

nd
im

ag
in
ar
y
va
lu
e(
𝑍𝑍

IM
)i
n
po

ro
us

W
O

3
EC

gl
as
s.

Eq
ui
lib

riu
m

ci
rc
ui
t

𝑍𝑍
RE

𝑍𝑍
IM

𝑅𝑅 0
+
𝐿𝐿 0

𝑅𝑅 0
𝜔𝜔𝜔𝜔

0

{𝐶𝐶
1/
/[
𝑅𝑅 1

+
(𝐶𝐶

2/
/𝑅𝑅

2)
]}

[(
𝑅𝑅 2

+
𝑅𝑅 1
)×

(1
−
𝜔𝜔2
𝐶𝐶
1𝐶𝐶

2𝑅𝑅
1𝑅𝑅

2)
+
(𝜔𝜔
𝜔𝜔
2𝑅𝑅

1𝑅𝑅
2)
×
(𝜔𝜔
𝜔𝜔
2𝑅𝑅

2
+
𝜔𝜔𝜔𝜔

1𝑅𝑅
2
+
𝜔𝜔𝜔𝜔

1𝑅𝑅
1

(1
−
𝜔𝜔2
𝐶𝐶
1𝐶𝐶

2𝑅𝑅
1𝑅𝑅

2)
2
+
(𝜔𝜔
𝜔𝜔
2𝑅𝑅

2
+
𝜔𝜔𝜔𝜔

1𝑅𝑅
2
+
𝜔𝜔𝜔𝜔

1𝑅𝑅
1)
2

[(
𝜔𝜔𝜔𝜔

2𝑅𝑅
1𝑅𝑅

2)
×
(1
−
𝜔𝜔2
𝐶𝐶
1𝐶𝐶

2𝑅𝑅
1𝑅𝑅

2)
−
(𝑅𝑅

2
+
𝑅𝑅 1
)×

(𝜔𝜔
𝜔𝜔
2𝑅𝑅

2
+
𝜔𝜔𝜔𝜔

1𝑅𝑅
2
+
𝜔𝜔𝜔𝜔

1𝑅𝑅
1)

(1
−
𝜔𝜔2
𝐶𝐶
1𝐶𝐶

2𝑅𝑅
1𝑅𝑅

2)
2
+
(𝜔𝜔
𝜔𝜔
2𝑅𝑅

2
+
𝜔𝜔𝜔𝜔

1𝑅𝑅
2
+
𝜔𝜔𝜔𝜔

1𝑅𝑅
1)
2

[𝐶𝐶
3/
/(
𝑊𝑊

𝑊𝑊𝑊
 3
)]

𝜎𝜎
𝜎𝜎𝜎
 3
√
𝜔𝜔

√
𝜔𝜔
𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔




3√

𝜔𝜔
𝜔𝜔𝜔𝜔


2 𝜔𝜔
𝜔𝜔
2 3
+
2𝜎𝜎
𝜎𝜎1

.5
𝐶𝐶
2 3𝑅𝑅

3
+
𝜔𝜔2
𝐶𝐶
2 3𝑅𝑅

2 3)
−𝜎𝜎

𝜎𝜎
𝜎𝜎

2 √
𝜔𝜔𝜔𝜔

3
−
2𝜎𝜎
𝜎𝜎𝜎𝜎

3𝑅𝑅
3
−
𝜔𝜔1

.5
𝐶𝐶
3𝑅𝑅

2 3

√
𝜔𝜔
𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔




3√

𝜔𝜔
𝜔𝜔𝜔𝜔


2 𝜔𝜔
𝜔𝜔
2 3
+
2𝜎𝜎
𝜎𝜎1

.5
𝐶𝐶
2 3𝑅𝑅

3
+
𝜔𝜔2
𝐶𝐶
2 3𝑅𝑅

2 3)

(𝐶𝐶
4/
/𝑅𝑅

4)
𝑅𝑅 4

1
+
(𝜔𝜔
𝜔𝜔 4
𝐶𝐶
4)
2

−𝜔𝜔
𝜔𝜔2 4𝐶𝐶

4

1
+
(𝜔𝜔
𝜔𝜔 4
𝐶𝐶
4)
2

(𝐶𝐶
5/
/𝑅𝑅

5)
𝑅𝑅 5

1
+
(𝜔𝜔
𝜔𝜔 5
𝐶𝐶
5)
2

−𝜔𝜔
𝜔𝜔2 5𝐶𝐶

5

1
+
(𝜔𝜔
𝜔𝜔 5
𝐶𝐶
5)
2



Journal of Nanomaterials 7

0

0.3

0.5

0 2 4
Voltage (V)

Bleached

Colored
−0.3

−0.5
−4 −2

Li𝑥WO3→WO3 + 𝑥(Li+ + e−)

WO3 + 𝑥(Li+ + e−)→Li𝑥WO3

C
u

rr
en

t
d

en
si

ty
(m

A
⋅cm
−2

)

(a)

10
100
1000

CV no.

0 2 4
Voltage (V)

0

0.3

0.5

−0.3

−0.5
−4 −2

C
u

rr
en

t
d

en
si

ty
(m

A
⋅cm
−2

)

(b)

F 5: Cyclic voltammetry of porous WO3 electrode performed between −3V and +3V with a scan rate of 50mV in 0.1M HClO4-PC
electrolyte: (a) 1 cycle and (b) 10, 100, and 1000 cycles.

T 2: Parameters determined by �tting the EIS experimental data
to the equivalent circuit shown in Figure 8.

Elements Bleached Dyed
𝑅𝑅0 (ohm) 6.29 6.25
𝑅𝑅1 (ohm) 1.2 1.1
𝑅𝑅2 (ohm) 0.5 0.65
𝑅𝑅3 (ohm) 110000 120000
𝑅𝑅4 (ohm) 1 1.7
𝑅𝑅5 (ohm) 7 45
𝐶𝐶1 (𝜇𝜇F) 80 350
𝐶𝐶2 (𝜇𝜇F) 900 420
𝐶𝐶3 (𝜇𝜇F) 1200 3000
𝐶𝐶4 (𝜇𝜇F) 1500 3800
𝐶𝐶5 (𝜇𝜇F) 1100 2800

blue color associated with WO3 reduction and simultaneous
Li+ insertion, as shown in Figure 4(b). Inversion of the
applied voltage results in WO3 oxidation and the device
returns to its initial transparent state. e coloring voltage
used in the EC glass was ±1.5V over 30 sec. e optical
transmittance characterization of the device in the wave-
length range 400–800 nm is shown in Figure 4(c).e average
transmittance in the visible region of the spectrumwas above
75% in the bleached state and below 40% in the colored state,
respectively. e cyclic voltammograms of porous WO3 �lm
are shown in Figure 5(a). e scan rate of measurements was
50mV/s in the −4V and +4V ranges. It is known that elec-
trochromic �lm is colored by charge in�ection (WO3+𝑥𝑥𝑥Li

++

e−) → Li𝑥𝑥WO3), and a part of this charge was extracted
(Li𝑥𝑥WO3 → WO3 + 𝑥𝑥𝑥Li+ + e−)) during the subsequent
bleaching process. Repeating the colored/bleached cycles, as
shown in Figure 5(b), demonstrated good electrochemical
stability as Li+ ion can be almost inserted and extracted
reversibly in the 10, 100, and 1000 cycle tests.

3.2. Internal Impedance Detection Using EIS Molding and
Fitting. Figure 6(a) shows the EIS measured data of EC glass
under dyed (■) and bleached (□) states.e Bode plot curves
show that both bleached and dyed EC glasses have impedance
values between 100 and 101 ohms in high-frequency ranges
(from 102 to 106Hz). Furthermore, they have impedance
values between 101 and 105 ohms in low-frequency ranges
(from 102 to 10−4Hz). Because the working and counter-
electrodes consist of ITO, Pt particles, and WO3, and NiO
semiconductor �lms, the electrodes have low impedance. On
the other hand, the electrolyte is composed of 1M LiClO4 in
propylene carbonate, which has high impedance. erefore,
the impedance in high- and low- frequency ranges is repre-
sented by the electrodes and electrolyte characterizations in
the Bode plot. e Nyquist plots also show that the EC glass
had higher impedance in a bleached state than in a dyed state
in wide frequency ranges, as shown in Figure 6(b), and in
high- frequency ranges, as shown in Figure 6(c).

An EC glass circuit, shown in Figure 7(a), was con-
structed based on the EC glass structure. In this circuit,
the ohmic impedance includes ITO resistance (𝑅𝑅01, 𝑅𝑅03)
and transport wire resistance (𝑅𝑅02). e working parts
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F 6: AC impedance curves of porous WO3 electrode from electrochromic glass under dyed (■) and bleached (□) states: (a) bode plot,
(b) Nyquist plot, and (c) Nyquist plot in a high-frequency range.

of the ITO/WO3 and WO3/electrolyte interfaces are pre-
sented as 𝐶𝐶1//𝑅𝑅1 and 𝐶𝐶2//𝑅𝑅2. e electrolyte is presented
as 𝐶𝐶3/(𝑅𝑅3 + 𝑊𝑊). e counterparts of the NiO/electrolyte
and ITO/NiO interfaces are presented as 𝐶𝐶4//𝑅𝑅4 and 𝐶𝐶5//𝑅𝑅5.
e equilibrium circuit, including a series circuit of working
electrode, electrolyte, and counter electrode are shown in
Figure 7(b). In order to present semicircles and simplify
the mathematical operations analysis in each working, elec-
trolyte, and counterpart, the equivalent circuit is portrayed
separately in Figure 7(c). Figure 8 shows the experimental
(O) and �tted (�) data for the EG glass impedance under
(a) dyed and (b) bleached conditions� the inset �gures are
the Nyquist plots in high-frequency ranges. Figure 9 shows

the equilibrium circuit and simulation plot of EG glass (a)
working (𝐶𝐶1//𝑅𝑅1+(𝐶𝐶2//𝑅𝑅2)), (b) electrolyte (𝐶𝐶3//(𝑅𝑅3 + 𝑊𝑊),
(c) electrolyte/counter (𝐶𝐶4//𝑅𝑅4), and (d) counter (𝐶𝐶4//𝑅𝑅4)
impedances in the bleached state. Also, (e), (f), (g), and (h)
show the EG glass impedances in the dyed state. e detail
equilibrium circuits andmathematical results were in Table 1
and the appendix.

Based on the equilibrium circuit model in Figure 7, the
EIS data in Figure 8, and the speared circuit model in Figure
9, the �tted results are in Table 2.e ohmic resistance (𝑅𝑅0) is
independent of dyed/bleached states.e values of𝑅𝑅0 (6.25 to
6.29Ω) can be observed at the start point on the Nyquist plot.
e resistance between ITO and WO3 is called the contact
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F 7: Schematic diagramof (a) porousWO3 EC glass structure that can be simulated by using resister, capacitor, andWarburg impedance.
Each interface of ITO/WO3, WO3/electrolyte, electrolyte/NiO, and NiO/ITO can be simulated using a RC parallel circuit, and bulk material
such as ITO and conducting wire can be simulated by a series of resistors. (b) and (c) Equivalent circuit used for modeling the EIS of EC glass.
e impedance of the bulkmatter is simulated by𝑅𝑅0 = 𝑅𝑅01+𝑅𝑅02+𝑅𝑅03, the impedance of working electrode is simulated by (𝐶𝐶1//𝑅𝑅1+(𝐶𝐶2//𝑅𝑅2)),
the electrolyte is simulated by 𝐶𝐶3//(𝑅𝑅3 +𝑊𝑊), and the counter electrode is simulated by (𝐶𝐶4//𝑅𝑅4) +(𝐶𝐶5//𝑅𝑅5).

resistance (𝑅𝑅1). Lower 𝑅𝑅1 (1.2 and 1.1Ω) was observed
in the presence of a good contact between the ITO and
WO3.e other resistances–electron transfer resistance (𝑅𝑅2),
diffusion resistance (𝑅𝑅3), charge-transfer resistance (𝑅𝑅4), and
contact resistance (𝑅𝑅5)–re�ect the working, electrolyte, and

counter resistances. When the EC glass is dyed, the Li+ and
H+ ions dope to WO3 �lm and the concentrations of Li+
and H+ ions in the electrolyte are reduced. erefore, the
electrodes/electrolyte and bulk electrolyte interfaces of 𝑅𝑅2,
𝑅𝑅4, and 𝑅𝑅3 have higher resistances in the dyed (0.65, 1.7, and
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F 8: Experimental (○) and �tted (—) data for EC glass under (a) dyed and (b) bleached states; inset �gures are Nyquist plots in high
frequency ranges.

120000Ω) than in the bleached (0.5, 1.0, and 110000Ω) state.
In contrast, when Li+ ions move back to the electrolyte and
dope to NiO �lm,𝑅𝑅5 has higher resistance in bleached (45Ω)
than in dyed (7Ω) states.

e capacitance re�ects the characteristic of charge quan-
tity on matter interface. Since a resistance and capacitor par-
allel (𝑅𝑅//𝐶𝐶) circuit can present a semicircle on a Nyquist plot,
expressedmathematically, the imaginary value is [𝜔𝜔𝜔𝜔2𝐶𝐶𝐶𝐶𝐶𝐶
(𝜔𝜔𝜔𝜔𝜔𝜔𝜔2)], where 𝜔𝜔 is angular frequency, 𝑅𝑅 is resistance,
and 𝐶𝐶 is capacitor. When 1 + (𝜔𝜔𝜔𝜔𝜔𝜔𝜔2 tends to zero, the
imaginary has a larger value; therefore the highest point on
the semicircle can be evaluated as 𝜔𝜔 𝜔 𝜔𝜔𝜔𝜔𝜔𝜔. ere are clear
semicircles of electrolysis impedance shown in the simulation
results in Figure 9, except in Figures 9(b) and 9(c). Because
the resistances refer to the length of the diameter of the
semicircle, the electrolysis capacitances can be calculated by
𝐶𝐶 𝐶 𝐶𝐶𝐶𝐶peak𝑅𝑅, where𝜔𝜔peak is the angular frequency at the top
of the semicircle.

e contact capacitance (𝐶𝐶1) re�ects the charge transfer
between the ITO and WO3 interface. Charges (Li+) trans-
ferring from WO3 to ITO in EC glass have a higher 𝐶𝐶1 in
the colored (350 𝜇𝜇F) than that in the bleached (80 𝜇𝜇F) state.
e chemical capacitance (𝐶𝐶2) re�ects the charges in the
WO3 and electrolyte interface. EC glass has a lower 𝐶𝐶2 in the
colored (900 𝜇𝜇F) than in the bleached (420 𝜇𝜇F) state. When
EC glass is bleached, most of the charges move back to the
bulk electrolyte and there is a greater quantity of charges on
the WO3/electrolyte interface than that in the colored state.
Because the electrolyte (1MLiClO4+PC) used in the EC glass
has low conductivity, a Warburg impedance characteristic
can be observed in Nyquist plot. A Warburg impedance ele-
ment can be used to model semi-in�nite linear diffusion.e
equilibrium circuit of a low conductivity electrolyte includes
a capacitor (𝐶𝐶3) series to parallel elements (𝑅𝑅3//𝑊𝑊) where𝑊𝑊
is Warburg impedance (2𝜎𝜎2/𝑗𝑗𝑗𝑗; 𝜎𝜎 is Warburg constant. e
electrolyte capacitance (𝐶𝐶3) re�ects the capacitance effect in
electrolyte. Because charges move back to the electrolyte, the

EC glass has a lower C3 in the colored (1200 𝜇𝜇F) than in the
bleached (3000 𝜇𝜇F) state.

e double-layer capacitance (𝐶𝐶4) re�ects the elec-
trolyte/counter interface and also re�ects the surface area of
Pt on the NiO. It is expected that Pt sputter deposition on
the counter electrode increases the surface area of the counter
and, consequently, promotes the separated LiClO4 into Li+
and ClO−

4 . Because ClO
−
4 moves to the counter surface in the

colored state, the EC glass has a higher 𝐶𝐶4 in the colored
(3800 𝜇𝜇F) than in the bleached (1500 𝜇𝜇F) state. e contact
capacitance (𝐶𝐶5) re�ects charge transfer at the ITO and NiO
interface. Because charges (ClO−

4 ) transfer from NiO to ITO,
the EC glass has a higher 𝐶𝐶5 in the colored (2800 𝜇𝜇F) than in
the bleached (1100𝜇𝜇F) state.

e impedance spectra of the porous WO3 EC glass
showed internal resistance consisting of at least thirteen
components. It was found that the resistances of the ITO (𝑅𝑅01
and 𝑅𝑅03) and the transport wire (𝑅𝑅02) appeared as ohmic
impedance. e ohmic impedance value was not affected
by colored/bleached states. e other resistances—electron
transfer resistance (𝑅𝑅1, 𝑅𝑅2, and 𝑅𝑅5), diffusion resistance
(𝑅𝑅3), and charge-transfer resistance (𝑅𝑅4)—as the internal
resistances were affected by colored/bleached states that are
determinative in the performance of EC glass. e interface
capacitances of contact capacitance (𝐶𝐶1 and 𝐶𝐶5), chemical
capacitance (𝐶𝐶2), electrolysis capacitance (𝐶𝐶3), and double-
layer capacitance (𝐶𝐶4) are determinative in the performance
of charges on the interfaces.

4. Conclusions

A 144 cm2 electrochromic device was fabricated using ITOs,
NiO, porous WO3 �lm, and Pt particles. e characteristics
of the EC glass were determined using UV-VIS-NIR, CV, and
EIS equipments. e average transmittance in the colored
and bleached states was 15.7% and 60.2%, respectively.
e repeatability of the colored/bleached cycles over 1000
cyclic voltammograms tests was good. In EIS analysis, the
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F 9: Nyquist plots and simulated circuits in EC glass of working electrode (a, e), electrolyte (b, f), and counter electrode (c, d, g, h) under
dyed (a, b, c, d) and bleached (e, f, g, h) states.
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ohmic impedance (𝑅𝑅0) value was about 6.3Ω. e other
resistances—electrodes/electrolyte and electrolyte interfaces
(𝑅𝑅2, 𝑅𝑅4, and 𝑅𝑅3)—have higher resistances in colored (Li+
ions move to WO3) than in bleached (Li+ ions move back
to electrolyte and NiO) states. In contrast, 𝑅𝑅5 has higher
resistance in the bleached than in the dyed state. e contact
capacitance (𝐶𝐶1 and 𝐶𝐶5), electrolysis capacitance (𝐶𝐶3), and
double-layer capacitance (𝐶𝐶4) all have higher values in
the colored than in the bleached state, but the chemical
capacitance (𝐶𝐶2) is the opposite.

We have shown that anodic WO3 can be used as elec-
trochromic �lm in EC glass. e fabrication process can be
extended to TiO2 and Ta2O5, which are electrochromic and
solid charge conductive �lms.Adetailed study of porous �lms
used for EC glass using anodization will be described in a
future paper.

Appendix

(1) (𝐶𝐶𝐶𝐶𝐶𝐶𝐶. See also Figure 10

𝑍𝑍𝐶𝐶𝑅𝑅
𝑍𝑍𝐶𝐶 + 𝑅𝑅

=
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

󶀡󶀡1/𝑗𝑗𝑗𝑗𝑗𝑗󶀱󶀱 + 𝑅𝑅

=
𝑅𝑅

1 + 𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗
=
𝑅𝑅 󶀡󶀡1 − 𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗󶀱󶀱
1 + (𝜔𝜔𝜔𝜔𝜔𝜔)2

=
𝑅𝑅

1 + (𝜔𝜔𝜔𝜔𝜔𝜔)2
+ 𝑗𝑗

−𝜔𝜔𝜔𝜔2𝐶𝐶
1 + (𝜔𝜔𝜔𝜔𝜔𝜔)2

𝑍𝑍RE =
𝑅𝑅

1 + (𝜔𝜔𝜔𝜔𝜔𝜔)2

𝑍𝑍IM =
−𝜔𝜔𝜔𝜔2𝐶𝐶

1 + (𝜔𝜔𝜔𝜔𝜔𝜔)2
.

(A.1)

(2) {𝐶𝐶1//[𝑅𝑅1 + (𝐶𝐶2//𝑅𝑅2)]}. See also Figure 11

󶀥󶀥
𝑍𝑍1𝑍𝑍2𝑅𝑅2 + 𝑍𝑍1𝑅𝑅1𝑍𝑍2 + 𝑍𝑍1𝑅𝑅1𝑅𝑅2

𝑍𝑍2 + 𝑅𝑅2
󶀵󶀵

× 󶀥󶀥
𝑍𝑍2𝑅𝑅2 + 𝑅𝑅1𝑍𝑍2 + 𝑅𝑅1𝑅𝑅2 + 𝑍𝑍1𝑍𝑍2 + 𝑍𝑍1𝑅𝑅2

𝑍𝑍2 + 𝑅𝑅2
󶀵󶀵
−1

= 󶀦󶀦
𝑅𝑅2

𝑗𝑗2𝜔𝜔2𝐶𝐶1𝐶𝐶2
+

𝑅𝑅1
𝑗𝑗2𝜔𝜔2𝐶𝐶1𝐶𝐶2

+
𝑅𝑅1𝑅𝑅2
𝑗𝑗𝑗𝑗𝑗𝑗1

󶀶󶀶

× 󶀥󶀥
𝑅𝑅2
𝑗𝑗𝑗𝑗𝑗𝑗2

+
𝑅𝑅1
𝑗𝑗𝑗𝑗𝑗𝑗2

+ 𝑅𝑅1𝑅𝑅2

+
1

𝑗𝑗2𝜔𝜔2𝐶𝐶1𝐶𝐶2
+

𝑅𝑅2
𝑗𝑗𝑗𝑗𝑗𝑗1

󶀶󶀶
−1

= 󶀦󶀦
𝑅𝑅2 + 𝑅𝑅1 + 𝑗𝑗𝑗𝑗𝑗𝑗2𝑅𝑅1𝑅𝑅2

𝑗𝑗2𝜔𝜔2𝐶𝐶1𝐶𝐶2
󶀶󶀶

× 󶀣󶀣 󶀣󶀣𝑗𝑗𝑗𝑗𝑗𝑗1𝑅𝑅2 + 𝑗𝑗𝑗𝑗𝑗𝑗1𝑅𝑅1 + 𝑗𝑗
2𝜔𝜔2𝐶𝐶1𝐶𝐶2𝑅𝑅1𝑅𝑅2 + 1

+𝑗𝑗𝑗𝑗𝑗𝑗2𝑅𝑅2󶀱󶀱 × 󶀢󶀢𝑗𝑗
2𝜔𝜔2𝐶𝐶1𝐶𝐶2󶀲󶀲

−1
󶀳󶀳
−1

= 󶀡󶀡𝑅𝑅2 + 𝑅𝑅1 + 𝑗𝑗𝑗𝑗𝑗𝑗2𝑅𝑅1𝑅𝑅2󶀱󶀱

× 󶀢󶀢󶀢󶀢1 − 𝜔𝜔2𝐶𝐶1𝐶𝐶2𝑅𝑅1𝑅𝑅2󶀲󶀲

+𝑗𝑗 󶀡󶀡𝜔𝜔𝜔𝜔2𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅1󶀱󶀱 󶀱󶀱
−1

= 󶀡󶀡󶀡󶀡𝑅𝑅2 + 𝑅𝑅1 + 𝑗𝑗𝑗𝑗𝑗𝑗2𝑅𝑅1𝑅𝑅2󶀱󶀱

× 󶁢󶁢󶁢󶁢1−𝜔𝜔2𝐶𝐶1𝐶𝐶2𝑅𝑅1𝑅𝑅2󶀲󶀲

−𝑗𝑗 󶀡󶀡𝜔𝜔𝜔𝜔2𝑅𝑅2+𝜔𝜔𝜔𝜔1𝑅𝑅2+𝜔𝜔𝜔𝜔1𝑅𝑅1󶀱󶀱 󶀱󶀱󶀱󶀱

× 󶀣󶀣󶀣󶀣1 − 𝜔𝜔2𝐶𝐶1𝐶𝐶2𝑅𝑅1𝑅𝑅2󶀲󶀲
2

+󶀡󶀡𝜔𝜔𝜔𝜔2𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅1󶀱󶀱
2󶀲󶀲

−1
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= 󶀢󶀢 󶁡󶁡󶁡󶁡𝑅𝑅2 + 𝑅𝑅1󶀱󶀱 + 󶀡󶀡𝑗𝑗𝑗𝑗𝑗𝑗2𝑅𝑅1𝑅𝑅2󶀱󶀱󶁱󶁱

× 󶁢󶁢󶀢󶀢1 − 𝜔𝜔2𝐶𝐶1𝐶𝐶2𝑅𝑅1𝑅𝑅2󶀲󶀲

−𝑗𝑗 󶀡󶀡𝜔𝜔𝜔𝜔2𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅1󶀱󶀱 󶀱󶀱󶀱󶀱

× 󶀣󶀣󶀣󶀣1 − 𝜔𝜔2𝐶𝐶1𝐶𝐶2𝑅𝑅1𝑅𝑅2󶀲󶀲
2

+󶀢󶀢𝜔𝜔𝜔𝜔2𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅1󶀲󶀲
2
󶀳󶀳
−1

= 󶀢󶀢󶀢󶀢󶀢󶀢𝑅𝑅2 + 𝑅𝑅1󶀱󶀱 × 󶀢󶀢1 − 𝜔𝜔
2𝐶𝐶1𝐶𝐶2𝑅𝑅1𝑅𝑅2󶀲󶀲

+󶀡󶀡𝜔𝜔𝜔𝜔2𝑅𝑅1𝑅𝑅2󶀱󶀱×󶀡󶀡𝜔𝜔𝜔𝜔2𝑅𝑅2+𝜔𝜔𝜔𝜔1𝑅𝑅2+𝜔𝜔𝜔𝜔1𝑅𝑅1󶀱󶀱󶁱󶁱󶁱󶁱

× 󶀣󶀣󶀣󶀣1 − 𝜔𝜔2𝐶𝐶1𝐶𝐶2𝑅𝑅1𝑅𝑅2󶀲󶀲
2

+󶀡󶀡𝜔𝜔𝜔𝜔2𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅1󶀱󶀱
2󶀲󶀲

−1

+ 󶀡󶀡𝑗𝑗 󶁡󶁡− 󶀡󶀡𝑅𝑅2 + 𝑅𝑅1󶀱󶀱 × 󶀡󶀡𝜔𝜔𝜔𝜔2𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅1󶀱󶀱

+ 󶀡󶀡𝜔𝜔𝜔𝜔2𝑅𝑅1𝑅𝑅2󶀱󶀱 × 󶀢󶀢1 − 𝜔𝜔
2𝐶𝐶1𝐶𝐶2𝑅𝑅1𝑅𝑅2󶀲󶀲󶁲󶁲󶁲󶁲

× 󶀣󶀣󶀣󶀣1 − 𝜔𝜔2𝐶𝐶1𝐶𝐶2𝑅𝑅1𝑅𝑅2󶀲󶀲
2

+󶀡󶀡𝜔𝜔𝜔𝜔2𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅1󶀱󶀱
2󶀳󶀳

−1

𝑍𝑍RE = 󶀢󶀢󶀢󶀢󶀢󶀢𝑅𝑅2 + 𝑅𝑅1󶀱󶀱 × 󶀢󶀢1 − 𝜔𝜔
2𝐶𝐶1𝐶𝐶2𝑅𝑅1𝑅𝑅2󶀲󶀲 + 󶀡󶀡𝜔𝜔𝜔𝜔2𝑅𝑅1𝑅𝑅2󶀱󶀱

× 󶀡󶀡𝜔𝜔𝜔𝜔2𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅1󶀱󶀱 󶀱󶀱󶀱󶀱

× 󶀣󶀣󶀣󶀣1 − 𝜔𝜔2𝐶𝐶1𝐶𝐶2𝑅𝑅1𝑅𝑅2󶀲󶀲
2

+󶀡󶀡𝜔𝜔𝜔𝜔2𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅1󶀱󶀱
2󶀳󶀳

−1

𝑍𝑍𝐼𝐼𝐼𝐼 = 󶀢󶀢󶀢󶀢󶀢󶀢𝜔𝜔𝜔𝜔2𝑅𝑅1𝑅𝑅2󶀱󶀱 × 󶀢󶀢1 − 𝜔𝜔
2𝐶𝐶1𝐶𝐶2𝑅𝑅1𝑅𝑅2󶀲󶀲

− 󶀡󶀡𝑅𝑅2 + 𝑅𝑅1󶀱󶀱 × 󶀡󶀡𝜔𝜔𝜔𝜔2𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅1󶀱󶀱 󶁲󶁲󶁲󶁲

× 󶀣󶀣󶀣󶀣1 − 𝜔𝜔2𝐶𝐶1𝐶𝐶2𝑅𝑅1𝑅𝑅2󶀲󶀲
2

+󶀡󶀡𝜔𝜔𝜔𝜔2𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅2 + 𝜔𝜔𝜔𝜔1𝑅𝑅1󶀱󶀱
2󶀳󶀳

−1
.
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(3) [𝐶𝐶3//(𝑊𝑊 𝑊𝑊𝑊 3)]. See also Figure 12
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Iron-doped titanate nanotubes were synthesized by hydrothermal method, and the photocatalytic activity was greatly enhanced by
iron doping.

Followed by the discovery of carbon nanotubes, synthesis
of one-dimensional (1D) nanomaterials has attracted great
interest because of their exceptional electrical andmechanical
properties [1–4]. Some inorganic 1D nanomaterials including
ZnO, VO

𝑥
, and TiO

2
have been synthesized in recent years

[5–8]. Among these materials, titanic compound nanotubes
have stimulated particular interest. Titanic nanocrystals have
been extensively studied in photocatalytic or photoelectro-
chemical systems and so forth [9–12], and fabrication of
tubular structures offers an effective approach to adjust
their properties, which are crucial in practical applications.
For example, the photocatalytic activity of TiO

2
could be

enhanced by the tubular structures because of their large spe-
cific surface, which leads to a higher potential of applications
in environmental purification and generation of hydrogen gas
and so forth [13].

Recently, particular interest is devoted to obtain
H
2
Ti
3
O
7
-type nanotubes synthesized by hydrothermal

method [14–16], and these nanotubes show excellent ion-
exchange ability and photocatalytic activities and may
be applied to photocatalysis, photoluminescence, and dye-
sensitized solar cells [3]. However, their structures are still not
well understood. The photocatalytic property is originated
from the charge carriers produced by the excitation process
on the particle surface, and the photocatalytic efficiency is
determined by the transfer rate and recombination rate of
carriers [17]. However, the carriers are usually unstable and
easy to recombine. To improve the photocatalytic efficiency,
the transfer rate must be enhanced and recombination rate

should be reduced. Introducing other elements especially the
transition metal ions into the matrix has been proved to be
an effective method to improve the photocatalytic efficiency,
and many reports on the doped TiO

2
and their properties

have been published [17–19]. More recently, followed by the
development of researches on one-dimensional materials,
fabrication of doped nanorods and nanowires with transition
metal ions has stimulated much interest due to their
exclusive properties and potential applications [20–22].
However, doped tubelike nanostructures have never been
reported. Since the tube channel has potential advantage
to provide direct conduction paths for the electrons [23], it
is reasonable to believe that doped tubelike structures will
induce some excellent properties for their applications.

In this communication we reported that the Fe-doped
titanated nanotubes (TiNTs) can be easily synthesized via
a hydrothermal process. Commercial anatase TiO

2
powders

(2 g) and FeCl
2
⋅4H
2
O (0.05 g, 0.15 g, and 0.25 g) were dis-

persed into an aqueous solution of NaOH (10mol dm−3) and
then moved into a Teflon-lined autoclave. The autoclave was
heated in an oven at 130∘C for 72 h. The precipitate was
filtrated and washed with diluted HCl until pH = 7. Final
products were obtained by air-drying.

The structure analysis of obtained products was inves-
tigated by an X-ray diffraction (Philips X’Pert PRO MPD)
operated at 40 kV and 30mA using Cu𝐾𝛼 radiation through
the 2𝜃-range from 5 to 70 degrees. The typical XRD pattern
of products with various levels of iron doping is presented
in Figure 1. In all cases, several weak and broad diffraction



2 Journal of Nanomaterials

10 20 30 40 50 60 70

0%

1%

3%

5%

In
te

ns
ity

(a
.u

.)

2𝜃 (deg)

Figure 1: XRD pattern of synthesized sample.
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Figure 2: (a) SEM and (b) TEM images of synthesized products.

peaks exist (positioned at 2𝜃 = 9.9, 24, 28, and 48∘), which
could be assigned to the diffraction peaks of titanates such
as H
2
Ti
3
O
7
structure (monoclinic unit cell with 𝑎 = 1.603,

𝑏 = 0.375, 𝑐 = 0.919 nm, and 𝛽 = 101.45∘) [13]. No crystalline
anatase TiO

2
or ferric oxide was detected in the pattern. In

addition, the height of diffraction peaks is increased by the
iron doping, which illustrates that the iron doping gives rise
to the increase of the crystallization. Wang et al. [17] have
reported that iron doping promotes the formation of rutile
phase in TiO

2
particles, while the influence of iron on the

crystallization of titanate has never been reported.
Morphology of synthesized products was characterized

by both field-emission scanning electron microscope (SEM,
JSM-6700F) and transmission electron microscope (TEM,
Hitachi H-800). Figure 2 gives the typical images of titanates
with RFe/Ti = 3%. From the SEM micrograph shown in
Figure 2(a) we can see that needle-shaped products with
uniform morphology are obtained. The typical diameter and
length are about 20 and 300 nm, respectively, and no particles
or layered structures were observed from the image. The

TEM image shown in Figure 2(b) reveals the nanotubular
structures of synthesized products. A large quantities of
tubular nanoparticles with uniform diameter about 20 nm
were synthesized, and the length of obtained particles is about
several hundred nanometers.

The energy dispersive X-ray spectroscopy (EDX) analysis
recorded from the synthesized nanotubes illustrates that the
characteristic peaks of Fe, Ti, andOwere detected, indicating
that Fe ionswere successfully doped into the lattice of titanate.

Raman spectrum of synthesized nanotubes with different
iron levels is shown in Figure 3. They are almost identical
except for the intensity of peaks. The Raman features of syn-
thesized nanotubes could be roughly regarded as a reflection
of the six-coordinated layered titanate although the iron was
doped into the titanate [3], but the exact assignment of the
Raman spectra to specific active modes in layered titanates
is still not well understood. In addition, these peaks are
broadened and strengthened with increasing the iron levels,
which reflects the split of lattice vibration modes caused by
the decrease of symmetry. Raman spectroscopy iswidely used
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Figure 3: Raman spectra of synthesized sample.
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Figure 4: Photocatalytic activities of synthesized nanotubes.

to investigate the near-surface defect structure because of
its surface sensitiveness, accordingly, the increase of peak
height could be attributed to the increase of oxygen vacancies
in the titanates. The defects promote charge transfer and
efficiently separate the electrons and holes by shallow trapped
electrons, which might give rise to remarkable increase of
photocatalytic activity.

Photocatalytic activities of synthesized nanotubes were
evaluated by the conductometric determination method
(CDM) which uses castor oil as probe reactant [24, 25]. It has
been confirmed that this method is effective for estimating
the catalytic activity of inorganic pigments in oil cosmetics.
In the test, 0.2 g of synthesized TiNTs was mixed with 20mL
of castor oil and moved into a quartz tube with UV-light
irradiation for 150min. Air gas was bubbled in and then
flowed out and induced into the deionized water placed in
an electric conductivity measurement cell. Volatile molecules
produced by the oxidation of the castor oil were trapped
in the water by the effluent gas leading to the increase
of conductivity. The degree of photocatalytic activity was
estimated by the extent of conductivity change.

Figure 4 shows the photocatalytic activities of synthesized
nanotubes, andwe can conclude from the results that the pho-
tocatalytic activities are greatly enhanced by the iron doping.
The change curve of electric conductivity for undoped TiNTs
is very flat while the curve is relatively sharp for the doped
ones. After irradiated for 150min, the electric conductivity
for 3% doped TiNTs is 52𝜇S/cm, which is about 2-fold higher
than that of undoped TiNTs. These results obviously indicate
that doping with iron ions is very effective in increasing the
photocatalytic activity of TiNTs.

The photocatalytic activity originates from the produc-
tion of excited electron in the conduction band, along with
corresponding positive holes in the valence band through
the absorption of suitable illumination [17]. By introducing
the Fe3+ in the matrix, Fe atoms replace the Ti in the crystal
lattice, and the oxygen vacancies and defects increase to
maintain charge equilibrium.During the process of photocat-
alytic reaction, oxygen vacancies and defects could become
the centers to capture photoinduced electrons so that the
recombination of photoinduced electrons and holes was
effectively inhibited [26]. Thus, oxygen vacancies and defects
were in favor of photocatalytic activity.The oxygen vacancies
and defects were increased by the iron doping; consequently,
the photocatalytic activity is enhanced by the level of iron
doping as shown in Figure 4.

In conclusion, we have firstly reported the synthesis of
the iron-doped TiNTs, and this method may be applied
to synthesize transition metal ions doped TiNTs and other
nanostructures (such as nanobelt).Thiswork provides a facile
route to improve the photocatalytic efficiency of materials,
and other properties such as magnetic property may also
be changed. In addition, existence of Ti-OH on the surface
[27] makes the decoration of TiNTs possible, and further
assembly may also be achieved. These works are still under
research.
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Gas insulated switchgear (GIS) is an important electric power equipment in a substation, and its running state has a significant
relationship with stability, security, and reliability of the whole electric power system. Detecting and analyzing the decomposition
byproducts of sulfur hexafluoride gas (SF

6
) is an effective method for GIS state assessment and fault diagnosis.This paper proposes

a novel gas sensor based on flower-like ZnO nanorods to detect typical SF
6
decompositions. Flower-like ZnO nanoparticles were

synthesized via a simple hydrothermal method and characterized by X-ray powder diffraction and field-emission scanning electron
microscopy, respectively. The gas sensor was fabricated with a planar-type structure and applied to detect SF

6
decomposition

products. It shows excellent sensing properties to SO
2
, SOF

2
, and SO

2
F
2
with rapid response and recovery time and long-term

stability and repeatability.Moreover, the sensor shows a remarkable discrimination among SO
2
, SOF
2
, and SO

2
F
2
with high linearity,

which makes the prepared sensor a good candidate and a wide application prospect detecting SF
6
decomposition products in the

future.

1. Introduction

Gas insulated switchgear (GIS) filled with pressurized sulfur
hexafluoride gas (SF

6
) is widely used in electric power system

in recent decades with the advantages of small floor space,
high stability and reliability, high-strength insulation, none
smeary oil, lower maintenance cost, and so on [1–6]. Sulfur
hexafluoride gas has excellent insulating performance and
arc extinction function, and it can dramatically improve the
insulation intensity when used as an insulating medium.
So it is widely applied to GIS and other gas insulation
equipments [1, 3]. However, there exist some unavoidable
insulating defects in the process of GIS design, manufacture,
installation, and operation [4].

As an inert gas, pure SF
6
is colorless, tasteless, nontoxic,

and noninflammable, and its decomposition temperature is
as high as 500∘C [7]. Although SF

6
is of great chemical

inertness and the reliability of GIS is very high, inevitable
insulating faults based on arc discharge, spark discharge, or
partial discharge may occur due to the internal insulating
defects. Researches both at home and aboard demonstrate
that such internal insulation faults would cause SF

6
gas to

decompose, and generate several kinds of low-fluorine sul-
fides, such as SF

4
, SF
3
, and SF

2
[2, 4, 5, 8, 9]. If the SF

6
in GIS

is pure, the decomposed low-fluorine sulfides will reduce to
SF
6
fast with the decrease of operating temperature. Actually,

it always contains a certain amount of impurities, such as air
and water. Some low-fluorine sulfides are very active to react
with trace moisture and oxygen and generate the compounds
of SOF

4
, SOF

2
, SO
2
F
2
, SO
2
, HF, and so on. As the GIS

insulating defects vary, the decomposed gas mixtures will be
different. And the composition contents and decomposition
rates are also various. Therefore, detecting and analyzing the
decomposed chemical byproducts accurately can efficiently
identity and diagnose fault type occurred in GIS.

At present, many methods [10–13] are used to detect
the SF

6
decomposition components in GIS, for instance,

gas chromatography, gas detection tube, infrared absorption
spectrometry, and semiconductor gas sensor. Gas chro-
matography [10] is mainly used for offline testing and it takes
a quite long time. Gas detection tube [11] has no response
to some decomposition components and its stability depends
on environment condition. Infrared absorption spectrometry
[12, 13] has cross-response on SF

6
and cannot quantitatively
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Figure 1: Schematic representation of planar ZnO gas sensor struc-
ture.

detect the decomposition components. In recent years, metal
oxide semiconductor gas sensor based on ZnO [14], SnO

2

[15], TiO
2
[16], Fe

2
O
3
[17], WO

3
[18], or In

2
O
3
[19] has

been widely used for detecting and online monitoring target
gas, owing to advantages of simple fabrication process, rapid
response and recovery time, low maintenance cost, long
service life, long-term stability and repeatability, and so on.
With the development of nanotechnology, various gas sensors
have been fabricatedwith small particle size and high surface-
to-volume ratio [20]. However, most of these gas sensors
mainly focus on toxic gas [21, 22], organic gas [23, 24], carbon
dioxide [25], hydrogen [26], and rare studies concerning the
SF
6
decompositions. Meanwhile, the cross-sensitivity among

the decomposition components is tough, so investigating
sensing properties especially selectivity is the most crucial
issue for online monitoring SF

6
decompositions.

In this work, we proposed a simple and effective
hydrothermal synthesis route to prepare flower-like ZnO
nanorods. X-ray powder diffraction (XRD) and field-
emission scanning electron microscopy (FESEM) were used
to characterize the microstructures and morphologies of the
prepared samples. Then a gas sensor based on the flower-like
ZnO nanorods was fabricated, and its gas sensing properties
against SF

6
decompositions were investigated. Particularly,

the study mainly focused on the sensing behaviors of the
prepared sensor against SOF

2
, SO
2
F
2
, and SO

2
, and its cross-

sensitivitywas also demonstrated.Theprepared sensor exhib-
ited excellent gas response to different SF

6
decompositions

at different working temperature with high linearity, rapid
response-recovery, and long-time stability and repeatability.

2. Experimental

2.1. Preparation and Characterization of ZnO Nanorods.
Flower-like zinc oxide nanorods samples were successfully
synthesized through a hydrothermal method using ammo-
nium hydroxide (NH

4
OH, 28wt% NH

3
in H
2
O) as the base

source and zinc nitrate hexahydrate (Zn(NO
3
)
2
⋅6H
2
O) as

the source of Zn2+ ions. All chemicals were of analytical
reagent grade and purchased from Beijing Chemicals Co.,
Ltd. In a typical synthesis process, an adequate amount of
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Figure 2: XRD patterns of the ZnO nanorods.

Zn(NO
3
)
2
⋅6H
2
Owas dissolved in deionized water (DI water)

with a large beaker, and NH
4
OH was added slowly to the

solution under intense magnetic stirring.Themixed solution
was stirred for 30min and then transferred into a sealed
Teflon autoclave with 100mL of inner volume and 80% of
fill ratio. After 24 h reaction at 180∘C, the reactor was cooled
to room temperature naturally. Subsequently, the prepared
white products were centrifuged, washed two or three times
with DI water and ethanol alternately, and dried at 80∘C in air
for further use.

XRD analysis was conducted on a Rigaku D/max-2500
X-ray diffractometer with the 2𝜃 range of 20–80∘C at room
temperature, and Cu 𝐾

𝛼1
as the source of X-ray at 40 kV,

40mA, and 𝜆 = 1.5418 Å. FESEM images were performed
on a JEOL JEM-6700F microscope operating at 3 and 5 kV,
respectively.

2.2. Fabrication and Measurement of ZnO Sensor. ZnO
nanorods gas sensor was fabricated based on a planar con-
structionwith a simple and convenient fabrication procedure.
The schemeof the planarZnOgas sensor structurewas shown
in Figure 1, where prepared planar ZnO nanorods gas sensor
is constituted of planar ceramic substrate, Ag-Pd interdigi-
tated electrodes, and sensing material.The length, width, and
height of the planar ceramic substrate are suggested to be
about 6, 3, and 0.5mm, respectively. There are five pairs of
Ag-Pd interdigitated electrodes on planar ceramic substrate
with both width and distance about 0.15mm. As-prepared
samples were further ground into fine powder and mixed
with diethanolamine and ethanol to form a paste with a
weight ratio of 100 : 10 : 10. It was subsequently screen printed
onto the planar ceramic substrate to form a sensing film and
the thickness was about 10 um and then dried in air at 60∘C
for 5 h. Finally, the sensor was further aged at an aging test
chamber for 240 h.

Gas sensing properties of the prepared planar ZnO gas
sensor to SF

6
decomposition byproducts were investigated

using an intelligent gas detecting system. Targeted gases were
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Figure 3: (a) Low-resolution FESEM image and (b) high-resolution FESEM image of the ZnO nanorods.
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mixed with N
2
by a dynamic gas distributing system which

worked with high accuracy mass flow controllers and then
injected into the gas sensing chamber. The concentration
of detecting gas was controlled and detected by gas mass
flow meter. The operating temperature of the gas sensor was
controlled by varying current flow of the heater. And the
surface temperature of the planar sensor was measured by
a thermocouple in real time. When the testing sensor was
preheated at 300∘C for some time in air and the baseline
of resistance was smooth and stable, we could start our gas
sensing properties test.

Gas response was defined as the relative variation of the
electrical resistance of the gas sensor: 𝑆% = (𝑅 − 𝑅

0
)/𝑅

0
×

100%. 𝑅 is the resistance of flower-like ZnO nanorods gas
sensor in target gas environment and𝑅

0
being in pure air.The
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response time was defined as the time taken by the sensor to
achieve 90% of the total resistance change in the case of gas
in or the recovery time in the case of gas out. All experiments
were repeated several times to ensure the reproducibility and
stability of the sensor.

3. Results and Discussion

3.1. Structure and Morphology. Figure 2 shows the XRD
patterns of the as-prepared ZnO nanorods. All the diffraction
peaks are consistent with the values in the standard card
(JCPDS 36-1451) and can be indexed as typical wurtzite
hexagonal ZnO crystal structure with lattice constants 𝑎 =
3.249 Å and 𝑐 = 5.206 Å. No other diffraction peaks from any
impurities are detected.
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Figures 3(a) and 3(b) are typical low-resolution and
high-resolution FESEM images of the prepared flower-like
ZnO nanorods samples synthesized with the hydrothermal
method. The nanoparticles have a high uniform flower-like
bundle structure and self-assemble into flowers. The average
length of ZnO nanorods is about 400 nmwith an aspect ratio
of 4 : 1.

3.2. Gas Sensing Properties and Sensing Mechanism. The gas
sensing performances of metal oxide semiconductor gas
sensor are dominantly influenced by working condition. Gas

sensing experiments are performed with an intelligent gas
detecting system at different operating temperatures to find
out the optimum working temperature. Figure 4 shows the
gas responses of the prepared flower-like ZnO nanorods gas
sensor against 50 𝜇L/L of SF

6
compositions as a function of

operating temperature, which ranges from 120∘C to 420∘C.
As seen in Figure 4, the measured gas response curves have
a common change trend, in which gas response increases
firstly with rising operating temperature and reaches the
maximum, and then decreases with an continuous increase
of the operating temperature.

This behavior can be understood by a dynamic equi-
librium mechanism between gas adsorption and desorption
process of gasmolecule on the surface of ZnOor other similar
semiconducting metal oxides. In the beginning, the rate of
gas adsorption is much higher than that of desorption, and
the amount of net adsorbed gas increases as the operating
temperature rises. It would reach a saturated adsorption state
and maintain a dynamic balance at the constant operating
temperature. With a sequential increase of the operating
temperature, the balancewill be broken and it changes to a net
desorption process, which ultimately results in a decreasing
gas response. As shown in Figure 4, the optimal operating
temperatures of the sensor to 50 𝜇L/L of SO

2
, SOF

2
, and

SO
2
F
2
are 250, 300, and 300∘C with gas response of −33.44,

−12.47, and −18.06, respectively, which are applied in all the
following investigations in this paper.

At their optimal operating temperatures, we performed
the gas responses of the prepared plane flower-like ZnO gas
sensor against different concentrations of SO

2
, SOF

2
, and

SO
2
F
2
. Figure 5 shows the relationship between gas responses

and 10, 20, 30, 40, 50, and 100 𝜇L/L of SO
2
, SOF
2
, and SO

2
F
2
,

respectively. The gas response measured is manifested to
persistently increase with a rising gas concentration. At the
same level of gas concentration, the gas response values of
the sensor to the three targeted gases decrease in the order
of SO

2
, SO
2
F
2
, and SOF

2
.

If the gas response curve is linear or quasilinear, the
sensor can be applied to engineering application in practice.
Therefore, based on the linear fitting tool in Origin software,
linear characteristics of the prepared sensor to SO

2
, SO
2
F
2
,

and SOF
2
were discussed. Figure 6 shows the linear cali-

bration curves of the sensor to SO
2
, SO
2
F
2
, and SOF

2
with

gas concentrations in the range of 10–100 𝜇L/L. As seen in
Figure 6, all the three gas response curves meet highly linear
with gas concentration, and the linear correlation coefficient
𝑅

2 for SO
2
, SO
2
F
2
, and SOF

2
is suggested to be about

0.982, 0.979, and 0.963, respectively. Such a higher linear
dependence indicates that our prepared flower-like ZnO gas
sensor can be used as promising materials for detecting SF

6

decompositions such as SO
2
, SO
2
F
2
, and SOF

2
.

Response time and recovery time are other two key indi-
cators to evaluate gas sensor performances. Figure 7 shows
the response and recovery characteristic of the prepared
sensor to 10 𝜇L/L of SO

2
, SO
2
F
2
, and SOF

2
with the sensor

working at its optimum operating temperature. As shown
in Figure 7, the response times for 10 𝜇L/L of SO

2
, SO
2
F
2
,

and SOF
2
are about 21, 13, and 10 s, and correspondingly

the recovery times are about 45, 32, and 17 s, respectively.
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Such rapid response and recovery characteristic could be
ascribed to the structure of the prepared flower-like sensor,
which has a much bigger specific surface area than other
conventional sensing structures, provides a larger adsorption
area, and increases the amount of gas molecules adsorbed
on the surface. Those advantages increase the rate of charge
carriers and facilitate the movement of carriers through the
barriers, consequently fast response and response property
are observed.

The response and recovery behaviors versus SO
2
with

concentration at 10, 20, 30, 40, 50, and 100𝜇L/L are shown in
Figure 8. With the concentration of detected gas increasing,

the gas response amplitude increases apparently, nevertheless
the response and recovery property changes slightly which
indicates a very good and satisfying reproducibility of pre-
pared sensor against the decompositions. Figure 9 shows the
long-term stability and repeatability of the sensor against
50𝜇L/L of SO

2
, SO
2
F
2
, and SOF

2
. One can clearly see in

Figure 9 that the gas response changes slightly and keeps
at a nearly constant value during the long experimental
cycles, which confirms the excellent longtime stability and
repeatability of the prepared flower-like ZnO nanorods gas
sensor for detecting SO

2
, SO
2
F
2
, and SOF

2
.

For most metal oxide semiconductor gas sensors such as
zinc oxide, tin oxide, titanium oxide, ferric oxide, and indium
oxide, the sensing properties are dominantly controlled by the
change of electrical resistance [27], which is fundamentally
attributed to the chemical adsorption and desorption process
of gas molecules on sensing surface of the sensor.

It is well known to all that zinc oxide is a typical n-
type semiconducting material and there exist many oxygen
vacancies in the crystal lattices [28–30], where various kinds
of oxygen could be adsorbed.The species of adsorbed oxygen
are closely related to the ambient temperature [31]. At room
temperature, oxygen is likely to be adsorbed on ZnO surface
or grain boundaries with a typical physical adsorption mode.
And it would turn into chemical adsorption by thermal
excitation or electric excitation with certain energy.

As shown in Figure 10(a), oxygenwould capture electrons
and form a depletion region on the surface area, which results
in a decrease in the concentration of charge carrier and elec-
tron mobility, thus gas sensor shows a higher electrical resis-
tance. Figure 10(b) illustrates the gas sensing process of SO

2

as an example exploring the gas sensing mechanism of the
prepared sensor detecting SF

6
decompositions.When flower-

like ZnO nanorods are reducing gas ambient at moderate
temperature (such as in certain concentration of SO

2
, SO
2
F
2
,

and SOF
2
), the reducing gas reacts with chemical adsorbed

oxygen, and then trapped electrons would be released back
into ZnO surface. Electrons released from chemical adsorbed
oxygen would reduce the height of barriers in the depletion
region and increase the number of charge carriers [32, 33],
which promotes the movements of charge carriers between
conduction band and valence band and eventually increases
the electrical conductivity of the sensor [34, 35].

With temperature rising, chemical adsorbed oxygen
exists in various forms, namely, O

2ads
−, Oads

−, and Oads
2−, as

shown in the following reaction equations:

O
2gas 󳨀→ O

2ads O
2ads + e

−
󳨀→ O

2ads
−

O
2ads
−
+ e− 󳨀→ 2Oads

− Oads
−
+ e− 󳨀→ Oads

2−

(1)

As mentioned above the state of adsorbed oxygen is
mainly determined by the ambient temperature. At lower
experimental temperatures, oxygen dominantly exists in
the form of a “molecular ion” O

2ads
− and transfers into

“atomic ion” Oads
− and Oads

2− with a further rising operating
temperature. Experimental results indicate that the transition
temperature for oxygen from “molecular ion” to “atomic ion”
is about 450∼500K. As performed in Figure 4, the optimum
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(a) Oxygen adsorbed on ZnO surface.
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2 ads 2SO + O − → SO −O + 𝑒−
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(b) SO2 gas sensing on ZnO surface ZnO

Figure 10: Schematic plot illustrating the sensing mechanism of prepared sensor to SO
2
.

working temperatures for SO
2
, SO
2
F
2
, and SOF

2
are about

250, 300, and 300∘C, respectively.Thus, we draw a conclusion
that the sensing behavior of the prepared sensor to SO

2
gas

may belong to the “molecular ion” reaction pattern, while it
is an “atomic ion” gas response mode for SO

2
F
2
and SOF

2
.

4. Conclusions

In summary, Flower-like ZnO nanorods have been success-
fully synthesized and characterized by XRD and FESEM.The
optimum operating temperatures of the prepared sensor to
SO
2
, SO
2
F
2
, and SOF

2
are about 250, 300, and 300∘C. The

response (recovery) time of the sensor to 10 𝜇L/L of SO
2
,

SO
2
F
2
, and SOF

2
is 21 (45), 13 (32), and 10 (17) s, respectively.

Especially, the flower-like ZnO nanorods gas sensor shows
high linearity to SO

2
, SO
2
F
2
, and SOF

2
at the range of 10–

100 𝜇L/L with excellent linear correlation coefficient 𝑅2 at
0.982, 0.979, and 0.963, separately. These findings demon-
strate that our prepared flower-like ZnO nanorods have some
excellent potential advantages for using as gas sensors to
detect and online monitor the SF

6
decompositions such as

SO
2
, SOF

2
, and SO

2
F
2
in practice, although further studies

are still needed.
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Nano-SnO2 powder was prepared by the hydrothermal method in this paper. X-ray powder diffraction (XRD) and scanning
electron microscopy (SEM) were used to characterize the composition of the crystalline phase and the morphology of the prepared
gas-sensitive materials, respectively. In particular, the study focused on the sensing behaviors of nano-SnO2-based sensor towards
power transformer fault gases such as hydrogen and carbon monoxide. The optimum working temperature for hydrogen and
carbon monoxide is about 400◦C and 360◦C, separately. Further investigations into the adsorption process of gas molecule on
SnO2 (110) surface based on the first principles were conducted. The calculations indicated that 1σ orbits of H2 split into several
new electronic peaks and 5σ orbits of CO almost degenerated completely in the adsorption process, which promoted charge
transfer between gas molecule and SnO2 (110) surface. It provides a qualitative explanation for the prepared nano-SnO2-based
sensor exhibiting different gas sensing properties towards H2 and CO.

1. Introduction

Power transformer is one of the most important apparatus in
power transmission. The safety and reliability of the power
system are directly affected by the operation conditions.
Once faults happen on power transformer, it will cause great
damage to the national economy [1–4]. At present, most of
the large power transformers are still oil-immersed trans-
formers, when the transformer internal paper-oil insulation
faults occur due to overheating or partial discharge [2,
3], they may cause gaseous compounds such as hydrogen,
carbon oxides, and some low molecular hydrocarbons, and
most of those fault gases would dissolve in transformer
oil [5–8]. Dissolved gas-in-oil analysis (DGA) and online
monitoring of the dissolved gases in transformer oil are two
important technologies for power transformer conditional
maintenance.

At present, we mainly use gas chromatography, flourier
transform infrared spectroscopy, Raman spectrometry, and
photoacoustic spectrometry to detect the dissolved gases in
transformer oil. With the development of nanotechnology,

there is a new trend to use gas sensor based on nano-
metric materials detecting the dissolved gases. With many
advantages such as simple manufacture technique, low cost,
rapid response and recovery time, and long life and stability,
semiconductor metal oxides such as SnO2 is promising for
online monitoring the fault gases in power transformer
[9–16]. However, due to the similar element compositions
and molecular structures of transformer fault gases, it is
difficult to understand the sensing behaviors of SnO2 to those
gases [17, 18]. Although many relevant researches have been
carried out, an atomic level understanding of SnO2-based
materials sensing properties toward transformer fault gases
is crucial [19–22]. As both H2 and CO are the effective fault
gases in power transformers, the sensing properties of nano-
SnO2-based gas sensor to H2 and CO were investigated in this
paper.

In this paper, the nano-SnO2 sensing materials were
prepared by the hydrothermal method; its microstructure
and gas sensing properties towards H2 and CO were inves-
tigated. Furthermore, an atomic level understanding of the
sensing properties based on the first principles calculations
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was carried out. The main purpose is to make clear the gas
response properties of nano-SnO2 towards H2 and CO. This
study promises a new feasible way to explore new gas sensors
for the on-line monitoring of fault gases dissolved in power
transformers.

2. Experiment Process

2.1. Synthesis of Nano-SnO2 Sensing Materials. Nano-SnO2

powder was synthesized via hydrothermal method. Firstly,
1.753 g SnCl4·5H2O (A.R.) was dissolved in a beaker
with 20 mL deionized water and 20 mL absolute ethanol;
NH3·H2O (A.R.) was dropped into the mixed solution until
the pH reached 9 under intense magnetic stirring. After
magnetic stirring for about 30 min at 70◦C, the mixture
solution was transferred into a Teflon-lined autoclave with
capacity of 50 mL, which was heated at 180◦C for 24 h. Then
the autoclave was cooled at room temperature naturally.
Finally, the as-obtained powder was washed with deionized
water and ethanol several times, respectively, until Cl− could
not be examined by 0.1 mol/L AgNO3 aqueous solution and
dried in air for the further characterizations.

2.2. Fabrication of Nano-SnO2 Gas Sensor. Nano-SnO2

based gas sensor was fabricated through traditional side
heating preparation process. The powder was mixed with
diethanolamine and ethanol to obtain a homogenous paste.
It was subsequently brushed onto an alumina tube substrate,
and dried at 100◦C for 2 h in air. Then, a Ni-Cr heating wire
was inserted into the alumina tube substrate. Finally, the tube
was welded on the pedestal of the sensor. Figure 1(a) shows
the schematic drawing of the as-fabricated gas sensor. As
illustrated in Figure 1(b), there are Au electrodes placed at the
two sides of the alumina tube to read the electrical resistance
of gas sensor. The distance between the two electrodes is esti-
mated to be 6 mm, and the diameter of the tube is 1.2 mm.
Then the gas sensor is aged at 120◦C for 240 h to improve its
stability and repeatability.

2.3. Characterization of Structure and Gas Sensing Property.
X-ray powder diffraction (XRD) was taken to identify the
crystalline phase composition of the prepared nano-SnO2

samples at the range of 20–80◦ with Cu Kα1 radiation (λ =
1.5406 Å) at 40 kV and 40 mA. The morphology of SnO2

nanostructures was characterized by scanning electron
microscopy (SEM).

The static measuring system was used to test gas sensing
properties. The operating temperature of the gas sensor was
controlled by varying the current of Ni-Cr heating wire. Gas
sensing properties were studied under laboratory condition
with room temperature at 30◦C and humidity as 50%. The
relative variation of the gas sensor resistance (gas response)
in this paper was defined as S = (Ro−R)/Ro, where Ro and R
represent the resistances of the sensor in N2 and in targeted
gas, respectively. All measurements were repeated several
times in order to ensure the reproducibility of the gas sensing
response.

(a)

Au electrode

Al2O3 tubes

Ni-Cr alloy coil

Sensitive powder

(b)

Figure 1: The structure of gas sensor ((a) base structure; (b) tube
structure).

2.4. First Principles Calculation. Based on the density func-
tional theory (DFT) [23–25], the first principles calculations
were performed with the assistant of Cambridge Sequential
Total Energy Package (CASTEP) program in this paper [26,
27]. Exchange-correlation function between electrons was
described by the Revised Perdew-Burke-Ernzerhof (RPBE)
form of generalized gradient approximation (GGA). Inter-
action between nuclei and electrons was approximated with
ultrasoft pseudopotential to treat the valence electrons, and
the valence electron configurations for H, C, O, and Sn atoms
were chosen as 1s, 2s 2p, 2s 2p, and 5s 5p, respectively.
The cutoff energy of the plane-wave was set at 380 eV
to ensure energy convergence within 1-2 meV/atom. The
maximum root mean square convergent tolerance was 1.0×
10−6 eV/atom. In the whole process of geometry optimiza-
tion and energy calculation, all atoms were allowed to relax
in all directions freely [28–31].

3. Results and Discussion

3.1. Characteristic of Sensing Material. To determine the
crystalline phase composition of the prepared SnO2 powder,
the X-ray diffraction pattern of the sample is shown in
Figure 2. One can clearly see that the main characteristic
peaks (110), (101), and (211) appeared in 27.9◦, 34.3◦, and
52.4◦ respectively, perfectly corresponding to the tetragonal
rutile phase of SnO2 with the lattice constants of a = 4.738 Å
and c = 3.188 Å (JCPDS21-1250). The average particle size
of the sample is calculated from the XRD peaks based on the
Scherer formula as follows:

D = 0.89γ
(
β cos θ

) , (1)

where D is the mean particle size of the powder, γ is the X-
ray wavelength, β is the half peak width, and θ is the Bragg
angle. According to the broadening of the (110) diffraction
line, the calculated average particle size is about 20 nm.
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Figure 2: XRD spectra of the nano-SnO2 powder.

 

 100 nm

Figure 3: EM micrograph of the nano-SnO2 powder.

Figure 3 shows the SEM image of the prepared nano-
SnO2 sample, which is disperse, and the particles are uniform
in shape and particle size. They are nearly spherical with the
diameters about 25–30 nm.

3.2. Gas Sensing Properties

3.2.1. Optimum Operating Temperature Property. The oper-
ating temperature is one of the most important properties
of the as-prepared gas sensor. The optimum operating
temperature is closely related to not only nature property of
the material itself, but also the gas-sensing process of the gas
towards the surface of materials. To investigate the operating
temperature property of the prepared nano-SnO2-based gas
sensor, the gas response to transformer fault gases at different
temperatures was measured.

Figure 4 shows the response of nano-SnO2-based gas
sensor to hydrogen and carbon monoxide as a function of the
operating temperature, with the gas concentration as 50 ul/L,
environmental temperature at 30◦C and humidity as 50%. As
shown in Figure 4, the gas responses increase firstly and then
decrease with the rise of operating temperature, which can
be explained by a dynamic equilibrium state of adsorption
and desorption. With the operating temperature increasing,
the adsorption amount of the gas would reach to a balance
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Figure 4: Gas response of the sensor to different operating temper-
atures.

at a suitable temperature firstly. And then the balance of
desorption is broken which is followed by the decrease of gas
response. The gas response to 50 ul/L hydrogen and carbon
monoxide at different operating temperatures can be seen
clearly from Figure 4. The optimum operating temperature
for carbon monoxide and hydrogen are revealed to be about
360◦C and 400◦C, respectively, indicating that the sensor
shows the maximum gas response at these temperatures.

3.2.2. Gas Response Property. If gas response of the prepared
gas sensor presents a linear or quasilinear relationship with
the concentration of the measured gas, the gas sensor can be
used in the on-line monitoring of the fault gases dissolved in
power transformer oil. The gas sensor responses were tested
with the concentration of the target gas in the range of 5–
100 ul/L, environmental temperature at 30◦C, and humidity
as 50%.

Figure 5 shows the gas response to hydrogen and carbon
monoxide as a function of the gas concentration at their
optimum operating temperatures. From Figure 5, it can be
demonstrated that the gas responses have the trend of
increasing at different degrees with rising of gas concen-
tration. The gas response curves meet the quasi-linear
relationship with the concentrations of the detected gases,
satisfying the requirements of engineering application for
on-line monitoring.

3.2.3. Response-Recovery Property. The response time and
recovery time are the other two key properties for gas sensor,
which are defined as the required time for reaching 90% of
the maximum response when gas in and 10% when gas out,
respectively. Figure 6 shows the response-recovery property
of the sensor working at their optimum operating tem-
peratures, with gas concentration of 50 ul/L, environmental
temperature at 30◦C and humidity as 40%. From the curves,
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Figure 5: Gas response of the sensor to different gas concentrations.
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Figure 6: Response and recovery time of the gas sensor.

it can be known that the gas response increases sharply
with gas in and returns to its original state while gas out.
According to the definition above, the response and recovery
time for hydrogen as shown in Figure 6 is about 12 s and 25 s,
for carbon monoxide about 8 s and 15 s, respectively.

3.2.4. Stability and Repeatability. Finally, the stability of the
sensor to 50 ul/L fault gases was investigated with their opti-
mum operating temperatures, environmental temperature at
30◦C, and humidity as 40%. As shown in Figure 7, the gas
response changes slightly for two months, which indicates
that the prepared gas sensor presents excellent long-term
stability and repeatability.

3.3. Gas Sensing Mechanism. According to the researches
above, it can be concluded that even at the same experiment
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Figure 7: The long-term stability and repeatability of the sensor.

conditions, the prepared gas sensor exhibits different sensing
properties such as the optimum operating temperature
property and gas response property. The previous studies
about gas sensing mechanism mainly concentrated on the
grain size [33], grain growth direction [34], specific surface
area [35–38], and so forth. But they could not have given a
reasonable explanation for sensing variances of gas sensor to
different gases [39]. So it is needed to further study the gas
sensing reaction process in atomic level to figure out more
accurate mechanism [40–42].

At present researchers mainly consider the sensing behav-
iors of semiconductor metal oxides through a trial-and-
error experiment method, which wastes a lot of unnecessary
manpower, materials, finance, and time [43]. With the
development of computer technology, they can be studied by
theoretical calculation method. Although many works have
been conducted on nano-SnO2-based sensor, its gas sensing
mechanism remains controversial.

SnO2 is a typical n-type semiconductor as reported,
and its gas sensing property was mainly determined by the
surface. When placed in a gas with certain concentration, it
would be adsorbed by gas molecule on its surface firstly, and
then the resistance and conductance of the surface would
be modified. In order to reveal the different gas responses
against hydrogen and carbon monoxide, the adsorption
process between the gas molecule and sensing surface should
be investigated deeply to gain an insight into the gas sensing
mechanism.

It is well known that the sensing property of SnO2 is
dominantly controlled by surface, and that SnO2 crystal has
four major low-index surfaces (110), (101), (100), and (001)
[23, 38], respectively. In particular, the (110) surface is of the
most thermodynamically stable surface among the four low-
index surfaces [19, 26, 27], and it has been widely used to
investigate the surface properties of SnO2 through the first
principles method. To understand the sensing mechanism of
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Figure 8: The unit cell model of rutile SnO2.

SnO2-based gas sensors, the first principles calculations were
performed to investigate the interactions of H2 and CO with
SnO2 (110) surface to reveal the sensing mechanism of SnO2.

Firstly, we built the rutile SnO2 unit cell model with
lattice parameters a = 4.737 and c = 3.186 Å. As shown in
Figure 8, each Sn atom is bonded with six O atoms nearby,
and each O with three Sn. To preserve symmetry, the top and
bottom layers of the slab were taken to be identical, and a
surface vacuum slab of 10 Å was added to the (110) surface to
avoid unnecessary interactions between the slabs. A super cell
consisted of a 1× 1 surface unit cell was employed, which was
composed of a finite number of layers but of infinite extent.
As shown in Figure 9, the SnO2 (110) surface as a single
slab consisted of several atomic layers, which was cut from
the optimized bulk structure. The central five layers were
constrained at their sites, while the surface and subsurface
layers on either side of the slab were allowed to relax freely
for all the calculations. There are four kinds of surface atoms:
O2c, O3c, Sn5c, and Sn6c, respectively, as shown in Figure 9.
The outermost atomic layer is composed of two coordinate
oxygen anions O2c (bridging oxygen), which occupy bridging
positions between fully coordinated tin atoms Sn6c located
in the second layer. Five coordinated tin atoms Sn5c (5-
fold Sn4+) and fully coordinated tin atoms Sn6c (6-fold
Sn4+) as well as fully coordinated oxygen anions O3c (plane
oxygen) occupy the second layer. And the third atomic layer
is constituted of subbridging oxygen atoms.

Table 1 listed the outermost atoms displacement of
the rutile SnO2 (110) surface with geometry optimization
calculation by the CASTEP program module. The O2c, O3c,
and Sn6c atoms at the top layer move out of the surface
by 0.04 Å, 0.16 Å, and 0.18 Å, respectively. While Sn5c atom
relaxes inwards 0.10 Å, which has the same tendency with the
results reported in other literatures [23, 26, 32].

As mentioned above, the surface layer of SnO2 (110)
surface has four different characteristic atoms O2c, O3c, Sn5c,

O2c
O3c Sn6cSn5c

Figure 9: The atomic model of SnO2 (110) surface.

Table 1: Displacement of surface atoms along the (110) direction.

O2c O3c Sn5c Sn6c

DFT (GGA-RPBE) 0.04 0.16 −0.10 0.18

DFT (GGA-PBE) [32] 0.03 0.135 −0.092 0.15

DFT (GGA-PBE) [26] 0.09 0.18 −0.11 0.22

DFT (B3LYP) [23] 0.02 0.14 −0.12 0.26

and Sn6c. Different from nonpolar molecules such as H2,
CO molecule is likely to be adsorbed on the surface layer
atoms with its carbon end or oxygen end. In consideration of
this, we initially imported CO gas molecule perpendicularly
onto the surface layer atoms with carbon end to O2c and
O3c sites and oxygen end to Sn5c and Sn6c sites, respectively.
The initial vertical CO was placed at the sites that C
atom could be bonded with Sn or O atom of SnO2 (110)
surface layer, and O atom could provide typical bond with
Sn atom. Simultaneously, H2 gas molecule was imported
perpendicularly onto the surface layer atoms with the initial
vertical heights that H atom could provide typical bond with
surface layer atoms. The bond length and angle of adsorbed
characteristic gas molecular models built in this work are in
consistent with the theoretical data.

In order to examine which adsorption position is the
most energetically stable, we firstly calculated the adsorption
energy (ΔEads) [18, 32, 44]. As a key parameter of the
adhesive property of adsorption system, the adsorption
energy is defined in the following equation [18, 32, 44]:

ΔEads = Esurf + Egas − Egas+surf, (2)

where Esurf is the energy of SnO2 (110) surface before adsorp-
tion, Egas is the energy of free gas molecule, and Egas+surf is
the total energy of the system after adsorption. In general, a
positive ΔEads indicates that the molecule adsorption process
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Table 2: Adsorption energy on SnO2 (110) surface.

Adsorption energy ΔEads/eV

Gas O2c O3c Sn5c Sn6c

H2 0.031 0.018 0.024 0.027

CO (O end) 0.032 0.017

CO (C end) 0.021 0.029 0.042 0.024

is exothermic, and the adsorption system is energetically
stable [18, 32]. For the purpose of comparison, all the
energies are calculated with the supercell of identical size.

The calculated adsorption energies for detected gases
adsorbed on SnO2 (110) surface are represented in Table 2.
According to the definition of adsorption energy, a positive
value demonstrates an exothermic reaction, which means a
stable adsorption process. The bigger the adsorption energy
is, the greater the excitation chance of the gas molecule
electrons is.

Table 2 shows that the ΔEads of hydrogen adsorbed on
O2c atom site is relatively higher than that of other adsorp-
tion sites, indicating that hydrogen adsorption on O2c atom
site is the most thermodynamically favored process. There-
fore, it is considered as the most energetically stable
adsorption geometry, and in our calculation results the
corresponding ΔEads for hydrogen on O2c, O3c, Sn5c, and
Sn6c is 0.031 eV, 0.018 eV, 0.024 eV, and 0.027 eV, respectively.
Simultaneously, ΔEads for carbon monoxide with C end to
O2c, O3c, Sn5c, and Sn6c is 0.021 eV, 0.029 eV, 0.042 eV, and
0.024 eV, respectively and O end to Sn5c and Sn6c is 0.032 eV,
and 0.017 eV. The ΔEads of carbon monoxide with C end
on Sn5c (Sn6c) atom site is somewhat higher than that with
O end, meaning that carbon monoxide is favored to be
adsorbed on Sn5c (Sn6c) atom site with C end. And the ΔEads

of carbon monoxide with C end on Sn5c atom site is relatively
higher than that of other adsorption site; therefore, we can
conclude that carbon monoxide adsorbed on SnO2 (110)
surface with C end on Sn5c atom site is the most energetically
stable adsorption position.

Further research on the difference of sensing properties
can be performed by analyzing the total density of states
(DOSs) and partial density of states (PDOSs) of gas molecule
and atoms in the adsorption system. The DOSs and PDOS
of O2c and Sn5c on SnO2 (110) surface are demonstrated
in Figure 10, the DOS of hydrogen and carbon monoxide
before and after adsorption are shown in Figure 12. For a
deeply understanding of the adsorption process, the DOS
and PDOS of free CO molecule are also demonstrated in
Figure 11.

From Figure 10, it can be seen that the lower valence band
of O2c is mainly contributed by the 2s orbits, and the upper
valence band results from the 2p orbits. For Sn5c atoms, the
5s and 5p orbits compose the valence band and conductance
band together.

As seen in Figure 11, the DOS of free carbon monoxide is
composed of 4σ , 1π, 5σ , and 2π orbits and the occupied 5σ
orbit is at the Fermi level. The 4σ is mainly contributed by
the 2p, 2s of O, and 2s of C, 1π mainly from the 2p of C and
2p of O, 5σ mainly from the 2s and 2p orbits of C, and 2π
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Table 3: The Mulliken charge and population of H2 and CO.

Before adsorption After adsorption

s p s p

H2
H 0.62 0.03 0.60 0.01

H 0.62 0.03 0.60 0.01

CO
C 1.68 1.90 1.51 2.16

O 1.84 4.58 1.83 4.44

mainly from the 2p of C and 2p of O. After carbon monoxide
adsorbed on Sn5c site with C end on (110) surface, the DOS
of adsorbed carbon monoxide decreases slightly and the 5σ
orbits are almost completely degenerated. It implies a strong
interaction between the 5σ orbits of CO molecule and 5s 5p
orbits of Sn5c.

For free hydrogen whose occupied 1σ orbital is at the
Fermi level, the DOS of hydrogen changes slightly and obvi-
ously separates into several peaks after hydrogen adsorption
on O2c site. The change of DOS peaks indicates an interaction
between the 1s orbital of adsorbed hydrogen and the 2p
orbital of O2c atoms, which may increase the probability of
electron transfer from valence band to conductance band if
intrinsic electrons are activated thermally or electronically.

The Mulliken population and charge transfer [18, 32,
44] between the gas molecule and adsorption surface was
further investigated to illustrate the sensing mechanism of
the rutile tin oxide to hydrogen and carbon monoxide.
Table 3 demonstrates the Mulliken population of hydrogen
and carbon monoxide before and after the adsorption on the
(110) surface.

As shown in Table 3, the charge transfers of H2 and CO
gas molecule on (110) surface have the common tendency.
The total number of electrons decreases at different degrees
after being adsorbed on the surface. The number of the lost
electrons from H2 and CO is 0.08 e and 0.06 e, respectively.
Accordingly, the lost electrons from adsorbed gas molecule
are received by the (110) surface. It will decrease the height
of barrier in the depletion region, increase the conductance
of the sensor, and result in an increasing of output voltage
which was generally observed in the on-line monitoring
stage.

It should be noted that it is controversial to quantitatively
interpret the gas sensing mechanism, due to the possible
deviations between experimental conditions and ideal the-
oretical models. However, a qualitative comparison on dif-
ferent gas molecules adsorbed in the same adsorption system
to investigate their different of sensing properties should be
reliable [32].

4. Conclusions

This study has prepared nano-SnO2 powder via hydrother-
mal method and investigated its morphology and micro-
structure. In particular, it focused on the gas sensing prop-
erties of the prepared sensor against power transformer fault
gases such as hydrogen and carbon monoxide. Experiments
showed that the optimum operating temperatures for 50 ul/L

H2 and CO were about 400◦C and 360◦C, with the gas
response being 43.15 and 14.86, respectively.

Based on the first principles method the gas adsorption
process was further investigated at the atomic level. Calcu-
lations results indicated that H2 was favored to adsorb on
O2C site, and Sn5c was the energetically stable adsorption
position for CO with C end. After the adsorption of H2 on
O2C site of (110) surface, there appeared new electronic peaks
at the Fermi level. And the 5σ orbits of CO almost completely
degenerated after CO adsorbed on Sn5c position of (110)
surface with C end. From the Mulliken population analysis,
the lost electron number of H2 and CO is 0.08 e and 0.06 e,
respectively, and this will increase the conductance of the
sensor.

The differences gas sensing properties of nano-SnO2-
based sensor towards H2 and CO were qualitatively explained
by the theoretical calculations. They will present a new
feasible way on exploring new nano-SnO2-based gas sensor
and other sensing materials for on-line monitoring of fault
gases dissolved in power transformers.
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[14] A. Köck, A. Tischner, T. Maier et al., “Atmospheric pressure
fabrication of SnO2-nanowires for highly sensitive CO and
CH4 detection,” Sensors and Actuators B, vol. 138, no. 1, pp.
160–167, 2009.

[15] T. Zhang, L. Liu, Q. Qi, S. Li, and G. Lu, “Development of
microstructure In/Pd-doped SnO2 sensor for low-level CO
detection,” Sensors and Actuators B, vol. 139, no. 2, pp. 287–
291, 2009.

[16] Q. Qi, T. Zhang, X. Zheng et al., “Electrical response of
Sm2O3-doped SnO2 to C2H2 and effect of humidity interfer-
ence,” Sensors and Actuators B, vol. 134, no. 1, pp. 36–42, 2008.

[17] F. Quaranta, R. Rella, P. Siciliano et al., “Novel gas sensor based
on SnO2/Os thin film for the detection of methane at low
temperature,” Sensors and Actuators B, vol. 58, no. 1–, pp. 350–
355, 1999.

[18] W. Zeng, T. M. Liu, D. J. Liu, and E. J. Han, “Hydrogen sensing
and mechanism of M-doped SnO2 (M = Cr3+, Cu2+ and Pd2+)
nanocomposite,” Sensors and Actuators B, vol. 160, no. 1, pp.
455–462, 2011.

[19] C. W. Zhang, P. J. Wang, and F. Li, “First-principles study on
surface magnetism in Co-doped (110) SnO2 thin film,” Solid
State Sciences, vol. 13, no. 8, pp. 1608–1611, 2011.
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Different characterizations were carried out on red mud uncalcined and samples calcined in the range of 100◦C–1400◦C. In
the present paper, the phase composition and structural transition of red mud heated from room temperature are indicated by
XRD, TG-DTA, and SEM techniques. The mean particle diameter, density, and bond strength of these samples also have been
investigated. The results indicate the decomposition of gibbsite into Al2O3 and H2O between 300◦C and 550◦C and calcite into
CaO and CO2 in the interval of 600–800◦C. Tricalcium aluminate and gehlenite are formed in the range of 800–900◦C. Combined
with the SEM images, the results of physical property testing show that the particle size and the strength each has a continuous
rise during the heat treatment from 150◦C to 1350◦C. But the value of density will undergo a little drop before 450◦C and then
increases to a higher value at the temperature of 1200◦C. These obtained results provide an important base for the further studies
of comprehensive utilization of red mud.

1. Introduction

Red mud is a reddish brown coloured solid waste produced
during the physical and chemical processing of baux-
ite. Bauxite is composed of aluminum hydroxide miner-
als, including primarily gibbsite (Al(OH)3), boehmite (γ-
AlO(OH)), diaspore (α-AlO(OH)), hematite (Fe2O3) and
goethite (FeO(OH)) [1]. The red mud, according to the pro-
duction process of the aluminum, can be divided into Bayer
process red mud, sintering progress red mud, and combined
process red mud. It was reported that there is 0.8∼1.5 t of red
mud produced by each 1 t alumina produced. Globally, the
total amount of red mud produced every year is between 60
and 120 million tons, [2] about 30 million tons of which is
produced in China, and the accumulated quantity can reach
to 200 million tons in China.

As to the treatment of red mud, stockpiling it in the open
yard may lead to serious pollution of the surrounding soil,

air, and groundwater. The dike breach at the Ajkai Tim-
foldgyar Zrt alumina plant in Hungary [3] is warning us to
pay enough attention to the comprehensive treatment of the
red mud. The comprehensive utilization of red mud can be
divided into the following aspects. First, recovery of Fe, Al,
Na [4–6], and rare earth elements like Sc, Y, La, Ti, V [6–
10] in red mud. Second, reuse of red mud as cement pro-
duction [11–14] and other construction materials like brick
[15, 16], glass [17, 18], and aerated concrete block [19].
Third, utilization of red mud as road base material and
filling material in mining [20, 21] and plastic [22]. Forth,
application of red mud to absorb heavy metal ions like
Cu2+, Zn2+, Ni2+, Cd2+ [23–25], and nonmetallic ions and
molecules like NO3

− [26–28] in the wastewater. Fifth, appli-
cation of red mud can absorb heavy metal ions in the soil
[29, 30] and SO2 in the wastegas [31, 32].

For the purpose of better comprehension utilization of
red mud, several studies [33–38] have been carried out on
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the physical and chemical properties of red mud under heat
treatment. However, most of the above reports on the charac-
terization of red mud have not detailedly research the physi-
cal properties from room temperature to an extreme high
temperature. The research of SEM diagrams of red mud cal-
cined at different temperature also has not been reported
before. In the present paper, the mean particle diameter,
density, and bond strength of red mud calcined within the
interval 150–1350◦C have been investigated. These tests were
aimed to correlate phase composition and structural tran-
sition of red mud heated from room temperature, which
are indicated by XRD, TG-DTA, and SEM techniques. This
research is part of a long-term project on the exploitation of
the comprehensive utilization of red mud and provides an
important base for the further studies of comprehensive
utilization of red mud.

2. Materials and Experimental Procedure

2.1. Materials. Red mud samples were collected from an alu-
mina refining plant, in Guizhou, China, the process of which
is bauxite-calcination method. Approximately 3–5 kg of red
mud samples were collected from six different sites which
have been stocked for 3 years. Samples were dried to constant
weight at a temperature of 105±5◦C for 24 h. Powder batches
of about 500 g were calcined for 6 h in at 150, 300, 450, 600,
900, 1050, 1200, 1350◦C. Then the samples were removed
from the furnace and cooled to room temperature in air.
A powder batch of about 500 g was prepared without heat
treatment for the use in comparison experiment and TG-DT
analysis.

The chemical composition of the uncalcined red mud
determined by X-ray fluorescence (XRF-1800X) analyzer is
given in Table 1.

2.2. Experimental Methods. X-ray diffraction (XRD) anal-
ysis was carried out on a Rigaku (Japan) D/MAX 2500C
diffractometer using CuKα radiation, voltage 40 kV, current
200 mA, equipped with a graphite monochromator in the
diffracted beam. Crystalline phases were identified using
the database of the International Center for Diffraction
Data-JCPDS for inorganic substances. (JCPDS, International
Centre for Diffraction Data, 1601 Park Line, Swarthmore,
PA, 1987).

Thermal analysis was performed on a Netzsch (Ger-
many) STA 449 simultaneous analyzer. Thermogravimetric
(TG) and differential thermal (DT) analysis were performed
in the range of 50–1450◦C (stripping gas: dry N2, helium
flow = 100 mL/min, heating rate: 10◦C/min). Measurement
were carried out in 0.3 cm3 volume alumina crucibles using
α-alumina as reference, analyzing ≈100 mg of dry sample.

The volume frequency of particle diameter is character-
ized by a Winner2008A (Chinese) laser particle size ana-
lyzer, whose measuring range is 0.05–2000 μm. The density
measurements were performed with a helium pycnome-
ter (Micromeritics, Model 1305, USA). And the strength
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Figure 1: XRD patterns of uncalcined red mud and samples heated
at 300◦C, 600◦C, 900◦C, and 1200◦C.

performance of red mud calcined at different temperature
is tested on a Trautwein DigiShearTM (Chinese) multi-
functional direct shear test systems with the following testing
condition: the shear rate is 0.03 mm/minute, the maximum
shear displacement is 6.5 mm.

SEM observation was performed on TESCAN VEGA II
scanning electron microscope for the characterization of the
micromorphology of red mud calcined at different tempera-
tures.

3. Results and Discussions

3.1. XRD Analysis. The element analysis and phase charac-
terization of red mud have been reported several times [33,
34, 37, 38]. However, the analysis data of the composition
of red mud is not uniform. The XRD patterns of the red
mud uncalcined and calcined at the temperatures of 300◦C,
600◦C, 900◦C, 1200◦C are shown in Figure 1.

From Figure 1, it can be seen that the main phases in the
uncalcined red mud are calcite (CaCO3), dicalcium silicate
(Ca2SiO4), hematite (Fe2O3), perovskite (CaTiO3), gibbsite
(Al(OH)3), and CaO. Among these mineral phases, gibbsite
cannot be detected in the sample treated over 600◦C for
the reason of pyrolysis. Calcite is the fundamental phase up
to 900◦C. Above this temperature, calcite (CaCO3) decrease
parallels the increase of CaO and the occurrence of minor
components, such as tricalcium aluminate (Ca3Al2O6) and
gehlenite (Ca2Al2SiO7). This indicated the transform of
calcite to tricalcium aluminate and Gehlenite and the decom-
position of Calcite to CaO in the interval of 600–900◦C.
Dicalcium silicate (Ca2SiO4), hematite (Fe2O3), perovskite
(CaTiO3), and CaO are not affected by temperature through
the process of heating.
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Table 1: The main chemical constituents of red mud (%) [38].

Chemical constituent Fe2O3 Al2O3 SiO2 CaO Na2O TiO2 Sc2O3 Nb2O5 TREO Loss

Sintering process 6.66 9.18 18.1 38.09 4 6.72 0.02 0.02 0.25 16.96

3.2. TG-DT Analysis. The TG-DTA diagram (Figure 2)
shows a continuous weight loss distributed in the range of
50–1450◦C. The figure shows two main portions of mass
loss as the rise of temperature. The first one is during the
heating temperature interval of 50–550◦C when the phys-
ically absorbed water and chemically bound water is off.
Before the firing temperature is up to 550◦C, the sample
loses 8.26% total of its weight. The proportion of physically
absorbed water is small. Combined with the results of
XRD analysis, it can be known that the lost chemically
bound water is mainly from the decomposition of gibb-
site (Al(OH)3), which is shown as following equation:
Al(OH)3 → Al2O3 + H2O. But if there are no Al2O3 phases
detected along with the decrease of Al(OH)3, then Al2O3 is
believed to have been combined with the CaO (discussed as
following) to form tricalcium aluminate or Gehlenite.

Then the mass of the sample undertakes a more rapid
decline in the range of 550–900◦C with a mass change of
21.81%. As the report [38] says, the main reason is the release
of CO2, which can also be indicated by the XRD pattern in
Figure 1. The decrease of Calcite (CaCO3) and the increase
of CaO around the temperature of 900◦C can prove that the
decomposition of CaCO3 is the main source of released CO2.
The chemical equations during this progress are as follow-
ing: CaCO3 → CaO + CO2, 3CaO + Al2O3 → Ca3Al2O6,
2CaO + 2Al2O3 + SiO2 → 2Ca2Al2SiO7. Besides, when the
sample is heated at the temperature over 900◦C, there is not
an obvious mass change.

There are three main endothermic peaks in the DT diag-
ram of red mud. It can be known that the decomposition
temperatures of gibbsite to Al2O3 and calcite are separately
300–550◦C and 600–800◦C. And the main reaction temper-
ature of CaO and Al2O3 to prepared ricalcium aluminate
(Ca3Al2O6) is 850–900◦C.

Combined the results of XRD analysis and the TG-DT
analysis, the phase transition during the heat treatment can
be indicated as the following: (1) the main mineral phases
of dried red mud at room temperature are calcite (CaCO3),
dicalcium Silicate (Ca2SiO4), hematite (Fe2O3), perovskite
(CaTiO3), gibbsite (Al(OH)3), and CaO; (2) in the range of
300–550◦C, the gibbsite decomposes into Al2O3 and H2O;
(3) at the temperature of 600–800◦C, the calcite decomposes
into CaO and CO2; (4) the phases of tricalcium aluminate
(Ca3Al2O6) and gehlenite (Ca2Al2SiO7) start to emerge in the
800–900◦C interval; (5) there is no obvious mass change or
phase change above 900◦C.

3.3. Physical Properties Testing. The physical properties such
as particle size, density and strength change as the increase
of the calcined temperature of red mud.The particles size
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Figure 2: Thermogravimetric (TG) and differential thermal (DT)
analysis diagram of dried red mud.

distribution of the uncalcined red mud is shown in
Figure 3(a). It can be seen that the ground red mud particles
are mostly in the range of 1–80 μm with a mean value of
26.7 μm. But it will be different as the change of calcined
temperature, which can be indicated from the Figure 2(b).
With the firing temperature from 150◦C to 1350◦C, the
average particle diameter of red mud rises from 26.7 μm to
38.2 μm. The increase of the particle size may influenced
the improvement of crystallization. From the XRD pattern
(Figure 1), it can be known that, except the vanishing phases
like calcite and gibbsite, the crystallinities of the majority of
phases of red mud are improved by heat treatment. This will
promote the rising of the mean particle diameter value.

The density of red mud at room temperature is 3.26 g/
cm3, which will change as the red mud is under heat treat-
ment. The bond strength of uncalcined red mud tested
by the direct shear test systems is 322 kPa. The values
of density and bond strength change as the functions of
temperature are shown in Figure 4. From the diagram we can
know the following aspects. The value of density decrease
until the temperature is 450◦C, which is in contrast to
the change of bond strength. Then they both increase
obviously from 450◦C to 1200◦C and decline a little when
the temperature is higher than 1200◦C. The maximum values
of density and bond strength are 3.41 cm3 and 452 kPa at
1200◦C.

These phenomenons can also be explained by the XRD
analysis result like the change of mean particle diameter
value. The enhancement of strength properties may result
from the improvement of crystallinities of major phases
and the appearance of high strength phases like tricalcium
aluminate and gehlenite. While as to the change of den-
sity, the decline before 450◦C is determined by the emission
of water and the decomposition of gibbsite (Al(OH)3,
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Figure 3: (a) Particle size distribution of red mud at room temperature; (b) mean particle size at different calcined temperatures.

2.42 g/cm3) to Al2O3 (3.97 g/cm3) and calcite (CaCO3, 2.60∼
2.80 g/cm3) to CaO (3.25∼3.38 g/cm3).

3.4. SEM Analysis. For the purpose of further comprehen-
sion the phase change progress of red mud during heat
treatment, red mud uncalcined, and samples calcined at
150◦C, 450◦C, 600◦C, 900◦C, and 1200◦C are dispersed in
anhydrous alcohol and grinded by ultrasonic vibration for
the same time (24 h). Then the samples were observed by
scanning electron microscope to obtain the micromorphol-
ogy maps of these samples. The SEM images of red mud
uncalcined and calcined are showed in Figure 5.

From Figure 5(a) it can be known that the microscopic
structure of uncalcined red mud is relatively loose, with
high porosity and small particle size. On the contrary, the
diagrams of red mud calcined at a serious of temperatures
(Figures 5(b)–5(e)) indicate that the heat treatment can
improve the value of particle diameter and make the particles
easy to gather with each other. The increasing tendency of
particle size is consistent to the values measured by laser
particle size analyzer as shown in Figure 3(b).

Different microstructures result from different physical
and chemical progresses. With the influence of heating at
150◦C, red mud loses the majority of its physically absorbed
water and part of chemically bound water. So Figure 5(b)
presents large particles and a high porosity, corresponding to
a low density as shown in Figure 4. When calcined at 450◦C,
with the decomposition of phases like gibbsite, red mud has
lost almost all the chemically bound water. So it can have
larger particle and higher porosity (also lower density) than
calcined at 150◦C (Figure 5(c)). Density of red mud is deter-
mined by two main different factors: porosity and particle
size. When firing at 600◦C, 900◦C, and 1200◦C, there is no
water emission that leads to the variation of porosity. But
the phase transition and improvement of crystalline degree
can make the increase of particle diagram significant (Figures
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Figure 4: Changes of density and bond strength as the functions of
calcined temperature.

5(e)–5(f)). Therefore red mud can have a gradually increas-
ing value of density.

4. Conclusion

In this paper, through the XRD and TG-DT analysis, the
phase transition during the heat treatment contained the
following several progresses: (1) gibbsite decomposes into
Al2O3 and H2O (300–550◦C); (2) calcite decomposes into
CaO and CO2 (600–800◦C); (3) the emergence of Tricalcium
aluminate (Ca3Al2O6) and gehlenite (Ca2Al2SiO7) (800–
900◦C). From the results of physical property testing and
SEM analysis, it can be indicated that the physical properties
of red mud have the obvious variations during the progress
of firing of red mud. The particle size and the strength each
has a continuous rise during the heat treatment from 150◦C
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Figure 5: The SEM images of red mud (a) uncalcined and calcined at (b) 150◦C, (c) 450◦C, (d) 600◦C, (e) 900◦C, and (f) 1200◦C.

to 1350◦C, because of the improvement of crystallinities of
major phases and the appearance of high strength phases
like tricalcium aluminate and gehlenite. But as to the value
of density, it will undergo a little drop before 450◦C as an
effect of the increase of porosity, and then increases to a new
high value at the temperature of 1200◦C. All the obtained
results will provide an important base for the further studies
of comprehensive utilization of red mud.
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