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Energy has been the cornerstone of sustainable development
of our economy and society.The dramatic demand on energy
supply to be as unrestricted as possible, however, leads to con-
flicting feedback loops on the ecological environment. Thus,
research is appealing worldwide to diminish the negative
environmental consequences of energy consumption. This
includes energy saving, generation, harvest, conversion, and
storage. Nanomaterials and nanostructures provide unique
mechanical, electrical, and optical properties and have played
an important role in recent advances in energy-related
applications.

In this special issue, we report the current progress on
the preparation and the usage of nanomaterials for energy-
related applications. In these aspects, we will cover a broad
range of subjects from nanomaterial synthesis and char-
acterization to energy-related demonstration and relevant
technologies and device. Specifically, we focused on the
synthesis of nanomaterials and their application in Li-ion
batteries and optoelectronic devices.

(1) Nanomaterials for Optoelectronic/Photochemical Devices.
World energy consumption largely relies on the combustion
of fossil fuels. However, the traditional way is neither sustain-
able nor environmentally benign. Renewable energy genera-
tion devices, such as solar cells, thermoelectronic devices, are

widely investigated to replace fossil fuels. Nanomaterials have
played an essential role in developing novel energy generation
devices.The unusual quantum effect at nanoscale benefits the
electron transport and band engineering in nanomaterials,
which brings about an excellent performance for devices
[1, 2].

In this special issue, we specifically focused on the nano-
materials/nanostructures for optoelectronic/photochemical
devices. The papers “Graphene-Tapered ZnO Nanorods
Array as a Flexible Antireflection Layer” and “Fabrication
of an Antireflective Nanodome Array with High Packing
Density for Photovoltaic Applications” reported the uti-
lization of ZnO/graphene nanocomposite and nanodome
structure as antireflection layer for solar cells, respectively.
The nanofeature reduced the Fresnel reflection and increased
the transmitted light through the solar cell. The paper
“Enhanced Photovoltaic Properties of the Solar Cells Based
on Cosensitization of CdS and Hydrogenation” reported
the CdS quantum dots sensitized TiO

2
porous nanocrystal

with enhancedphotovoltaic performance.Thepaper “Synthe-
sis and Structural Characterization of Al

2
O
3
-Coated MoS

2

Spheres for Photocatalysis Applications” reports the photo-
catalytic behavior of Al

2
O
3
decorated MoS

2
nanospheres;

the enhanced performance of nanostructured Al
2
O
3
/MoS
2

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 564097, 2 pages
http://dx.doi.org/10.1155/2015/564097

http://dx.doi.org/10.1155/2015/564097


2 Journal of Nanomaterials

to bulk composite indicates it is a promising candidate for
removal of pollutant from waste water.

(2) Nanomaterials for Energy Storage. Renewable energy
storage has been ubiquitously utilized in the modernized
world, such as portable electronics, electrical vehicles, and
grid scale energy storage. Li-ion batteries, which obtain the
highestmassive/volumetric energy density among all existing
technologies, have attracted most attention both in academia
and industry. Still, in order to pursue Li-ion batteries with
higher energy density and power density, novel materials
and structures with high specific capacity and high rate
performance are needed.

For example, the specific capacity for Si anode is
4200mAh/g, 10 times larger than that of graphite
(376mAh/g). However, large amount of Li insertion in
Si caused a 400% volume change, thus resulting in severe
pulverization problem/unstable solid electrolyte interphase
(SEI) formation during cycling for bulk Si as Li-ion battery
anode. To solve this problem, Si in various nanostructures is
utilized; the best performed one achieved stable cycling of
more than 2000 cycles [3, 4].The other advantage of nanoma-
terials for energy storage devices is that they obtain a large
specific surface area. Large surface area is good for the
accessibility of electrolyte, which is beneficial to the fast
charge/discharge for Li-ion batteries and ultracapacitors [5].

In this special issue, we reported the exciting results
of nanomaterials for energy storage applications. In the
paper “Enhancement of Electrochemical Stability about Sil-
icon/Carbon Composite Anode Materials for Lithium Ion
Batteries,” W. Xiao et al. reported the Si/C composite as
anode for Li-ion batteries. This composite delivers a high
charge capacity of 791.7mAh/g at a current density as high
as 500mAh/g. In the paper “Cauliflower-Like Co

3
O
4
/Three-

Dimensional Graphene Composite for High Performance
Supercapacitor Applications,” H. Liu et al. reported a 3D
Co
3
O
4
/graphene nanocomposite. In this composite, Co

3
O
4

is used as active capacitor electrode and graphene is served as
conductive additive and mechanical support. This composite
shows an excellent specific capacity of 863 F/g in 6MKOH at
the rate of 1mV/s.

(3) Synthesis of Nanomaterials for Energy Applications.
Materials synthesis is the basis of nanomaterial applications
in energy fields. Thus, this special issue also collected work
focusing on synthesis of nanomaterials including Ni-Co-
coated carbon nanotubes (“Preparation and Microwave
Absorbing Properties of an Electroless Ni-Co Coating
on Multiwall Carbon Nanotubes Using [Ag(NH

3
)
2
]+ as

Activator”), carbon dots (“Preparation and Application
of Fluorescent Carbon Dots”), MoS

2
nanoflowers and

nanosheets (“Synthesis andCharacterization ofMolybdenum
Disulfide Nanoflowers and Nanosheets: Nanotribology”),
sodium aluminum hydride (“Synthesis of Renewable Energy
Materials, Sodium Aluminum Hydride by Grignard Reagent
of Al”), and nanocomposite of Al

2
O
3
/Antifrogen N (“Clas-

sical Behavior of Alumina (Al
2
O
3
) Nanofluids in Antifrogen

N with Experimental Evidence”). All these materials
were demonstrated for various energy applications such as

microwave adsorption (“Preparation andMicrowaveAbsorb-
ing Properties of an Electroless Ni-Co Coating on Multiwall
Carbon Nanotubes Using [Ag(NH

3
)
2
]+ as Activator”), heat

transfer (“Classical Behavior of Alumina (Al
2
O
3
) Nanofluids

in Antifrogen N with Experimental Evidence”), lubrication
(“Synthesis and Characterization of Molybdenum Disulfide
Nanoflowers and Nanosheets: Nanotribology”), and photo-
catalysis (“Classical Behavior of Alumina (Al

2
O
3
) Nanofluids

in AntifrogenNwith Experimental Evidence”).The synthesis
methods involved electroless deposition (“Preparation and
Microwave Absorbing Properties of an Electroless Ni-Co
Coating onMultiwall CarbonNanotubesUsing [Ag(NH

3
)
2
]+

as Activator”), solvothermal reaction (“Synthesis and
Characterization of MolybdenumDisulfide Nanoflowers and
Nanosheets: Nanotribology”), and traditional solid chemical
reaction (“Synthesis of Renewable Energy Materials, Sodium
Aluminum Hydride by Grignard Reagent of Al”).

Jiayu Wan
Taeseup Song
Cristina Flox
Junyou Yang

Quan-Hong Yang
Xiaogang Han
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A nanofluid is a suspension containing nanoparticles in conventional heat transfer fluids. This paper reports on an investigation
of alumina (Al

2
O
3
) nanoparticles in Antifrogen N, also called AFN, which is a popular antifreeze coolant consisting primarily of

ethylene glycol and other additives to impede corrosion. The base carrier fluid is 50% by weight of water and 50% by weight of
AFN. We systematically measured the nanomaterials and heat transfer data of nanofluids for four different size particles, namely,
20, 40, 150, and 250 nm alumina particles. The pH of all the nanofluids is adjusted to have a stable dispersion. The material
characterizations include SEM and DLS particle measurements. We measured thermal conductivity, viscosity, and heat transfer
coefficient in developing flow of the nanofluids. We observed that these nanofluids behave as any other classical fluids in thermally
developing flow and classical heat transfer correlations can be used to completely describe the characteristics of these nanofluids.

1. Introduction

Heat transfer fluids with enhanced cooling characteristics is a
subject of active research in several laboratories [1]. Nanofluid
is the dispersion of nanoparticles in conventional coolants
[2, 3]. Numerous studies performed in our lab and elsewhere
studied nanofluids prepared with coolants, such as water and
ethylene glycol (EG) [4–10]. EG based nanofluids have a
distinct advantage in cooling applications compared to water
based coolant due to the possibility of operating these fluids
down to −80∘C [11, 12]. Antifrogen N (AFN) is a commercial
coolant, which is a clear liquid with tinted pale yellow color
and consists of monoethylene glycol as base component.
Furthermore, AFN contains effective corrosion inhibitors
and prevents scaling in commonly used metal surfaces in
heat transfer equipment. It is used as a heat transfer medium
for several applications, such as closed hot water heating
systems and heat pumps and is widely used as cooling brine
in industrial refrigeration equipment. AFN is a good freeze
resistant coolant similar to EG. A mixture of AFN with water
(minimum 20% by volume) can be used in a temperature

range of +150∘C to −50∘C. AFN is a commercial product of
Clarinet and all the details were obtained from the published
materials data sheet [13].

Alumina (Al
2
O
3
) nanoparticles are a preferred choice

in preparing nanofluids due to the maturity of production
on a large scale and lower cost and are environmentally
friendly. Therefore, alumina based nanofluids are investi-
gated extensively in many laboratories and are identified as
one of the best candidates for a nanofluid based coolant
[14]. Water based Al

2
O
3
nanofluids are reported to show

improved thermal performance (ranging from 2 to 10%) with
a particle size of 40 nm [15, 16]. However, the conclusions
in the literature seem not to agree with ethylene glycol
as a base fluid. Timofeeva and coworkers [17] investigated
different morphologies of Al

2
O
3
nanoparticles in water-EG

mixture as base fluid. They report a 15% increase in thermal
conductivity with platelet Al

2
O
3
nanoparticles (7% volume

of solid content). The enhancement of thermal conductivity
reduced to 3% when the alumina content is reduced to 1%.
Mäıga et al. showed reported heat transfer coefficient increase
to 70% in a 7.5% volume of particles (roughly 22% by weight)
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[18]. Similarly, Murshed et al. reported that 80 nm size Al
2
O
3

nanoparticles dispersed in EG increased by only 3.5% and 6%
in effective thermal conductivity for 0.5 vol % and 1 vol %,
respectively [19]. Few other literatures presented comparable
results that larger particle size in the EG based Al

2
O
3

nanofluids gives more enhancement in thermal conductivity
[20, 21].

Beck and coworkers [20–23] examined, theoretically and
experimentally, the effect of particle size in water, EG, and
water-EG mixtures. Their experimental results, measured
at 25∘C for 2 vol % and 3 vol % of 16 nm Al

2
O
3
particles

dispersed in ethylene glycol, showed thermal conductivity
enhancement of 6% and 9%, respectively, whereas particles
of 245 nm size with the same particle concentrations (2 vol
% and 3 vol %) achieved 8% and 14% improvement in
thermal performance [24]. Their second study for water EG
mixture (50-50 vol %) based nanofluids have showed similar
behavior; as the particle size increases from 10 to 50 nm, the
thermal conductivity increases with higher solid content. For
instance, 3 vol % Al

2
O
3
particles with 10 and 50 nm in water

EG mixture enhances the thermal conductivity ratio to 5%
and 7% measured at room temperature [22, 23]. However,
these investigations are not conclusive about the optimum
particle size of a EG based nanofluid. Moreover, we have not
found any published literature on an AFN based nanofluid,
although this is the most commonly used coolant in the heat
equipment industry.

The aim of this paper is to perform a systematic study
of the influence of alumina nanoparticle size on the thermal
performance of the nanofluid made with water and AFN
mixture. Four different sizes of commercially available Al

2
O
3

nanoparticles, namely, 20 nm (Disp-Al20), 40 nm (Disp-
Al40), 150 nm (Disp-Al150), and 250 nm (Disp-Al250) parti-
cles, are selected for this study. To the best of our knowledge
this is the first report of nanofluids prepared with water
and AFN mixture as a base fluid. Thermal conductivity,
viscosity, and forced convective heat transfer measurements
were performed on these nanofluids.

2. Description of Experiments

The alumina (Al
2
O
3
) nanoparticles (Disp-Al20, Disp-Al40,

Disp-Al150, and Disp-Al250) are procured from NanoPhase
Nanoengineered Products, Romeville, IL, USA. Nanofluids
are prepared by dispersing 9 weight % quantity of alumina
nanoparticles into the base fluid (water-AFN 50/50wt%).
Thesemixtureswere subjected tomechanical shaker for thirty
minutes without any additives or surfactant and the pH of the
solution is adjusted to a value of 8, to provide electrostatic
dispersion strength for nanoparticles and to avoid agglom-
eration of the particles. The produced nanofluids remained
stable for several hours on the shelf and no sedimentation has
been observed during the flow measurements.

The thermal conductivity of the base fluid and the
nanofluids are measured using a thermal property analyser
based on hot wire method, KD2 Pro (Decagon Devices
Inc.). A sample holder whose temperature is controlled with
a thermal bath is used to improve the accuracy of the
measurements. Each data point is acquired in an interval

of 15 minutes. An average of at least 50 measurement
points is taken for each fluid. The relative viscosity of the
nanofluids is measured using a rotational type viscometer.
Forced convective heat transfer experiments are performed
with the base fluid and the nanofluids.The heating section is a
circular tube of nominal inner diameter of 4mm and a length
of 0.45m.The inlet and outlet fluid temperature and the wall
temperatures are measured (at regular intervals of 0.05m)
with thermocouples. The mass flow rate of the fluid pumped
into the heated tube is alsomeasured.The experimental setup
details are described in this reference [25].

3. Results and Discussion

3.1. Physiochemical Characterizations. The morphology and
particle size are characterized with a scanning electron
microscopy (SEM), Zeiss Ultra 55. Figures 1(a)–1(d) show
SEM micrographs of the four alumina powders (Disp-Al20,
Disp-Al40,Disp-Al150, andDisp-Al250).The average particle
size was measured with image J software using more than
three hundred particles. The results are shown in Table 1.
Figure 1(a) reveals spherical morphology of Disp-Al20 sam-
ple with an average particle size of 22 nm ± 12 nm. Few
particles of the size in the range of 60 to 80 nm are also
observed. Disp-Al40 sample also contains spherical particles
with an average size of 52 nm± 10 nm as shown in Figure 1(b).
However, the SEMmicrographs of Figures 1(c) and 1(d) reveal
irregular morphology and a wide distribution of primary
particle size. It is important to note that SEM particle
size analysis shows slight differences in particle size and
morphology compared to the supplier quoted data.

Hydrodynamic (DLS) particle size is determined with
Beckman Coulter Delsa NanoC setup. Figure 2 presents DLS
particle size with the intensity distribution curves. DLS
particle sizes for Disp-Al20 and Disp-Al40 nanofluids have
shown narrow distribution over the range of 10 to 60 nm and
30 to 90 nm, respectively. DLS particle size is slightly bigger
than the primary particle size and this increment is due to the
interaction of solid and liquid content. DLS curves of Disp-
Al150 and Disp-Al250 samples have shown wide distribution
of particles, which correspond with the variance in size and
the irregular morphology, as observed in SEM micrographs.
Morphology, primary particle size, and average DLS size
results are summarized in Table 1.

3.2. Thermophysical Properties. Figure 3 shows the ratio of
thermal conductivity (TC) and viscosity of the four nanoflu-
ids to the base fluid of Antifrogen N and water mixture.
Disp-Al20 Al

2
O
3
nanofluid has the lowest increase in TC,

about 3%with a large viscosity increase, 90% compared to the
base fluid. TC enhancement in Disp-Al40 Al

2
O
3
nanofluid

is 6% while the viscosity increased to 50%. The viscosity
of the nanofluids decreased with the increase in particle
size. The thermal conductivity of Disp-Al150 nanofluid is
the highest among all the measured nanofluids, about 11%.
The thermal conductivity of Disp-Al250 actually decreases
compared toDisp-Al150, which is due to the sedimentation of
large particles. The measured values of thermal conductivity
and viscosity are shown in Table 2.
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Figure 1: SEM micrographs of (a) Disp-Al20, (b) Disp-Al40, (c) Disp-Al150, and (d) Disp-Al250 samples.

Table 1: Material properties of Al2O3 nanofluids.

Sample ID Size (supplier) SEM average particle Size Morphology DLS average particle Size

Disp-Al20 20 nm 22 ± 10 nm Spherical 25 nm

Disp-Al40 40 nm 52 ± 10 nm Spherical 50 nm

Disp-Al150 150 nm 165 ± 20 nm Irregular 170 nm

Disp-Al250 250 nm 275 ± 25 nm Irregular 285 nm

The effective specific heat capacity of the mixture is
calculated based on the basic principle of the mixture rule as

𝑐

𝑝,mix = 𝑥𝑐𝑝,particle + (1−𝑥) 𝑐𝑝,fluid. (1)

𝑐

𝑝,particle and 𝑐𝑝,fluid are obtained frommanufacturer specifica-
tions.The calculated specific heat capacity of the nanofluids is
shown in Table 2. The specific heat capacity of the nanofluids
is lower than the base fluid by about 7%.

3.3. Flow Experiments. Efficient heat transfer in the laminar
flow occurs in the thermal entrance region. The objective of
these flow experiments is to answer the question: Does the

addition of nanoparticles to a coolant alter the classical ther-
mal behavior in a thermally developing flow? A correlation
for the Nusselt number, Nu for laminar flow heat transfer in
the thermal entrance regions, was provided by Incropera and
DeWitt [26]:

Nu = 1.86(
RePr

𝐿/𝐷

)

1/3
(

𝜇

𝜇

𝑜

)

0.14
.

(2)

Flow experiments are performed in a test rig, the details of
which are described in another publication of the author [25].
The length of the heated test section is 0.45m and the inner
diameter of the tube is 4mm.The length of the entry region,
𝐿entrance, before a temperature profile is fully established in the
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Table 2: Thermophysical properties of the base fluid and nanofluids.

Properties AFN/water Disp-Al20 Disp-Al40 Disp-Al150 Disp-Al 250

Specific heat 𝐶
𝑝
(J/kgK) 3250 3037 3037 3037 3037

Viscosity 𝜇 (mPa⋅s) 4.513 8.345 6.864 6.583 5.936

Thermal conductivity 𝑘 (W/m⋅K) 0.3887 0.3977 0.4119 0.4321 0.4125
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Figure 2: DLS curves from Al
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O
3
nanofluid samples.
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Figure 3: Effect of particle size on thermal conductivity and
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O
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based NFs.

presence of a fully developed hydrodynamic boundary layer
is

𝐿entrance = 0.05 ⋅ 𝐷 ⋅Re ⋅Pr. (3)

The Reynolds number range of the tests is between 100
and 500 and the Prandtl number is between 37 and 43. Putting
these figures into the above equation produces the limits for
𝐿entrance between 0.74 and 4.3m. As the length of the heated
section in the test rig is 0.45m it can be concluded that

the temperature profile is not fully developed in the test rig.
This can be further checked by examining the temperature
difference between the wall and the fluid. In the case of
constant heat flux heat transfer the temperature difference
between the tube wall and the fluid is constant when the tem-
perature profile is fully developed.Themeasured temperature
differences indeed do not stabilize along the length of the
heated section.

Further analysis of the measurement data is based on the
approach often used by heat exchanger designers to plot the
data in a standard form, that is, of Log10 (Stanton Prandtl) 2/3
against Log10 (Reynolds number).This has been done for the
base fluid of Antifrogen N and for the four nanofluids tested.
Figure 4(a) shows the data containing 50 points for the entire
test results. The Antifrogen N and water base fluid results fall
to the right of the graph as they have the highest Reynolds
number due to a low viscosity. It is interesting to note that all
the points for the four nanofluids and the base fluid fall on a
single line indicating that it is the base fluid that is controlling
the heat transfer. Any anticipated change in the heat transfer
performance of the nanofluids due to a modification of the
temperature profile, leading to a nonclassical behavior, is not
apparent from this graph.The nanofluids are behaving as any
classical fluid in the thermally developing flow. The equation
of the line in Figure 4(b) can be expressed as

Log StPr2/3 = − 0.6862LogRe− 0.6761. (4)

Substituting the definition of Stanton number into the
above equation and using the value of 𝐷 = 0.004m and
𝐿 = 0.45m give a relation between Nu and Re:

Nu = 1.02 Re0.314 (
Pr

𝐿/𝐷

)

1/3
.

(5)

This relation compares well to the Seider Tate equation
for thermally developing flow given in (2). Therefore the
experimental results confirm a classical relationship between
Nusselt number and Reynolds number for nanofluids. The
Nusselt number is plotted in Figure 4(b).

4. Conclusion

The following conclusions can be drawn from the systematic
analysis of alumina nanofluids comprising Antifrogen N and
water mixture as a basefluid.

(i) The thermal conductivity enhancement decreases as
the particle size decreases below about 170 nm. This
finding is consistent with a decrease in the thermal
conductivity of alumina nanoparticles with decreas-
ing particle size, which can be attributed to phonon
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Figure 4: Classical behavior of Al
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O
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nanofluid; (a) Reynolds versus Nusselt number, (b) Reynolds versus Prandtl number.

scattering at the solid-liquid interface. Nanofluids
with 285 nm size nanoparticles also show lower
thermal conductivity enhancement, which could be
attributed to the sedimentation of nanoparticles.
Hence, there exists an optimum size of the nanopar-
ticles for enhancement of thermal conductivity.

(ii) The viscosity of nanofluids decreases with increasing
particle size.

(iii) Flow experiments in a developing flow show that the
alumina nanofluids behave as a classical fluid. Any
anticipated improvement in the heat transfer perfor-
mance due to change in temperature profile in the
developing flow is not observed in our experiments.

Notation

𝐴: Area (m2)
V: Velocity (m/s)
𝑐

𝑝
: Specific heat at constant pressure (J/kg⋅K)
𝐷: Diameter (m)
ℎ: Heat transfer coefficient (W/m2⋅K)
𝑘: Thermal conductivity (W/m⋅K)
𝐿: Length (m)
𝑚: Mass flow rate (kg/s)
Nu: Nusselt number, ℎ𝐷/𝑘 (—)
Pr: Prandtl number, 𝑐

𝑝
𝜇/𝑘 (—)

𝑄: Heat transfer rate (J/s, W)
Re: Reynolds number, 𝜌V𝐷/𝜇 = 𝑚 ⋅ 𝐷/𝐴 ⋅ 𝜇 (—)
St: Stanton number, Nu/Re⋅Pr (—)
𝑇: Temperature (K)
𝜌: Density (kg/m3)
𝜇: Viscosity (Pa⋅s)
𝑥: Mass fraction of nanoparticles (—).
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The research on hydrogen generation and application has attracted widespread attention around the world. This paper is to
demonstrate that sodium aluminumhydride can be synthesized under simple andmild reaction condition. Being activated through
organics, aluminum powder reacts with hydrogen and sodium hydride to produce sodium aluminum hydride under atmospheric
pressure. The properties and composition of the sample were characterized by FTIR, XRD, SEM, and so forth. The results showed
that the product through this synthesis method is sodium aluminum hydride, and it has higher purity, perfect crystal character,
better stability, and good hydrogen storage property. The reaction mechanism is also discussed in detail.

1. Introduction

Hydrogen is considered as one of the most important energy
carriers for future energy vectors because of the higher energy
storage density, environmental friendliness, and broadened
sources [1]. Complex metal hydride composites in the form
of ABH

4
, where A is an alkali metal and B is a group III

element, have been widely studied in solution as proton
acceptors to enhance H

2
adsorption abilities. NaAlH

4
is

different from any other metal hydrides and borohydrides
with similar structures since it is capable of reversibly storing
H
2
after doping with transition metals (e.g., Ti, Fe, or Zr)

[2, 3]. NaAlH
4
is one of the most useful solid hydrogen

storage materials [4]. It could be produced by many methods
such as liquid-phase synthesis method [5, 6], solid-phase
synthesis method [7], and milling synthesis [8]. However, all
these synthesis methods have some disadvantages [4, 9], like
lower yield rate, higher consumption of raw material, higher
temperature and higher pressure, and so forth [10], which
make them difficult for industrial production.

This paper will describe a simple and efficient method
to synthesize sodium aluminum hydride under moderate
condition. The synthesis could be split into two steps. First,
aluminum powder is activated by organics to produce acti-
vated aluminum. Secondly, the activated aluminum reacts

with hydrogen and sodium hydride to produce final product
[11]. The raw material for this synthesis method is easy to get,
and the utilization of the rawmaterial and yield rate are really
high. All these features of the synthesis demonstrate that
this method is promising for the industrialization of sodium
aluminum hydride [12, 13]. It is established that hydrogen
storage material sodium alanate can be obtained from low
cost starting materials [4].

2. Experimental

2.1. Reagents and Materials. Aluminum powder (granularity,
200, purchased from Beijing Chemical Reagent Factory) was
dried in a vacuumoven. Anhydrous aluminumchloride (pur-
chased from Tianjin Chemical Reagent Factory) and iodine
(purchased from Zhengzhou Chemical Reagent Factory)
were sealed and stored in a dark environment as the initiator.
In addition, commercial NaH (purity 60%, purchased from
Aladdin) was stored under N

2
atmosphere to prevent oxy-

gen/moisture exposure. Toluene and tetrahydrofuran (THF)
(AR, purchased from Tianli Chemical Reagent Co. Ltd.)
were distilled over sodium metal under N

2
atmosphere to

remove water. H
2
(purity 99.999%, purchased from Taiyuan

Industrial Gases Factory) was removed moisture through
a scrubber, as the purpose of a protective and reaction
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gas. Several freeze-pump-thaw cycles were performed for
halogenated hydrocarbons (AR, purchased from Tianjin
Chemical Reagent Factory) to remove trace amounts of O

2

and water.

2.2. Synthesis Method. All reactions were carried out under
anhydrous and oxygen-free environment (hydrogen circum-
stance). Since there are some impurities in aluminumpowder
and NaH surface wrapping in mineral oil, their dosage
should be slightlymore than the theoretical value. Aluminum
powder 2 g, exact amounts of anhydrous aluminum chloride
and iodinine, and freshly sealed halogenated hydrocarbons
8mL were added to a 250mL of three-neck flask after
replacement repeatedly with H

2
. The mixture was heated to

40∘C and refluxed in hydrogen stream with stirring. About
25 minutes later, the reaction has been initiated; as a result,
aluminum powder is activated to form an organic aluminum
reagent intermediates and active aluminum.

One hour later, 3.5 g NaH and 30mL of toluene (as
the dispersant) were put into the flask. The mixture was
heated to 85∘C and refluxed with stirring for 6 h before it
was cooled down to room temperature. After separation and
crystallization, the gray powder was dried in vacuo at 60∘C
for 12 h.

The gray solid was dissolved in a mixed solvent of toluene
and tetrahydrofuran, and then insoluble matter was filtered
off.The solvent was removed from the filtrate under reducing
atmosphere, and the resulting white slid was dried in vacuo
at 80∘C for 12 h.

2.3. Characterization. All powder X-ray diffraction experi-
ments were performed on a Rigaku Ultima IV diffractometer
equipped with a Cu-K𝛼 source operated at 40 kV, 44mA,
and 1.76 kW with the step size of 5∘ in the scanning range
of the diffraction angle 20∘ ≤ 2𝜃 ≤ 80∘ and a scintillation
counter detector.The samples were confirmed by comparison
with the appropriate pattern from the International Center
for Diffraction Database (ICDD) crystallographic database.
All Fourier transform infrared (FTIR) spectroscopic mea-
surements were made on a Shimadzu model FTIR-8400S
spectrometer equipped with an attenuated total reflectance
(ATR) attachment. The sample morphologies were charac-
terized with SEM on an Hltachi model Su-1500. Online Mass
Spectrometry analysis was performed using PFEIFFEROmni
Star.

3. Results and Discussion

3.1. Infrared Spectroscopy Analysis. The absorption peak of
[AlH
4
]− corresponding to Al-H bond stretching was usually

used to determine sodium aluminum hydride. As shown
in Figures 1(a) and 1(b), there are Al-H bond characteristic
peaks that appear in the vicinity of 1660 cm−1 and 710 cm−1.
Figure 1(c) is the intermediate from reaction started about
an hour; there is a clear characteristic peak of aluminum
alkyl in the vicinity of 1250 cm−1, 1040 cm−1, and 650 cm−1.
It indicates the formation of alkyl-aluminum. It can also be
seen from the figure that the purity of the sample is improved
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Figure 1: FTIR spectra of the sample: (a) sample after recrys-
tallization, (b) sample after completion of the reaction, and (c)
intermediate from reaction started about an hour.

Table 1: Analysis data of the sample elemental composition.

Element
Theoretical value Actual measured value

Content (%) Atomic ratio Content (%) Atomic ratio

Na 42.59 1.00 42.63 1.03

Al 50.00 1.00 49.74 0.99

H 7.41 4.00 7.36 4.06

after recrystallization,with a significant reduction of impurity
peak. By comparing this is consistent with previous results
reported in the literature [14, 15]. This indicates that the
product has the presence of NaAlH

4
.

3.2. Elemental Analysis of Samples. H elemental analysis was
performed using Germany ELTRA ONH-2000 elemental
analyzer. Al elemental analysis was performed using anti-
titration according to GB/T 5121.13-2008. Metallic sodium
content was measured by Prodigy Full Spectrum Direct
Reading ICP emission spectrometer (Leeman Labs, US), and
the sample analysis results are listed in Table 1. It can be seen
that the actual measured value of these three elements is close
to the theoretical value, and the contents of different element
are approximately consistent with the theoretical values. The
melting point of the sample is between 182∘C–185∘C. It has
a melting process, it is a range, not a specific temperature
point. In other words, it started to melt from 182∘C, and
melted completely at 185∘C. Combining the results of the
elemental analysis indicates that themolecular of our product
is NaAlH

4
.

3.3. X-Ray Diffraction Analysis. Figure 2 shows the diffrac-
tograms of the synthesized samples and the sample after
recrystallization. The characteristic peaks of those samples
are clearly discernible and consistent with the JCPDF index-
card 22-1337 [16]. Based on this result as well as those of
FTIR and elemental analysis, it can be conclude that the
final product prepared by this method is NaAlH

4
. It has

a monoclinic crystal structure (cell parameters: 𝑎 = 𝑏 =
5.02 Å, 𝑐 = 11.31 Å) and I41/a (88) space group.These results
are consistent with other studies on the same NaAlH

4
and
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Figure 2: XRD patterns of (a) products after recrystallization and
(b) products after completion of the reaction.

similar ones (despite being synthesized by different methods
and at higher temperatures). It can also be seen from the
figure that there are impurities present in the sample before
recrystallization. In other words, the purity of the product is
improved after recrystallization.

3.4. Reaction Mechanism. The reaction mechanism can be
described as follows:

Al → ⋅ ⋅ ⋅ (initiator) ⋅ ⋅ ⋅ → Al∗

Al∗ +H2 → AlH3

AlH3 +NaH → Na3AlH6

Na3AlH6 +Al
∗
+H2 ←→ NaAlH4

(1)

At first, aluminum powder is activated in the presence
of initiator and the intermediate with a high activity can
directly react with hydrogen to form aluminum hydride. The
produced AlH

3
then further react with NaH and hydrogen to

form final product, NaAlH
4
.

This is confirmed by FTIR and XRD as seen in Figures
1(c), 3, and 4. In Figure 1(c), there is a strong absorption
peak at 1640 cm−1, which can be attributed to the Al-H bond
vibration absorption [17]. Because in the absence of sodium
hydride, therefore it can not be [AlH

4
]− vibration peak, it

should AlH
3
vibration absorption.

To further confirm this reaction mechanism, we also ran
some other experiments. Figures 3 and 1(c) show XRD and
FTIR of the product without addition of sodium hydride.The
results illustrate the generation of different crystal forms of
aluminum hydride in the first reaction step.The intermediate
obtained at a reaction time of 5 h was detected by XRD
and the result is shown in Figure 4. It can be seen that
the resulting intermediate contains multiple components
including Na

3
AlH
6
, AlH

3
, NaH, and NaAlH

4
. This result

adds to and provides for our reaction mechanism [18].
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Figure 3: XRD patterns of mixture obtained after 1 h of reaction.
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Figure 4: XRD patterns of mixture obtained after 5 h of reaction
after adding NaH.

3.5. Scanning Electron Microscopy Analysis. Two scanning
electron microscopy (SEM) photomicrographs of the sample
surface are depicted in Figure 5. Figure 5(a) shows the
microstructure of synthesized NaAlH

4
, where plurality of

smaller sized irregular particles and loose structure can be
observed on the whole porous surface. This microstructure
has large specific surface area; and it is beneficial to improve
the capacity of hydrogen storage and release of materials [19].
The sample after recrystallization is shown in Figure 5(b);
its surface is smooth but has a lot of voids there, which
suggests that there is certain functional materials storage of
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Figure 5: SEM micrographs of obtained NaAlH
4
before its recrystallization (a) and that after recrystallization (b) for magnified 1000 times.

gas. Based on this phenomenon, compounds with different
morphologies can be obtained using this method.

3.6. Performance Analysis of Dehydrogenation. According to
the literature [20], the de/hydrogenation reactions of NaAlH

4

take place in three steps as follows:

NaAlH
4(s) → NaAlH

4(l) (190
∘C) (2)

NaAlH
4(l) 
1

3

Na
3
AlH
6
+

2

3

Al
(s) +H2(g)

(210 ∼ 240

∘C, 3.7 wt%)

(3)

1

3

Na
3
AlH6(s)  NaH(s) +

1

3

Al
(s) +
1

2

H2(g)

(> 250∘C, 1.85 wt%)

(4)

Online Mass Spectrometry is a gas collection device, in
which acquisition gaseous substances are released during
heating under the protection of N

2
, so as to get its content.

The heating rate of hydrogen online MS is 5∘C per minute;
the peak of the figure represents hydrogen release.

Figure 6 is the Online Mass Spectrometry of hydrogen
from synthesized samples. It can be seen that hydrogen
was released during the decomposition of the sample. This
result showed that the synthesized sodiumaluminumhydride
has hydrogen storage capability. There are approximately
3.62wt% H

2
released at 340∘C and 0.35wt% H

2
releasing at

about 100∘C, which can be attributed to the decomposition of
remnant aluminum hydride [17] and influence of impurities.
This shows that the stability to get NaAlH

4
is not good.

Figure 7 shows the Online Mass Spectrometry of hydro-
gen from samples after recrystallization. By comparing Fig-
ures 6 and 7, there is only a hydrogen release peak at 370∘C
in Figure 7, and its content is about 3.87wt%.This shows that
the sample is more stable after recrystallization and has better
purity.

It is concluded that sodium aluminum hydride obtained
by this method has a hydrogen storage capacity from Online
Mass Spectrometry and SEM.The hydrogen storage capacity
is less than those reported in the literature by calculation. As
the temperature increases, there will be a release of hydrogen;
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Figure 6: Online MS of hydrogen from synthesized NaAlH
4
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Figure 7: Online MS of hydrogen after recrystallization from
synthesized NaAlH

4
.

this also provides evidence for the stability. In summary, the
sample has more stable and more complete polymorph after
recrystallization.
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4. Conclusions

From the above discussion, it can be concluded that NaAlH
4

was successfully synthesized by a very effectivemethod in this
paper. Our preparation way has some advantages including
low cost, mild reaction conditions, and high output rate. The
synthesized NaAlH

4
has hydrogen storage capacity andmore

moderate desorption conditions and better stability after
recrystallization. All these advantages indicate that our pro-
cess has potential application for the industrial production of
NaAlH

4
.This provides a strong guarantee of the research and

development for other hydrogen storage materials.
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Ni-Co-coated carbon nanotubes (CNTs) composites with different molar ratios of Ni/Co were synthesized using [Ag(NH
3
)
2
]+ as

activator and H
2
PO
2

− as reductant, thereby replacing the conventional noble metal Pd salt activator and Sn2+ reductant. Scanning
electron microscopy, X-ray diffraction, and X-ray energy dispersive spectrometry analyses demonstrated that the CNTs were
deposited with a dense, uniformNi-Co coating.The possiblemechanism of the electrolessmethodwas studied, which indicates that
pure Ag0 acted as a nucleation site for subsequent Ni-Co-P deposition. Network vector analyzer measurements indicated that the
composite with only Ni coated had an absorbing value of −12.6 dB and the composite with a Ni/Co ratio of four had the maximum
wave absorption (−15.6 dB) and the widest absorption bandwidth (800MHz, RL < −10 dB), while the saturation magnetization
(Ms) was 4.28 emu⋅g−1 and the coercive force (Hc) was 31.33Oe.

1. Introduction

Carbon nanotubes (CNTs), discovered by Iijima [1], have
attracted considerable attention due to their perfect struc-
ture and outstanding mechanical, electrical properties [2–
4]. However, their magnetic properties are not ideal, which
limits their extensive application in electromagnetic energy
dissipation field, especially in themicrowave absorption field.
Consequently, it is necessary to improve their magnetic and
dielectric properties with electroless magnetic metal plating
[5, 6] so as to make CNTs excellent microwave absorbing
materials.

Electroless plating is a surface modification method, by
which metallic ions were changed into metals under the
catalytic activation of the substrate surface and are deposited
on the substrate surface without an external current [7].
Considering the good conductivity, chemical stability, and
unique one-dimensional structure of CNTs, they were cho-
sen as the substrate of electroless plating. Besides, CNTs
composites are light weight and high temperature resistant.
In the case of a nonmetallic substrate, such as CNTs, the
key to electroless plating lies in activating the substrate and

coating a catalytic metal layer on the substrate surface [8].
Palladium has been employed as an activator for many years
[9]. Using SnCl

2
-PdCl

2
as sensitization-activation solution

[10], the stannous ions adsorbed by the physical adsorption
of the substrate surface reduce the palladium ions to metallic
palladium seeds, which can then act as catalytic nuclei for
subsequent metal electroless deposition [11]. The palladium
activation method is costly [12] and has low efficiency and a
risk of contamination.

In this paper, considering that Ag particles have strong
oxidability [13, 14] and can also be used as catalysts of an elec-
troless plating reaction [15, 16], we developed a low-cost and
low-pollution palladium-free activation process: acidulated
multiwalled carbon nanotubes (MWCNTs) were activated
with silver ammonia solution and then the adsorbed silver
ions were reduced to silver seeds by sodium hypophosphite
solution. Silver seeds will catalyze succedent nickel-cobalt
alloy deposition on the MWCNTs. The key work lies in the
investigation of the effect of the molar ratio of nickel-cobalt
on the magnetic properties and microwave absorbing prop-
erties of composites. Besides this, the electroless mechanism
was studied to some extent.
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Table 1: Composition of nickel-cobalt plating solution.

Compose Chemicals Content (g⋅L−1)

Main salt NiSO4⋅6H2O 4.5–18.2

Main salt CoSO4⋅7H2O 8.2–19.4

Reductant NaH2PO2 18.2

Complexing agent Na3C6H5O7⋅H2O 41.3

Buffering agent (NH4)2SO4 23.1

Acidity pH 9

2. Materials and Methods

2.1. Pretreatment of MWCNTs. MWCNTs (Nanoport Co.,
Ltd., Shenzhen, China) with 10–30 nm diameters, 5–15𝜇m
length, and a purity higher than 98% were roasted in a muffle
furnace at 500∘C for 2 h; they were then stirred in a mixed
acid solution of concentrated sulfuric and nitric acid (1 : 3 by
volume) at 80∘C for 2 h. Afterward, theMWCNTswere rinsed
in distilled water several times until the pH value reached
neutral and were then dried at 80∘C for further use.

2.2. Activation of PretreatedMWCNTs. Silver ammonia solu-
tion was first prepared by dropping dilute aqua ammonia
into 20 g/L silver nitrate solution until the solution changed
from turbidity to clarity.Then, the pretreatedMWCNTs were
added to the silver ammonia solution, sonicated for 0.5 h, and
stirred at 80∘C for 0.5 h after adding 25 g/L sodiumhypophos-
phite solution to the mixture just mentioned. Finally, the
activated solution was filtered and the residue was rinsed in
distilled water until the pH value reached neutral and was
then dried at 70∘C for 8 h for further use.

2.3. Electroless Ni-Co Alloy Deposition onMWCNTs. Figure 1
shows the procedure used for the preparation of Ni-Co plated
MWCNTs; Table 1 shows the composition of the nickel-
cobalt plating solution. NiSO

4
⋅6H
2
O, CoSO

4
⋅7H
2
O (𝑛Ni : 𝑛Co

= 4 : 1, 3 : 2, 1 : 1, 2 : 3), Na
3
C
6
H
5
O
7
⋅H
2
O, and (NH

4
)
2
SO
4
were

dissolved in distilled water of different volumes, respectively,
orderly added to a certain quality of activated MWCNTs
(the ratio of Ni-Co particles to MWCNTs was 9 : 1), and
sonicated for 0.5 h; sodium hypophosphite solution was
finally added, and ultrasonic treatment was continued for
20min.Afterward, themixturewas stirred at amedium speed
at 80∘C for 1 h. During the entire reaction, the pH value was
adjusted to 9 with aqua ammonia and sodium hypophosphite
solution being added until the solution no longer bubbled.
Finally, the solution was filtered and the residue was rinsed
in distilled water until the pH value reached neutral and was
then dried for 8 h at 80∘C; samples were marked as A, B, C,
andD.TheNi-MWCNTs composite was prepared in a similar
manner and marked as E.

2.4. Characterization. The surface morphology and elemen-
tal composition of the coating were determined by scanning
electron microscopy (SEM) and an X-ray energy dispersive
spectrometer (EDS). The phase structure was analyzed by X-
ray diffraction (XRD). The magnetic property was measured

Pristine MWCNTs

Acid-pretreated MWCNTs

[Ag(NH3)2]
+ solution

NaH2PO2 solution

Electroless nickel-cobalt plating
solution

Nickel-cobalt-coated MWCNTs

Figure 1: Procedure for preparation of nickel-cobalt-coated
MWCNTs.

at room temperature using a vibration sample magnetometer
(VSM) with a maximum field of 10 kOe. The absorbing
property was detected by a Network Vector Analyzer.

3. Results and Discussion

3.1. Morphology Analysis. Figure 2 depicts the SEM micro-
graphs of MWCNTs before and after electroless plating. The
pristine MWCNTs are highly entangled (Figure 2(a)); the
black dots on the surface of the MWCNTs were expected
to be graphite, metallic catalyst particles, and amorphous
carbons. After acid treatment, the black dots were completely
removed; long MWCNTs were cut off; the caps of MWCNTs
were opened and etched off (Figure 2(b)). The surface of
the activated MWCNTs appeared to be coated with many
uniform and white silver particles (Figure 2(c)), implying
that the Ag(NH

3
)

2

+ activator can also form well-distributed
active centers. Figure 2(d) was only the Ni-coated composite,
which had a netty structure. As observed from the images of
the Ni-Co-coated MWCNTs with a different molar ratio of
nickel-cobalt, apparently,MWCNTswere completely covered
with uniform and continuous alloy particles. Ni-Co grew into
sphericity along active centers and formed metal nanofibers,
which took carbon nanotubes as the core (Figures 2(e) and
2(f)). In particular, from Figure 2(g), we can see different
radial nickel and cobalt atoms clusters getting together and
forming a dense coating. Meanwhile, with the increase of
Co content, the size of the Ni-Co particles gets bigger from
400 nm (Figure 2(e)) to 1 𝜇m (Figure 2(g)).

3.2. Schematic Procedure of Preparation of Nickel-Cobalt-
CoatedMWCNTs. Figure 3 depicts the schematic procedure.
In the process of electroless, the MWCNTs act as a one-
dimensional template for Ni-Co deposition. At the same
time, because of its outstanding conductivity, it can also
enhance the property of composites. The whole nickel-cobalt
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(c) (d)

(e) (f)

(g)

Figure 2: SEM micrographs of MWCNTs before and after coated (a) pristine MWCNTs; (b) acid-pretreated MWCNTs; (c) activated
MWCNTs; (d) Ni-MWCNTs; (e) Ni

8
Co
2
-MWCNTs; (f) Ni

5
Co
5
-MWCNTs; (g) Ni

4
Co
6
-MWCNTs.
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Acid-pretreated MWCNTs

[Ag(NH3)2]
+ activation

NaH2PO2 reduction

Ni-Co-coated MWCNTs

Co atom 
Ni atom

Figure 3: Schematic of electroless Ni-Co alloy-coated MWCNTs.

plating process consisted of four steps. After acid treatment,
the caps of MWCNTs were etched off and the MWCNTs
were activated with more oxidized functional groups, such as
carboxylic groups and hydroxyl groups, which can improve
the dispersion, water-solubility, and activity of MWCNTs in
the electroless solution (step 1).

Ag(NH
3
)

2

+ ions were adsorbed on the MWCNTs sur-
face with considerable OH− ions forming an Ag(NH

3
)
2
OH

complex by an electrostatic interaction (step 2). Immersing
MWCNTs into NaH

2
PO
2
solution, H

2
PO
2

− will reduce the
adsorbed Ag(NH

3
)

2

+ ions into Ag particles as active centers
being uniformly distributed on the MWCNTs surface [17].
In alkaline condition, the standard electrode potential of
HPO
3

2−
/H
2
PO
2

− couple is −1.57V, while Ag(NH
3
)

2

+/Ag is
+0.373V. The standard battery electromotive force of such
electrode couples is positive value [Δ𝐸∘ = +0.373V −
(−1.57V) = 1.943V]; therefore, the reaction is spontaneous,
and the equation is as follows (step 3):

2H2PO2
−
+ 2 [Ag (NH3)2]

+

+ 2H2

= 2HPO3
2−
+ 4NH4

+
+ 2Ag +H2

(1)

Under the catalytic action of Ag, complex Ni2+ and Co2

ions in the plating solution are changed into Ni and Co
particles and deposited onto the surface by capturing elec-
trons furnished by the reductant (H

2
PO
2

−) by the following
reactions [18]:

Ni2+ +mL𝑛− + 4H2PO2
−
+H2O

Ag
→ Ni + P + 3HPO3

2−
+ 4H+ +

3

2
H2 +mL𝑛−

(2)
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Figure 4: XRD patterns of different samples.

(CoLx)2+ +H2PO2
−
+ 3OH−

Ag
→ Co +HPO3

2−
+ 2H2O + xL

(3)

L stands for a complexing agent, and the overall reaction can
be written as follows:

Ni2+ + Co2+ + 6H2PO2
−
+ 2OH−

= Ni + Co + 4H2PO3
−
+H2 + 2P + 2H2O

(4)

The deposited Ni and Co atoms then can act as self-
catalysts for obtaining a well-developed Ni-Co coating. With
the decrease in the Ni2+ and Co2+ ion concentration, fewer
bubbles are released, implying that the reaction is gradually
slowing down. In order to obtain a compact and continuous
coating, we need to add an electroless solution and adjust the
pH value constantly.

3.3. X-Ray Diffraction Analysis and EDS Analysis. Figure 4
depicts the XRD patterns of nickel-cobalt-coated MWCNTs
composites without heat treatment. It was found that the
molar ratio of nickel-cobalt influenced the intensity of only
some peaks. A broad peak at about 2𝜃 = 45∘ was assigned
to the Ni-Co-P amorphous diffraction peak, which indicated
that the Ni-Co-P plating was amorphous under the electro-
less state. The amorphous peak was the most obvious and
the sharpest when the molar ratio of nickel-cobalt was 1 : 1.
Diffraction peaks at 2𝜃 = 77.22∘, 64∘, 38.2∘ were attributed to
Ni (220), 𝛼-Co, and Ag (111) (PDF: 4-0783) in each pattern.
An intense Ag diffraction peak demonstrated the formation
of many active centers on the surface of theMWCNTs, which
were critical to the later electroless plating. Additionally, for
the Ni-Co-MWCNTs composites, a diffraction peak assigned
to the (002) plane of the MWCNTs at 26.1∘ has been less
obvious, implying that theMWCNTs were completely coated
by the Ni-Co alloy.

Figure 5 displays EDS spectra of the electroless
MWCNTs, which mainly showed Ni and Co peaks. The
element of Au plating on the surface can strengthen the
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Figure 5: EDS spectra of Ni-Co alloy-coated MWCNTs.

reflectivity of the signal in the process of scanning. The
contents of Ni and Co were 41.2 and 15.82wt.%, which
demonstrated that the main matter of coating was the Ni-Co
alloy. The intense O peak indicated that the surface of the
MWCNTs was sufficiently oxidized; the appearance of the
weak C peak was attributed to a thin coating.

3.4. Magnetic Property Analysis. Figure 6 shows the hystere-
sis line of the Ni-Co-coated MWCNTs composites. Table 2
lists the main magnetic properties of different samples. As
observed in the table, Ni-Co-coated MWCNTs had more
excellent magnetic properties than pristine MWCNTs and
Ni-Co alloy without MWCNTs. With an increase of Co con-
tent, saturation magnetization (Ms) was gradually enhanced
and coercive force (Hc) was typically improved. Co is a
densely hexagonal structure and has a great magnetic crystal
anisotropic constant 𝐾 and a magnetostrictive coefficient
𝜆

𝑆
, which make the coercive force increase. In addition, the

atomic magnetic moment of Co is larger than that of Ni; the
increase in Co content is helpful in improving the saturation
magnetization (Ms) [19].

3.5. Microwave Absorbing Analysis. The Ni-Co-P-coated
MWCNTs composite is a kind of microwave absorbing
material which has both hysteresis losses and electric loss.
The reflection loss can be defined by the loss tangent (tan 𝛿),
which includes dielectric loss tangent and magnetic loss
tangent [20]. Their relationship can be explained by the
following formulas:

tan 𝛿𝜀
𝛾
=

𝜀



𝛾

𝜀



𝛾

,

tan 𝛿𝜇
𝛾
=

𝜇



𝛾

𝜇



𝛾

,

tan 𝛿 = tan 𝛿𝜀
𝛾
+ tan 𝛿𝜇

𝛾
=

𝜀



𝛾

𝜀

𝛾

+

𝜇



𝛾

𝜇



𝛾

.

(5)

Here, 𝜀
𝛾
and 𝜇

𝛾
are the complex relative permittivity and

complex relative permeability, respectively. Electromagnetic
parameters (𝜀

𝛾
, 𝜀
𝛾
,𝜇
𝛾
, and𝜇

𝛾
) are the real part and imaginary

part of relative permittivity and relative permeability, respec-
tively. In this work, both the loss tangent and reflection loss
aremeasured by theNetworkVectorAnalyzer.The composite
was mixed with paraffin in themass ratio of 7 : 3; meanwhile,
the absorbing layer thickness was 3mm. As observed from

Table 2: The magnetic properties of different samples.

Sample Hc/Oe Ms/emu⋅g−1 Mr/emu⋅g−1

Ni-Co alloy without MWNTs 11.09 3.21 0.27

Pristine MWNTs 32.21 0.56 0.06

Ni8Co2 31.33 4.28 0.56

Ni6Co4 48.56 8.99 0.81

Ni5Co5 66.74 12.74 1.06

Ni4Co6 85.21 15.89 1.15

15

10

5

0

−5

−10

−15

−20

−25

−6000 −4000 −2000 0 2000 4000 6000

M
s (

em
u/

g)

Hc (Oe)

Figure 6: Hysteresis line of the composites.

Figures 7 and 8, the order of the dielectric loss tangentwasA>
C > E >D > B, while the magnetic loss tangent was B >A >D
> C > E. As depicted in Figure 9, the reflection loss of sample
A was the largest (−15.6 db); next was that of the ordinal
samples E (−12.6 db), C (−9.8 db), B (−9.6 db), and D (−6 db).
The frequency range of the attenuation peak was 3000MHz–
5500MHz; the bandwidth (RL < −5 db) of sample E was
the largest (1.8 GHz), with B (1.7 GHz), A (1.5 GHz), C
(1.2 GHz), and D (0.8GHz) successively; the bandwidth (RL
< −10 db) of samples A and E was 800MHz and 400MHz,
respectively. Ni-Co-coated MWCNTs composites displayed
stronger wideband microwave absorbing properties, and the
possible reason was as follows: the surface of the MWCNTs
consisted of coated metal nanoparticles, which possessed
magnetism and microwave absorbing abilities of general
nanoparticles. Coupling between the microwave field and
internal magnetic field of the nanoparticles caused magnetic
resonance absorption; magnetic particles were magnetized
in an alternating magnetic field and produced a certain
magnetic flux density, whose change produced magnetic
induced electromotive force and eddy current, thus resulting
in an eddy current loss. In addition, the magnetic lag effect
also caused a part of electromagnetic energy loss.

4. Conclusions

The surface of acid-treated MWCNTs was coated with a
dense and uniform Ni-Co plating by utilizing Ag(NH

3
)

2

+ as
an activator replacing a conventional, costly, and pollutional
Pd (II) activator. Results implied that coercive force (Hc)
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and saturation magnetization (Ms) were gradually enhanced
with the increase of Co content; the molar ratio of nickel-
cobalt influenced the intensity of only some peaks. The
Ni
8
Co
2
composite possessed the best microwave absorption

(−15.6 dB) in the lower frequency range (0–6000MHz) owing
to its better dielectric loss tangent and magnetic loss tangent
and the frequency bandwidth (RL < −10 db) was also the
largest (800MHz).The electroless mechanism was studied to
some extent, indicating that pure Ag0 acted as a nucleation
site for subsequent Ni-Co-P deposition.
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This paper describes a nanofabrication method for an antireflective nanodome array with high packing density. The master for
the close packed nanodome array was fabricated by industrially well-established photolithography and physical vapor deposition
processes to realize uniform and defect-free nanostructure in large area. The nanodome array was formed on the surface of a glass
plate by a nanoimprinting process using the replicated mold from the master with the aim of reducing the Fresnel reflection of the
glass surface.The replication fidelity was verified using scanning electron microscopy and the nanodome structured glass substrate
showed ∼3% increase in optical transmittance.

1. Introduction

Recently, the development of an antireflective surface to
reduce the reflection that occurs at the interface between
materials with different refractive indices had attracted
research interest [1]. Antireflective surfaces have been applied
to many applications, such as illumination, display, and
imaging systems, as reflection can lead to performance issues
in many optical and optoelectronic systems [2]. In particular,
reflection is a very important issue for solar cell applications.
Optical loss due to reflection at the optical interface of the
solar cell is one of themost critical factors limiting the photo-
voltaic efficiency of solar cells [3]. To improve the conversion
efficiency of solar cells, an antireflective surface is required.

Antireflection coatings (ARCs) made up of single- or
multistacked layerswith different refractive indices arewidely
used [4]. However, some of the limitations of these coat-
ing materials include optical bands and thermal mismatch
between the film and substrate. As an alternative to ARCs, the
use of antireflective nanostructures on optical interfaces has
attracted intense interest [5]. The periodic subwavelength-
patterned surface enables continuous changes in refrac-
tive index that remove the optical interface [6]. Consider-
able research efforts have sought to develop antireflective

nanopatterns on large optical surfaces for solar cell applica-
tions [7, 8].

Many studies evaluated the effect of the geometric shape
of the nanostructure to the antireflection efficiency. Tapered
shapes and pyramidal structures have been reported to be
the most efficient design [9]. However, these nanostructure
geometries have disadvantages in solar cell applications. To
fabricate a sharp edge nanostructure on a large area at low cost
is very challenging. Moreover, since the operation conditions
of solar cell modules are relatively harsh, a linear tapered
geometry can be easily damaged.

In this study, we propose an antireflective nanodome
structure with high packing density and a cost-effective
fabrication method using a nanoimprinting process. The
nanoimprinting process is one of the most promising tech-
nologies for production of nanostructures at low cost [10,
11]. The most important element of the nanoimprinting
process is a mold that has a negative shape of the final
structure. Han et al. fabricated the mold for dome-shaped
structured antireflection layer by polymer replication of
electroformed master from the laser interference lithography
[7] and Liu et al. fabricated themold by electroforming of self-
assembly nanosphere lithography [12]. The laser interference
lithography and nanosphere lithography can be a promising
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method to fabricate master pattern for the mold of dome-
shaped antireflective nanostructure. However, this method
has limitations to fabricate large area master pattern without
any defects. In practical operation, it is difficult to fabricate
uniform and defect-free dome-shaped nanostructure with
more than 100mm diameter size by the laser interference
lithography or nanosphere lithography. In this studywe fabri-
cated replicated polymermold from the dome-shapedmaster
which was basically prepared by a photolithography and
a physical vapor deposition process. The photolithography
and physical vapor deposition process are industrially well-
established techniques and can provide a large area uniform
dome-shaped pattern (up to 300mm diameter) without any
defects. Finally, a nanodome array was replicated on a glass
substrate using a UV imprinting process. As a result, the
transmittance of the glass substrate was increased from 88-
89% to 91-92% for a single-sided, patterned glass substrate in
the spectral range of 350 to 850 nm.

2. Materials and Methods

A polymeric mold was fabricated using UV imprinting and
physical e-beam evaporation processes, and then the antire-
flective nanodome-patterned structure was replicated on a
glass substrate using theUV imprinting process. An overview
of the fabrication procedures is presented in Figure 1.

A silicon master pattern with 500 nm pitch, 0.5 duty,
and 100 nm grating height was fabricated via KrF scan-
ner photolithography and reactive ion etching processes. A
bottom antireflection coating (BARC) with a thickness of
58 nm was spin-coated on an 8-inch wafer and a photoresist
was spin-coated with 580 nm thickness. Photolithography
was conducted using a KrF step and repeat scanner (NSR-
S203B, Nikon Co., Ltd., Japan), and the reactive ion etchings
of the BARC layer and silicon substrate 110 nm in depth
were performed using a poly etcher (TCP 9400DFM, Lam
Research Co., Ltd.).The siliconmaster pattern was fabricated
by the fab foundry service institute (National NanoFab
Center, Daejeon, Korea). The fabricated silicon master wafer
was subsequently treated with a self-assembled monolayer
(SAM) coating to prevent adhesion of the cured polymer to
the wafer. The SAM film was applied by dipping the wafer
into a 2% solution of dimethyldichlorosilane dissolved in
octamethylcyclooctasilane (Repel-Silane ES, GE Healthcare
Co., Ltd., USA). The fabricated silicon master was replicated
using the UV imprinting process on polyester (PET) film
(SH34, SKCCo., Ltd., Korea) to prepare the polymericmaster.
The UV imprinting processes were performed using a UV
curable urethane acrylate based photopolymer (UP088, SK
Chemicals Co., Ltd., Korea) with a refractive index of 1.52
and a UV curing system (2000 Flood, Dymax Co. Ltd., USA).
Since the polymeric master has a cylindrical nanocavity
structure, it was replicated oncemore to produce a nanopillar
pattern array (Figures 1(a) and 1(b)). In order to form a
nanodome structure, SiO

2
was deposited over the fabricated

nanopillar pattern by e-beam evaporator (Modified SEE-7,
Ultech Co., Ltd., Korea) with a deposition rate of 0.3 Å/s at
a vacuum level of 6 × 10−6 Torr, as shown in Figure 1(c).

PET substrate

(b) Replicated nanopillar pattern 

(a) UV imprinting process using
polymeric master

UV light

(c) Nanodome master
with an antiadhesion layer

Antiadhesion coating

(d) UV imprinting process 

UV photoresist

(e) Nanodome mold

UV light

antiadhesion layer coating

(g) UV nanoimprinting
process on glass substrate

UV light

(h) Fabricated nanodome
pattern array
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Mold fabrication

Replication

Glass substrate
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UV photoresist

Antiadhesion coatingSiO2 layer
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Antiadhesion coating
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(f) Deposition of thin SiO2 and

Figure 1: Schematic flow chart of nanodome pattern array fabrica-
tion.

The cylindrical pedestal structure evolves into a dome
structure and the diameter of the dome structure increases
with the deposition thickness of SiO

2
[13]. To evaluate the

effect of the SiO
2
thickness on the geometric properties of the

nanodome array, three different thicknesses of the SiO
2
layer

(50, 100, and 150 nm) were tested. The fabricated nanodome
structure was subsequently replicated by UV imprinting to
form a polymer mold with a nanodome cavity array. Finally,
the nanodome structure was fabricated by transferring the
pattern of the mold to a glass slide substrate (Duran Group
Co., Ltd., Germany) using UV imprinting. To improve
the adhesion between the polymer and glass substrate, an
adhesion promoter (ZAP-1020, Chemoptics Inc., Korea) was
deposited on the glass substrate, which form an optically
transparent amine monolayer on the glass substrate.

An optical grade urethane acrylate based photopolymer
(UP088, SK Chemicals Co., Ltd., Korea) was used for the
series of UV imprinting processes, and the UV imprint-
ing processes were performed using a UV curing system
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Figure 2: SEM of (a) silicon master, (b) polymeric master, and (c) replicated nanopillar pattern. (d) Profile comparison of the silicon master
and replicated nanopillar and 3-dimensional surface profiles of (e) silicon master and (f) replicated nanopillar pattern.

(2000 Flood, Dymax). To prevent the replica adhering to the
mold, a SAM coating was applied for each of the replication
processes. Since a SAM treatment directly on the polymer
surface can damage the polymeric structure, a thin film
layer of 10 nm SiO

2
was deposited on the surface of the

polymeric replica by e-beam evaporation at 6 × 10−6 torr and
a 0.3 Å/s deposition rate, and it was subsequently dipped
into a 2% solution of dimethyldichlorosilane dissolved in
octamethylcyclooctasilane (Repel-Silane ES, GE Healthcare

Co., Ltd., USA). After 20minutes, the sample was rinsed with
deionized (DI) water and dried at 30∘C.

3. Results and Discussion

Figures 2(a)∼2(c) show the scanning electron microscope
(SEM) images of the silicon master, polymeric first replica of
the silicon master, and the nanopillar pattern replicated from
the polymeric master. A field emission-SEM (SIGMA, Carl
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Figure 3: SEM images of the fabricated nanodome master with deposited SiO
2
thicknesses of (a) 50, (b) 100, (c) 150, and (d) 200 nm; EHT

of 5 kV was used for (a) and (b) and 16.29 kV was used for (c) and (d).

Zeiss Co., Ltd., Germany) was used for SEM measurement
with an EHT of 5.00 kV (for Figure 2(a)) and an EHT
of 16.29 kV (for Figures 2(b) and 2(c)). Figures 2(e) and
2(f) show the 3-dimensional surface profiles of the silicon
master and the replicated nanopillar obtained by atomic force
microscope (AFM) measurements. The AFM measurement
was conducted by XE-100 (Park Systems Co., Ltd., Korea)
with a noncontact scanning mode and a speed of 0.3Hz
using a noncontact AFM tip (PPP-NCHR-50, Park Systems
Co., Ltd., Korea). Figure 2(d) shows the comparison of AFM
measured cross-sectional surface profiles of the siliconmaster
and the replicated nanopillar. According to Figure 2(d), the
pattern sizes on the replica were slightly smaller than those
on the siliconmaster wafer due to shrinkage of the imprinting
material during polymerization and the thin film of SiO

2

(thickness of 10 nm) deposited for SAM treatment.
Subsequently, the SiO

2
deposition process was performed

on the replicated nanopillar structure to form a dome-shaped
structure with 4 different thicknesses (50, 100, 150, and
200 nm) using e-beam evaporation. Figure 3 shows the SEM
images of the prepared nanodome master (Figure 1(c)). To
evaluate the detailed geometrical properties of the nanodome
master, the prepared nanodome samples were measured by
AFM. Figure 4 shows the measured profiles of the nanodome
master. For deposited SiO

2
thicknesses of 0, 50, 100, and

150 nm, the diameters of the nanodome base were 246, 300,
353, and 436 nm, respectively (Figure 4). Since the pitch of the
pattern was 500 nm, the separation distance of the nanodome
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Figure 4: AFM of the nanodome master with different SiO
2

deposition thicknesses.

decreased when the thickness of the SiO
2
layer increased.

As shown in Figure 3(d), when the separation distance is
smaller than 0, the structures can evolve into a square shape,
which can act as SiO

2
thickness limitation for forming dome

structures. Although the initial pillar pattern has a rectan-
gular cross-sectional shape (Figure 4, black line), it is found
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Figure 5: SEM images of (a) fabricated nanodome mold with a dome-shaped cavity array and (b) replicated polymeric nanodome on a glass
substrate; EHV of 5 kV was used for both measurements.

that the edge of the pattern was rounded as increasing the
deposition thickness of the SiO

2
. At the SiO

2
layer thickness

of 150 nm, we can confirm that the cross-sectional profile of
the structure was well matched with dome shape, which can
provide gradual refractive index change and good antireflec-
tion characteristics. 150 nm was selected for the thickness of
the SiO

2
layer to ensure an improved dome shape.

The fabricated nanodome master was then replicated on
a PET film to create a nanodome mold by the UV imprinting
process. For the next UV imprinting process, the SAM was
coated with the same manner as the previous replication
processes with a polymeric mold. Figure 5(a) shows the
prepared nanodome mold with a 10 nm SiO

2
layer and SAM.

The nanodome mold was employed to fabricate nanodomes
on a glass substrate by the UV imprinting process. The
adhesion promoter treatment was performed on the glass
substrate. Figure 5(b) shows the fabricated nanodome array.

To evaluate the antireflective performance of the fabri-
cated nanodome array, the transmission spectra through the
sample were measured using a spectrophotometer (UV-670
UV-Vis, Jasco Inc., USA) in the wavelength range of 350 to
850 nm. Figure 6 shows the measured transmittance of the
flat and nanodome featured glass substrates. While the flat
glass substrate showed 88-89% transmittance in the visible
range, the transmittance of the nanodome featured glass sub-
strate increased to 91-92%. Since the antireflective nanodome
structure was applied to only one side of the glass substrate,
the transmittance can be improved up to ∼95% when the
developed structure is applied to both sides of the glass
substrate, because additional antireflection effects can be
obtained from the nanodome structured backside surface [7].

4. Conclusions

In this paper, we demonstrated a fabrication method for
antireflective nanodome patterns on a glass substrate. A
series of UV imprinting processes were performed. First, a
polymeric nanopillar array was fabricated by a UV replica-
tion process using a silicon nanomaster produced by KrF
lithography and reactive ion etching processes. Subsequently,

400 500 600 700 800
82

84

86

88

90

92

94

Tr
an

sm
itt

an
ce

 (%
)

Wavelength (nm)

Flat glass
Nanodome

Figure 6: Transmittance of the flat and nanodome featured glass
substrates.

a 150 nm SiO
2
layer was deposited on the polymeric nanopil-

lar array to form a nanodome master, and then it was
replicated once more to create a nanodomemold. Finally, the
antireflective nanodome structure was fabricated using the
prepared mold. The SAM coating was applied for each of the
replication processes. The dome shape was controlled by the
thickness of the SiO

2
layer. The optical transmittance of the

fabricated sample was measured to evaluate the antireflective
performance. The transmittance increased by approximately
3% compared to the bare glass substrate with a single-sided
feature sample. Although we deposited SiO

2
layer on the

nanoimprinted pillar array to examine the effects of shape
change while preserving the expensive siliconmaster pattern,
the proposed nanodome master fabrication method by the
deposition of SiO

2
layer on the pillar pattern can be directly

applied to the photolithographed silicon pillar array. We
believe that the nanodome master fabrication process using
photolithographed silicon pillar array and physical vapor
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deposited SiO
2
layer can provide a uniform and defect-free

nanodome master pattern in large area (up to 300mm),
because the photolithography and physical deposition pro-
cesses are the industrially well-established techniques. This
fabrication method can be used to create antireflective sur-
faces for various applications such as solar cells, illumination,
and imaging optics.
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Flexible solar cells have drawn a great deal of attention due to their various advantages including deformable and wearable
characteristics. In the solar cells, the antireflection layer plays an important role in the improvement in the conversion efficiency
by increasing the light transmission and suppressing the Fresnel refraction. For the successful implantation of the antireflection
layer into the flexible solar cells, the flexible mechanical property of the antireflection layer is also necessary. However, the study on
flexible antireflection layer for the flexible solar cells or optoelectronics is still lacking. In this study, we report the graphene-tapered
ZnO nanorods array as a flexible antireflection layer for the application in flexible solar cells. Flexible two-dimensional graphene
sheet and the tapered morphology of ZnO nanorods enable conformal coverage on the flexible substrate with curved surface and
significant improvements in antireflection properties, respectively.

1. Introduction

Flexible solar cells have drawn a great deal of attention
in recent years due to their various advantages including
lightweight, deformable, and wearable characteristics [1, 2].
Significant advances in both the performance and the pro-
cessability have been achieved via engineering in activemate-
rials [3–5] and cell structures [6–8]. Antireflection layer is
considered as an indispensable component in solar cells as it
plays an important role in the improvement in the conversion
efficiency of solar cells by increasing the light transmission
and suppressing the Fresnel refraction of a material over a
broad range of wavelengths [9–11]. Althoughmany studies on
flexible solar cells were carried out, the study on antireflection
layer for the flexible solar cells or optoelectronics is still
lacking. Recently, the transparent paper-based antireflection
coating method was reported to improve the solar cells
efficiency, which shows the possibility of utilizing it in the
flexible solar cells [12–14]. However, further study should be
carried out for its practical use.

Among various antireflection materials, ZnO, which is
a semiconducting material with a wide-direct band gap of
3.37 eV, has been considered as a promising candidate owing

to its high transmittance and appropriate refractive index
(𝑛 = 2, at a wave length of 600 nm) associated with that of
air (𝑛 = 1). In particular, ZnO nanorods array, with vertically
aligned one-dimensional geometry, shows promise due to
ability to form textured coating via anisotropic growth and
its significant surface to volume ratio [15–17]. Chung et al.
demonstrated that ZnO nanorods array enables the signifi-
cant improvement in the light trapping and the reduction in
Frensel reflection resulting from the grading in the reflection
index by avoiding the abrupt transition at the air/solar cells
interface [18]. Furthermore, antireflection property of ZnO
nanorods array could be further improved by engineering
the morphology at the tip. Lee et al. demonstrated that
tapering at the tip of ZnO nanorod leads to significant
improvement in antireflection property by the elimination
of interference fringes through roughening of the air-ZnO
interface [19]. Graphene, a single-layered two-dimensional
carbon sheet with a hexagonal packed lattice structure, has
also received significant attention for the various applications
including an active material for the electronic devices, a
sacrificial template for the synthesis of 2D materials and due
to its unique physicochemical properties. In particular, excel-
lent mechanical properties of graphene sheet, the breaking

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 925863, 6 pages
http://dx.doi.org/10.1155/2015/925863

http://dx.doi.org/10.1155/2015/925863


2 Journal of Nanomaterials

Synthesis of the graphene sheet 
on the Cu foil

Transfer of the graphene sheet 
from the Cu foil to the glass 

Synthesis of the ZnO nanorods array 
on the graphene sheet

Detach graphene-ZnO nanorods array 
from the glass and transfer it to a desirable substrate

Cu foil

Graphene Graphene

Glass

Glass

Graphene

ZnO nanorods
ZnO nanorods

Desirable substrate

Graphene

Scheme 1: Schematic illustration of the fabrication process of the flexible graphene-ZnO nanorods array.

strength of 42Nm−1 and Young’s modulus of 1.0 TPa, enables
its practical use as a flexible and transparent electrode for
various flexible devices [20]. Wang et al. demonstrated that
the device thickness plays an important role on conformal
contact between the flexible device and the desirable substrate
[21]. Graphene could be the promising substrate for the
fabrication of flexible antireflection layer based on ZnO
nanorods array due to above mentioned advantages.

In this study, we report graphene-tapered ZnO nanorods
array as a flexible antireflection layer for the flexible solar cells
application. Flexible two-dimensional graphene sheet enables
conformal coverage on the curved and bumpy surface even
under highly bended condition. Our designed graphene-
tapered ZnO nanorods array on the polydimethylsiloxane
(PDMS) substrate exhibited robust antireflection properties
after several bending experiences. We achieve robust and
excellent antireflection properties on the bumpy surface by
combining the advantages of the flexibility from the graphene
sheet and significantly improved antireflection properties
from tapered ZnO nanorods array.

2. Materials and Methods

The graphene sheet was synthesized on 25𝜇m thick copper
foil by chemical vapor deposition method at 1,000∘C under
a 30–50 sccm of CH

4
for 30min. The synthesis of graphene

sheet is described elsewhere in detail [22]. ZnO thin film
as a seed layer for the synthesis of ZnO nanorods was
deposited on the graphene using radio frequency mag-
netron sputtering. The typical ZnO nanorods were synthe-
sized using a hydrothermal method. ZnO seed layer coated

substrate was immersed into aqueous solution contain-
ing 0.025M zinc nitrate hexahydrate (Sigma-Aldrich) and
0.025M hexamethylenetetramine (Sigma-Aldrich) at 80∘C.
1,3-Diaminopropane (Aldrich, 190mM) was added into the
precursor solution to synthesize tapered ZnO nanorods. The
typical and tapered ZnO nanorods grown on the graphene
substrate were washed by deionized water. Detailed synthesis
method for ZnO nanorods array is described elsewhere [19,
23]. The polydimethylsiloxane (PDMS, Sylgard 184, Dow
Corning), with base to cross-linking agent with a mass ratio
of 10 : 1, was employed as a flexible substrate to evaluate
the optical properties of graphene-ZnO nanorods array as
an antireflection layer on the flexible substrate. As syn-
thesized samples were characterized using a field emission
scanning electron microscope (FE-SEM, S-4700, Hitachi,
Hitachi City, Japan), X-ray diffraction (PANalytical X’Pert,
Almelo, Netherlands), and optical microscope (Olympus
U-TV 0.5XC2, Japan). Optical properties were evaluated
using Varian Carry 5000 model UV-vis-NIR spectrophoto-
meter.

3. Results and Discussion

Scheme 1 demonstrates the fabrication process of graphene-
ZnO nanorods array. Graphene sheet is synthesized on the
Cu foil using chemical vapor deposition method and then
carefully transferred to the slide glass by selective etching
of metal foil. Typical ZnO nanorods and tapered ZnO
nanorods arrays were synthesized on the graphene sheet
using hydrothermal method. (Please see the experimental
part for detailed information). The graphene-ZnO nanorods
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Figure 1: Photographs and SEM images of graphene (a), graphene-typical ZnO nanorods array ((b), (d)–(f)), and graphene-tapered ZnO
nanorods array ((c), (g)–(i)). Cross-sectional SEM images ((d) and (g)), low magnification tilted view ((e) and (h)), and high magnification
tilted view ((f) and (i)).

array was detached from the slide glass and then transferred
to the desirable surface of the devices.

Figure 1 presents the photographs and scanning elec-
tron microscopy (SEM) images of the graphene sheet and
ZnO nanorods arrays on the graphene sheet. As shown
in Figure 1(a), graphene sheet was successfully transferred
to the slide glass from the Cu foil. As shown in cross-
sectional SEM images (Figures 1(d) and 1(g)), the length of
typical ZnO nanorods and tapered ZnO nanorods grown
on the graphene sheet is identical (∼2𝜇m). The tilted SEM
images show the vertically aligned geometry of both ZnO
nanorods arrays. The flat top and tapered shape at the tip
are clearly observed in typical ZnO nanorods and tapered
ZnO nanorods, respectively, in high magnification SEM
images. The insets in Figures 1(f) and 1(i) present schematic
illustration of the morphologies of typical ZnO and tapered
ZnO nanorods. The densities of both ZnO nanorods arrays

are about 9 × 108/cm2. Typical ZnO nanorod and tapered
ZnO nanorod have the diameters of 300 nm and 50 nm at the
tip, respectively.

X-ray diffraction (XRD) analysis was carried out to study
the crystallinity and orientations of typical ZnO nanorods
and tapered ZnO nanorods arrays on the graphene sheet.
In Figure 2(a) no noticeable difference between both ZnO
nanorod arrays was observed in XRD result. Both ZnO
nanorods arrays exhibit diffraction peaks at 2𝜃 = 34.4∘

and 63.4∘, corresponding to the (002) and (103) planes of
the hexagonal wurtzite ZnO phase. A strong peak at 2𝜃
= 34.4∘ indicates the preferred growth direction of ZnO
phase with (002). Raman spectroscopy was employed to fur-
ther investigate the structural characterizations of graphene
sheet, graphene-typical ZnO nanorods array and graphene-
tapered ZnO nanorods array. In Figure 2(b) the graphene
sheet presents the typical Raman spectrum of one layer
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graphene [22]. The new peak at 1345 cm−1 assigned to D
band was generated after ZnO nanorods growth regardless
of their shape at the tip, which indicates a reduction of
the average size of the sp2 domains and the generation of
defects after ZnOnanorods growth [24–26].We also carefully
measured the Raman spectrum of the graphene-tapered ZnO
nanorods arrays after their transfer from the glass to the
flat and rough PDMS substrate. The results are exhibited
in Figure S1, in Supplementary Material available online at
http://dx.doi.org/10.1155/2015/925863, a noticeable difference
in the spectra was not observed before/after the transfer of
the graphene-tapered ZnO nanorods arrays, which indicates
that the graphene layer was successfully transferred to the flat
and rough PDMS substrate.

The reflectance spectra for graphene, graphene-ZnO
nanorods, and graphene-tapered ZnO nanorods arrays on
the glass were evaluated to determine their antireflection
properties in the wave length range from 350 nm to 400 nm
using the standard UV-vis spectrometer. In Figure 3, the
reflectance of the bare glass was also measured for com-
parison. Graphene sheet does not provide any antireflec-
tion property on the glass. However, both graphene-ZnO
nanorods and graphene-tapered ZnOnanorods arrays coated
glass exhibited significantly low reflectance over a wide range
of wavelengths compared to graphene coated glass, which
results from the textured coating via anisotropic growth and
appropriate refractive index [27, 28]. As expected, the tapered
ZnO nanorods array coated glass shows further improved
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Figure 5: Reflectance spectra of flat (a) and rough (b) PDMS/graphene-tapered ZnO nanorods array as a function of the number of times
being bended.

antireflection property, which is attributed to the elimination
of interference fringes through roughening of the air-ZnO
interface [19].

In order to study the antireflection properties of the
graphene-tapered ZnO nanorods array on the flexible sub-
strate with rough surface, two types of PDMSwith flat surface
and bumpy surface were prepared as a substrate for this study
(Figure 4). The PDMS with rough surface exhibits much
reduced reflectance compared to that of flat PDMS due to
texturing effect. While the graphene-tapered ZnO nanorods
array coated flat PDMS substrate presents comparable antire-
flection property with that of PDMS with rough surface, the
graphene-tapered ZnO nanorods array coated PDMS with
rough surface has the lowest reflectance, which indicates that

the graphene-tapered ZnO nanorods array was conformably
transferred to the flexible substrate with the rough surface.
The mechanical properties of the PDMS/graphene-tapered
ZnO nanorods array were evaluated as a function of the
number of times being bended (Figure 5). Both the flat
and rough PDMS/graphene-tapered ZnO nanorods array
exhibited robust antireflection properties even after several
bending experiences without the degradation of its mechan-
ical properties.

4. Conclusion

In this study, we explored the antireflection properties
of graphene-ZnO nanorods and graphene-tapered ZnO
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nanorods arrays for the application in flexible solar cells.
The graphene-tapered ZnO nanorods array shows excellent
antireflection performance compared to that of the graphene-
typical ZnO nanorods array. Furthermore, the graphene-
tapered ZnO nanorods array is successfully transferred to the
flexible substrate with the rough surface without degradation
in mechanical and optical properties. Our design strategy
for flexible antireflection layer could be extended to other
optoelectronics.
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This paper reports the synthesis of novel monodisperse Al
2
O
3
-coated molybdenum disulfide nanospheres (i.e., core-shell

structures) using a one-step facile hydrothermal method. XPS analysis confirmed the purity and stable structure of the Al
2
O
3
-

coated MoS
2
nanospheres. A possible growth mechanism of the core-shell structure is also reported, along with their influence

on the photodegradation process of rhodamine B (RhB). The Al
2
O
3
-coated MoS

2
nanospheres demonstrate good photocatalytic

activity and chemical stability compared to MoS
2
spheres. TG-DTA analysis provided insight into the decomposition process of

the precursor solution and the stability of the nanoparticles. The enhanced photocatalytic activity makes the Al
2
O
3
-coated MoS

2

nanospheres a promising candidate as a photocatalyst that could be used in place of traditional Al
2
O
3
/MoS

2
photocatalyst for the

removal of pollutants from waste water.

1. Introduction

Molybdenum disulfide (MoS
2
) is one of the important tran-

sition metal dichalcogenides (TMDs) with indirect band gap
(1.23 eV) semiconductor characteristics [1]. Because of their
outstanding properties like mechanical-to-electrochemical
capabilities, MoS

2
is used in wide spectrum of applications

in catalytic support materials [2, 3], solar cells [4], batteries
[5], solid lubricants [6], and gas sensors [7]. These unique
properties have attracted many researchers to design new
synthesis approaches for uniform and well-controlled MoS

2

nanostructures. Synthesis methods include chemical vapor
deposition [8], wetness impregnationmethod [9], hydrother-
mal methods [10], and solid state reaction [11]. These tech-
niques have been used to prepare various morphologies
of MoS

2
, like fullerene-like (IF) structures, nanoflowers,

nanorods, nanosheets, nanoplates, and nanospheres.
In a recent report, Wang et al. demonstrated that carbon-

decorated MoS
2
nanospheres have better cycling perfor-

mance with good capacity as a Na-iron battery anode [12].
MoS
2
is clearly one of the most significantly and broadly

used TMDs for transistors due to its favorable band gap

compared to graphene. In addition, MoS
2
is also a suitable

candidate for photocatalytic materials. MoS
2
is an indirect

narrow-band-gap semiconductor with good stability against
photocorrosion in solution [13]. General issueswith semicon-
ductor catalysts in the conversion of solar energy to hydrogen
are poor charge transport ability, slow kinetics for evolution
reactions, poor stability, and the hydrophobic nature of the
catalyst [14, 15]. On the other hand, individual MoS

2
catalyst

has lower charge separation due to its poor crystallinity.
Despite previous efforts, there has been no material

system that can simultaneously satisfy all the criteria for cost-
effective photoelectrochemical hydrogen production, and
new materials with new properties are needed. To overcome
these problems, core-shell structures of MoS

2
coupled with

another material with different activity are promising. Such
structures could enable charge separation by gathering elec-
trons and holes. The major parameters for the selection of
shellmaterials are band alignment and small latticemismatch
between the core and shell materials [16]. There are very few
studies that have focused on preparing MoS

2
nanosphere

structures. Wu et al. [17] synthesized MoS
2
microspheres

(with diameter up to 2𝜇m) using a solvothermal method
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Figure 1: Schematic illustration of the methodology for the formation of Al
2
O
3
-coated MoS

2
nanospheres.

with the addition of SUDEI. Wu et al. [18] prepared MoS
2

nanospheres (with average diameter of 100 nm) using HCl as
a surfactant. Park et al. [19] synthesized MoS

2
nanospheres

with high capacity and cycle stability for lithium ion batteries
using L-cysteine in a surfactant-assisted solvothermal route.

Common ways to synthesize core-shell structures are
decorating the core particles with a surface coating [5] or shell
formation using surface modification processes [20]. In this
study, we report the influence of Al

2
O
3
as a shell material

on the photocatalytic activity of MoS
2
nanosphere core-

shell structures under UV light irradiation. We studied the
variations of the activity and selectivity in the degradation of
rhodamine B (RhB) using Al

2
O
3
-coated MoS

2
nanospheres

as a catalyst.

2. Experimental Procedure

A schematic illustration of the methodology for the for-
mation of Al

2
O
3
-coated MoS

2
nanospheres is shown in

Figure 1. For the synthesis, 0.3 g of ammonium heptamolyb-
date tetrahydrate and 0.17 g of L-cysteine were dissolved in
30mLof deionizedwater.This solutionwas stirred vigorously
for 1 h at 80∘C. The suspension was continuously stirred
and refluxed near pH 1. Then, 1.2mmol of Al(NO

3
)
3
⋅9H
2
O

and 0.3mmol of trisodium citrate dehydrate (TSC) were
added to the stirred solution and again stirred for 30min
at 80∘C. Then, the solution was transferred to a Teflon-lined
autoclave and heated at 230∘C for 24 h. Finally, the resulting
precipitates were collected by centrifugation and then the
precipitates were washed three times with acetone and water.
The obtained precipitates were dried at 250∘C for 6 h and
sintering at 450∘C for 2 h.

The structural properties of the obtained precipitates
were characterized by powder X-ray diffraction (XRD) with
a Shimadzu Labx XRD 6100 using Cu-K𝛼 radiation (𝜆
= 0.14056 nm). The scan range was 10–80∘, and the scan
speed was 3 deg/min.The nanoparticles were analyzed with a
transmission electron microscope (TEM, Hitachi H-7000) at
100 kV and a high-resolution TEM (HRTEM, Tecnai G2 F 20
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Figure 2: XRD pattern ofMoS
2
nanospheres (curve (a)) and Al

2
O
3
-

coated MoS
2
nanospheres (curve (b)).

S-Twin TEM) at an accelerating voltage of 210 kV.The optical
properties of the nanoparticles were studied using UV-
visible spectroscopy (Cary 5000 UV-Vis spectrophotometry).
Thermogravimetric (TG) and differential thermal analysis
(DTA) were carried out on a SDT Q600 thermogravimetric
analyzer under N

2
flow at a rate of 30 cm3/min. The furnace

temperature was increased from room temperature to 900∘C
at a heating rate of 10∘C per minute. The purity of the
final product was examined by X-ray photoelectron spec-
troscopy (XPS, Thermo Scientific K-alpha surface analysis
instrument).

The photocatalytic experiments were carried out at the
natural pH of the RhB organic pollutant solution. The pho-
toreactor has a 150-W mercury lamp with a main emission
wavelength of 254 nm as an internal light source, which
is surrounded by a quartz vessel. The suspension includes
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Figure 3: TEM images of ((a), (b)) MoS
2
nanospheres, ((c), (d)) Al

2
O
3
-coated MoS

2
nanospheres.

the Al
2
O
3
-decorated MoS

2
nanosphere catalyst and aqueous

RhB (100mL, 10mg/L), which completely surrounds the light
source. Before irradiation, the suspension was stirred in the
dark for 30min to obtain a good dispersion and to ensure
adsorption-desorption equilibrium between the organic pol-
lutant molecules and the catalyst. During light irradiation,
the samples of the reaction solution were collected at given
intervals and examined using an optical spectrophotometer.

3. Results and Discussions

The XRD patterns of MoS
2
nanospheres and Al

2
O
3
-coated

MoS
2
nanospheres were shown in Figure 2. In case of MoS

2

sphere sample exhibits three well-resolved peaks which can
be indexed as the 002, 103, and 110 reflections of the 2D
hexagonal structure, which is matched with JCPDS number
77-1716. On the other hand, XRD pattern of Al

2
O
3
-coated

MoS
2
sample exhibits hexagonal structure, whereas Al

2
O
3

layer is been crystallized, which is corresponding to JCPDS
number 78-2426.The coexisting peaks of Al

2
O
3
-coatedMoS

2

nanospheres corresponding to the 012, 110, 006, 024, and 018

crystal plane are ascribed to 𝛾-Al
2
O
3
phase for the sintered

samples at 450∘C [21, 22].The diffraction lines characteristics
of MoS

2
and Al

2
O
3
and no other elemental peaks were

detected.
The morphology of the MoS

2
nanospheres and Al

2
O
3
-

coated MoS
2
nanospheres was examined using TEM, as

shown in Figure 3. MoS
2
nanospheres were coated with

Al
2
O
3
using Al(NO

3
)
3
⋅9H
2
O as a precursor via a hydrother-

mal method. For better understanding of the morphology
of the composite, we initially tested the MoS

2
nanospheres

without using Al precursors. The morphology of the MoS
2

nanospheres is shown in Figures 3(a) and 3(b). The MoS
2

materials reveal typical sphere-like morphology with several
nanometers in diameter. On the other hand, the MoS

2

spheres obtained using Al precursors retained their spherical
morphology with the formation of a uniform layer, forming
a core-shell structure (Figures 3(c) and 3(d)). The average
thickness of theAl

2
O
3
layer around the periphery of theMoS

2

is about 15 nm.
Further understanding of the structural and composi-

tional characterizations of Al
2
O
3
-coated MoS

2
nanospheres

was obtained using HRTEM. The HRTEM image of an edge
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Figure 4:HR-TEM images ((a)–(e)) of Al
2
O
3
-coatedMoS

2
nanospheres, ((f)–(i))HR-TEMelementalmapping images of Al

2
O
3
-coatedMoS

2

nanospheres.

portion of a core-shell sphere is shown in Figures 4(a)–4(d).
The HRTEM image (Figure 4(a)) confirms that the Al

2
O
3

colloids are aggregated on the MoS
2
nanospheres. The lattice

fringes of the core-shell structure with lattice spacings of
about 0.213 and 0.316 nm could be attributed to the (103) and
(110) planes of 2H-MoS

2
, respectively. Figures 4(e)–4(i) show

typical energy dispersive X-ray spectrometer (EDX) elemen-
tal mappings of the core-shell spheres of various elements in
the core-shell structure, alongwith its TEM image.TheMo, S,
Al, or O signals are predominantly distributed in the core and
shell regions within the selected area, respectively. Figure 5
shows the EDXmapping of Al

2
O
3
-coatedMoS

2
nanospheres.

There are no other traces observed.
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Figure 6: TG-DTA analysis of Al
2
O
3
-coated MoS

2
nanospheres.

Thermogravimetric and differential thermal analysis
(TG-DTA) was conducted to quantitatively determine
the Al

2
O
3

content present in the Al
2
O
3
-coated MoS

2

nanospheres, as shown in Figure 6. The initial weight loss
below 220∘C is ascribed to the evaporation of physically
absorbed water from the product, whereas the weight loss
between 550 and 680∘C that occurred with an exothermic
peak at 650∘C could essentially be attributed to the
decomposition and separation of the Al

2
O
3
layer. The Al

2
O
3

content was estimated to be approximately 47.25% by weight.
The electronic states of themetals and sulfur in theAl

2
O
3
-

coated MoS
2
nanospheres were tested using XPS, as shown

in Figures 7(a)–7(e). The XPS survey spectra of the Al
2
O
3
-

coated MoS
2
nanospheres are shown in Figure 7(a). The

Al2p XPS spectra were estimated for the Al
2
O
3
-coated MoS

2

nanospheres to examine the chemical state of Al. The Mo3d,
S2P, Al2p, andO1s peaks from the Al

2
O
3
-coatedMoS

2
sphere

sample (Figures 7(b)–7(e)) show no presence of addition
chemical states. The binding energy difference Δ𝐸 between
the Al2p and 2s levels is 53.34 eV for the Al

2
O
3
-coated MoS

2

nanospheres.TheXPS results strongly indicate that Al species
interacted with the MoS

2
nanospheres and are preferentially

formed in the Al
2
O
3
-MoS
2
composite using Al(NO

3
)
3
⋅9H
2
O

as a precursor. The Al2p and O1s peaks were centered at
74.45 eV and 532.36 eV, as described elsewhere [23].

The S2p spectrum shows a supplementary peak at
164.58 eV coexisting with an O1s peak, which is ascribed
to the oxidation of sulfur. The formation of covalent S-O
bonding without breakage of the Mo-S bond is likely due
to the oxidation state of sulfur. No S-O bond is observed in
the S2s spectrum, which suggests that only the top surface
of sulfur atoms of MoS

2
are oxygen functionalized. This is

good evidence that the Al
2
O
3
formed a bond with MoS

2

nanospheres, resulting in the formation of the core-shell
structure.The XPS binding energies Δ𝐸1 (Mo 2p

3/2
− S 2p

3/2
)

and Δ𝐸2 (Mo 3d
5/2
− S 2p

3/2
) of the Al

2
O
3
-coated MoS

2

nanospheres are 70.3 and 67.09 eV, respectively.
The UV-Vis spectrum of the synthesized Al

2
O
3
-coated

MoS
2
nanospheres is shown in Figure 8(a). The absorption

edge at 275 nm could be attributed to the absorption of
Al
2
O
3
-MoS
2
in the UV region. The absorption spectrum

shows two absorption edges at 603 and 660 nm. These are
attributed to excitonic transitions of the Brillouin region at
the 𝐾 point, which is consistent with an earlier report [24].
The energy separation between the two absorption peaks (at
603 and 660 nm) is 0.15 eV due to the spin-orbit splitting
at the 𝐾 point at the surface of the valence band [24].
Moreover, there is weak absorbance in the visible region at a
wavelength of 425 nm.The UV-absorption behavior of MoS

2

strongly depends on its size due to quantum effects [25].
For example, the absorption edges of MoS

2
nanoparticles

with average diameters of about 4.5 and 9 nm have edges
at 470 and 700 nm, respectively, in the visible light region
[26]. In contrast, bulk MoS

2
(with a band gap of 1.23 eV)

has an absorption peak at around 1040 nm [25]. MoS
2
-based

composites have diverse absorption edges with respect to
their dimensional parameters [26].

The indirect band gap is estimated using the Tauc equa-
tion with optical absorption data for near the band edge [24]:
(𝛼ℎ])1/2 = 𝐴(ℎ] − 𝐸

𝑔
). The band gaps (𝐸

𝑔
) are determined

from extrapolation of a linear fit onto the 𝑥-axis. A plot of
(𝛼ℎ])1/2 versus the photon energy (ℎ]) and the intercept of
the tangent to the 𝑥-axis gives the band gap of the Al

2
O
3
-

coatedMoS
2
nanospheres, as shown in Figure 8(b).The band

gap energy of Al
2
O
3
-coated MoS

2
nanospheres was found to

be 2.42 eV.
Figure 9 shows the progressive changes of the UV-

Vis absorption spectra of RhB solution in the presence of
Al
2
O
3
-coated MoS

2
nanosphere catalyst under UV light as

a function of time. The strong absorption peak of the RhB
solution at 564 nm gradually decreases from dark conditions
to 60min, and the color of the solution turns from pink
to colorless at the end of the photodegradation process.
Figure 10 shows the photodegradation efficiency of MoS

2

nanospheres and Al
2
O
3
-coated MoS

2
nanosphere catalysts

under UV light in RhB solution. The results are shown as
the relative concentration (𝐶/𝐶

0
) as a function of irradiation

time, where 𝐶
0
and 𝐶 (mg/L) are the initial and final

concentrations of the pollutant solution.
Ablank experimentwas carried out in the absence of pho-

tocatalyst for comparison, which showed no obvious change
in the RhB concentration within 60min. The introduction
of MoS

2
nanospheres and Al

2
O
3
-coated MoS

2
nanosphere

catalysts can greatly enhance the photocatalytic activity under
UV light. Interestingly, the Al

2
O
3
-coated MoS

2
nanosphere

photocatalysts displayedmuch higher photodegradation per-
formance than the MoS

2
nanospheres, and more than 97% of

the RhBwas degraded within 60min.The presence of Al
2
O
3
-

coated MoS
2
nanospheres plays a key role in the photocat-

alytic degradation process. The significant enhancement in
photoactivity can be ascribed to the favorable van der Waals
surfaces of the Al

2
O
3
-coated MoS

2
nanospheres.

Figure 11 shows a kinetic plot of the photocatalytic
degradation of RhB over time under UV light irradiation
as ln(𝐶/𝐶

0
). The removal efficiency of the Al

2
O
3
-coated

MoS
2
nanospheres was much faster than that of the MoS

2

nanosphere catalyst. To understand the photostability and
reusability of the photocatalyst, four successive recycling
tests of the photocatalysts were done for the degradation of
RhB under UV light, as shown in Figure 12. There were no
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Figure 7: XPS data of Al
2
O
3
-coated MoS

2
nanospheres: (a) survey spectrum, (b) Mo 3d, (c) S2p, (d) Al2p, and (e) O1s.

significant changes in photocatalytic activity, which shows
the steadiness of the degradation efficiency of RhB solution.
This result implies that the Al

2
O
3
-coated MoS

2
nanosphere

photocatalysts have high stability during the photocatalytic
oxidation of the pollutant molecules and are reusable.

The catalytic activity increased with the Al
2
O
3
-coated

MoS
2
nanospheres. Figure 13 shows the RhB removal effi-

ciency of the Al
2
O
3
-coatedMoS

2
photocatalytic nanospheres

with 5mg of catalyst and 50mL of 10mgL−1 RhB solution.
The pollutant removal efficiency and the adsorption amount
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Figure 9: Time-dependent UV-Vis absorbance spectra of Al
2
O
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coated MoS
2
nanospheres of the rhodamine B solution samples at

different times.

at equilibrium (qe) were calculated using the following
equation:

Pollutant removal efficiency (PR%) =
100 (𝐶

0
− 𝐶)

𝐶

0

,
(1)

where 𝐶
0
and 𝐶 (mg/L) are the initial and final concentra-

tions of the pollutant, respectively, 𝑉 is the volume of the
pollutant solution, and 𝑚 (g) is the mass of the catalyst. The
Al
2
O
3
-coated MoS

2
nanospheres exhibit high RhB removal

efficiency (95%), in contrast to the (69%) MoS
2
nanosphere

sample. It is well known that catalytic ability increases with
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Figure 10: Photodegradation rate of the rhodamine B under
UV light and light irradiation time for without catalyst, MoS

2

nanospheres, and Al
2
O
3
-coated MoS

2
nanospheres.

increasing content of the catalyst with respect to processing
time and other environmental conditions like temperature
and pH. In this work, the degradation rate of the RhB
solution also increased with increasing catalyst content due
to the small particle size and good dispersibility of the
Al
2
O
3
-coated MoS

2
nanoparticles, which facilitate electron

migration between the catalyst and pollutant. The Al
2
O
3
-

coated MoS
2
nanospheres exhibit high catalytic activity due

to the high dispersibility of the Al
2
O
3
coating around the

MoS
2
nanospheres, which secured more efficient charge

transfer between the MoS
2
and Al

2
O
3
.

The MoS
2
behaves as the photoactive center, which is

generating excited photoelectron pairs under UV irradiation,
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while the Al
2
O
3
provides better adsorption sites in the vicin-

ity of the MoS
2
. The presence of insulating layers of Al

2
O
3

on the surface ofMoS
2
nanospheres suppresses the unwanted

charge recombination, thus enhancing the photocatalytic
activity. The greater photocatalytic activity of Al

2
O
3
-coated

MoS
2
nanospheres can be explained as follows. The HRTEM

mapping results indicated that the periphery of theMoS
2
was

covered with Al
2
O
3
. Under UV light irradiation, both MoS

2

and Al
2
O
3
are photoexcited, and holes and electrons form in

the valance band and conduction band. The photogenerated
holes and electrons are transferred within the valance and
conduction bands of both the MoS

2
and Al

2
O
3
materials.

This tendency helps to extend the charge carriers.The excited
electrons and holes react with dissolved oxygen in the water
or directly oxidize the pollutant molecules to form oxide
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Figure 13: RhB removal efficiency of Al
2
O
3
-coated MoS

2
nano-

spheres photocatalytic, adsorption conditions: 5mg catalyst, 50mL
10mgL−1 RhB solution (conditions: 5mg of catalyst and 50mL of
10mgL−1 RhB solution).

radicals (O2
∙−) and hydroxyl radicals (∙OH), which are

responsible for the degradation of RhB.
A possible mechanism for formation of MoS

2
@Al
2
O
3

core-shell structure is suggested involving MoS
2
spheres

acting as a template for the formation of the coated
nanospheres. Due to hydrothermal reactions between the
metal-oxoanions and surfactant, cations form a composite
phase at the surfactant/inorganic interfaces.Thus, nucleation
domains were formed during the hydrothermal reaction
between MoO4

2− and S2− and formed MoS
2
spheres. In this

manner, the diameter of the nanospheres is no longer limited
by the micelle dimensions. A spherical phase of MoS

2
is

formed during hydrothermal treatment under the synthetic
conditions, in which L-cysteine acts as a sulfur source to
stabilize the spherical organization of Mo and S species.
The Al species of the precursor solution can absorb to the
surface of MoS

2
spheres, and layer upon layer is formed by

the electrostatic interaction. The TSC could be considered
a crucial component for the growth mechanism of Al

2
O
3

coating because it acts as a capping agent for the formation of
the coating surface on the MoS

2
nanospheres. The complete

synthetic mechanism is expressed in Figure 1.

4. Conclusions

Al
2
O
3
-coated MoS

2
nanospheres were successfully synthe-

sized using a simple hydrothermal method. The Al
2
O
3

shell materials serve as additional electron sources that can
significantly recover the electron conduction in MoS

2
, which

favors the photodegradation of the pollutant. We revealed
the appropriate selection of surfactants that could facilitate
the adherence of Al species to the surfaces of the cores.
Hydrothermally synthesized Al

2
O
3
-coatedMoS

2
nanosphere

catalysts show photocatalytic activity higher than that of the
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MoS
2
nanosphere catalyst due to the enhanced crystallites

with highmetal content, whichminimize the poisoning effect
of sulfur by the chemisorption process.
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This paper reports the solvothermal synthesis of MoS
2
nanoflowers and nanosheets. The nanoflowers have a mean diameter of

about 100 nm and were obtained using thioacetamide (C
2
H
5
NS) as a sulfur source. The few layered nanosheets were obtained

using thiourea (CH
4
N
2
S) as a sulfur source. The obtained powders were characterized using powder X-ray diffraction (XRD),

scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS), and transmission electron microscopy (TEM).
The lubricating effect of MoS

2
nanoflowers and nanosheets were analyzed using four-ball test, the topography of the wear scar was

analyzed using SEM, EDS, and 3D surface profilometry. The relationship between the tribological properties and morphology of
the materials was determined. It is observed that the engine oil containing the MoS

2
nanomaterials penetrated more easily into the

interface space, and it formed a continuous film on the interface surface.The tribological performance showed that the synthesized
nanosheets had superior antiwear and friction-reducing properties as a lubrication additive compared with nanoflowers. Also,
the wear scar of balls lubricated with nanoflowers revealed a larger diameter compared to nanosheets. In conclusion, nanosheets
dispensed in oil have better tribological performance compared to nanoflowers oil in terms of capability to reduce friction.

1. Introduction

Two-dimensional (2D) and three-dimensional (3D) func-
tional nanostructured materials have received great attention
due to their inherent physicochemical properties, such as
high specific surface-to-volume ratio, anisotropy, chemical
inertness, photocorrosion resistance, and excellent tribologi-
cal performance [1, 2]. Such materials are applicable in var-
ious fields, including lubricants, energy storage, field-effect
transistors, and catalysis [1–4]. Novel lubricants containing
nanoparticles could provide extended reliability and major
energy savings in severe friction and wear conditions, which
would impact industries related to sustainable engineering of
heavy equipment and support energy self-reliance [5–10].

Tenne et al. discovered spherical fullerene-like nanopar-
ticles ofMoS

2
andWS

2
nanotubes in 1992 [11].MX

2
(M=Mo,

W and X = S, Se) are well known for their solid-lubrication
properties. Molybdenum disulfide (MoS

2
) has a layered

hexagonal crystal structure, which is mostly important for
solid lubrication or as an additive for lubricating oils [12–14].
Thesematerials offer low shear resistance to any applied shear

stress due to their layered structure with strong intralayer
covalent bonds and weak interlayer van der Waals bonds,
which decreases friction between interfaces [15].

These materials exist in numerous forms, such as
fullerene-like nanoparticles, flake-like structures, and nan-
otubes [16, 17]. These materials are suitable for adding to
lubrication fluids. MoS

2
nanoparticles perform very well in

boundary-lubricated contact, particularly with steels [18–20].
However, the key parameters under different contact condi-
tions with respect to morphology have yet to be determined.
Lubricants mixed with nanoparticles are known to be the
most effective approach to reducing the friction and wear
at contact interfaces; however, the presence of solid particles
may also lead to oil starvation for lubrication regimes [21].

Explaining the tribological performance of inorganic
nanomaterials depends upon severalmechanisms and effects:
(a) rolling friction [22], (b) the inorganic nanoparticles
acting as spacers to prevent direct contact between the
asperities [23], and (c) third-body material transfer to form
a thin lubricious film [24, 25]. However, the efficiency of the
lubrication mechanism depends on various conditions and
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intrinsic characteristics, including the morphology, crystal
structure, shape, and size of the particular nanoparticles. For
example, in the case of fullerene-like MoS

2
nanoparticles,

different modes of deformation and destruction are exhibited
when in contact with surfaces [18]. Kalin et al. demonstrated
that the adhesion of thin MoS

2
nanosheets on a surface

has four possible mechanisms: (i) exfoliation of individual
nanotubes into nanosheets due to shear stress, (ii) nanosheet
aggregation, (iii) nanotube deformation at the surface, and
(iv) some nanotubes being damaged [26]. However, these
mechanisms have been difficult to prove.

The main negative aspect of a nanofluid is sedimentation
of the dispersed particles in the fluid due to poor compat-
ibility between the dissimilar phases. This poses a problem
of deteriorating the tribological properties of nanofluids [27,
28] due to small gaps between the asperities: the supply of
nanoparticles to the contact is inadequate or interrupted at
high contract loads in the boundary-lubricant regime [26]. It
is believed that better lubrication is maintained only through
the entrapment of multilayered or flake-like solid particles.
Useful tribological properties have also been ascribed to their
structure, such as chemical inertness and longevity. However,
experimental confirmation of the tribological properties (and
thus the lubrication mechanisms) of inorganic MoS

2
flake-

like nanoparticles has remained limited.
Recently, various synthesis processes have been devel-

oped to prepare MoS
2
nanomaterials, including chemical

vapor deposition (CVD), thermal reduction, high-temper-
ature sulfurization, laser ablation, and sol-gel methods [27–
35]. Using these approaches, different morphologies (fulle-
rene-like, nanotube, nanosphere, and nanorods) have been
tested and used in practical applications. However, the syn-
thesis methods generally require complex technologies and
harmful organic surfactants. The solvothermal method has
attracted much interest due to its versatility and potential to
fabricate nanoparticles for applications.

To the best of our knowledge, there have been limited
reports using solvothermal methods to control the mor-
phology and properties of MoS

2
nanomaterials with proper

selection of the sulfur source. We report an optimized
procedure for solvothermal synthesis of MoS

2
nanoflowers

and nanosheets assembled with a few lamellar layers.Thioac-
etamide and thiourea were used as the respective sulfur
sources. The aim of this work is to investigate the lubricating
and antiwear behavior of the synthesized MoS

2
materials.

The materials were tested under the same conditions in
dispersion in engine oil and in the boundary lubrication
regime. The tribofilm and wear debris were characterized
to understand the lubrication mechanisms. In addition, the
optical properties and band energies of these MoS

2
materials

are reported.

2. Experimental Procedure

In order to obtain the optimal conditions for synthetic
procedure, a series of trials were carried out. All the chemicals
were used in this synthesis without further filtration. Figure 1
shows a schematic diagram of the synthesis procedure and
formation of MoS

2
nanoflowers and nanosheets.

2.1. Preparation of Nanoflowers. To obtain the MoS
2
flower-

like structure, ammonium heptamolybdate tetrahydrate
((NH
4
)
6
Mo
7
O
24
⋅4H
2
O), citric acid (C

6
H
8
O
7
), and thioac-

etamide (C
2
H
5
NS) were used as the starting materials and

the sulfur source.The synthesis methodology was performed
with an optimized molar ratio of Mo to citric acid of 1 : 2.
Starting, 1.4 g of ammonium heptamolybdate tetrahydrate
and 0.61 g of citric acid were dissolved in distilled water under
magnetic stirring and kept at 130∘C on a hot plate for 25min.
The suspension was continuously stirred and refluxed with
a final pH of 4. Then, 2.36mL of thioacetamide in water
was added dropwise to the solution. Finally, the precipitate
solutionwas placed in a Teflon-lined stainless-steel autoclave.

2.2. Preparation of Nanosheets. Theammoniumheptamolyb-
date tetrahydrate, citric acid, and thiourea (CH

4
N
2
S) were

used as the starting materials and the sulfur source to obtain
the MoS

2
sheet-like structure. Starting, 1.3 g of ammonium

heptamolybdate and 0.49 g of citric acid were dissolved in
distilled water under magnetic stirring and kept at 90∘C
on a hot plate for 25min. The ammonia water is added to
suspension solutionwith continuous stirring to adjust the pH
at 4. Then, 1.27 g of thiourea in water was added dropwise to
the solution with continuous stirring on a hot plate for 5min.
Finally, suspension solution was transferred into a 40mL
Teflon autoclave.

For both samples, the autoclave was maintained at 160∘C
for 10 h. The reactor was cooled to room temperature; the
obtained black precipitates were collected by centrifugation
and then filtered and washed three times with distilled water
and ethanol. The obtained powders were finally dried under
vacuum at 140∘C for 8 h.

2.3. Lubricants Preparation. Experiments were performed
using Durasyn-170 oil (polyalphaolefin (PAO)), which is a
typical synthetic oil for automotive applications that has a
density of 27.7 kg/m3 at 15∘C. The experiments were carried
out with the base oil and with base oil containing 0.05, 0.1,
0.5, and 1 wt% of nanoflowers and nanosheets additives. A
relatively various concentration of synthesized MoS

2
mate-

rials was used to determine the effect of morphology on
the tribological performance. The suspensions of oil and
nanoadditives were thoroughlymixed with amagnetic stirrer
for 3 hours. The MoS

2
materials were added to the base

oil and mixed with hexane, and stability measurement was
done using a dynamic light scattering system (Nano ZS (ZEN
3600)).The kinematic viscosity of the oils was observed using
an Ultra Programmable Rheometer as per ASTM standards.

2.4. Tribological Tests. The coefficient of friction and wear
scar of all samples were studied using a four-ball tribometer.
The four-ball test machine is used to estimate the wear pre-
ventive characteristics of the lubricant.The test force was kept
constant at 40Kgf, and 1000 rpm was applied for 60 minutes
at 75∘C. Steel balls with a 12.5mm diameter and hardness
of HRC 65 were used. The scar diameter of ball serves
as a characteristic of the lubricant. In dissipative systems,
extreme pressure at contacts is a major issue, depending on
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Figure 1: Schematic diagram of the formation of MoS
2
nanoflowers and nanosheets.

the potential applications, which is why we selected the four-
ball tribometer for these studies.

The crystalline structure of the samples was estimated
using powder X-ray diffraction (XRD) using a Shimadzu
Labx XRD 6100 with Cu-K𝛼 radiation (𝜆 = 0.14056 nm).
The morphologies of the samples were observed by scan-
ning electron microscopy (SEM) on a Shimadzu Corpora-
tion Superscan SSX-550 SEM-EDS. Transmission electron
microscope (TEM) analysis of the samples was carried out
with a Hitachi H-7000 of 100KV. The phase purity was
estimated using a Fourier transform infrared spectroscope
(FTIR) (Avatar 370) with a spectral range of 400–4000 cm−1.
Thermogravimetry analysis was done using a DTG-60/60H
TG/differential thermal analyzer under an argon gas at 900∘C
at a heating rate of 9∘C per minute. The topography of the
wear scar was studied by SEM and 3D surface profilometer.
The chemical composition of the tribofilm formed on the
worn surfaces of the upper ball was examined using EDS
mapping.

3. Results and Discussion

The powder X-ray diffraction (XRD) studies were carried out
to analyze the crystal structure of the MoS

2
nanoparticles

as a function of the processing conditions as shown in
Figure 2. Both samples exhibit the crystallite nature of MoS

2

materials with an XRD pattern indexed at 14∘, 32∘, 39.5∘,
and 58∘ corresponding to the (002), (100), (103), and (110)
crystal planes of the MoS

2
structure, consistent with the

corresponding standard card (JCPDS card number 371492).
No impurity peaks or other phases were observed.

SEM images (Figures 3(a) and 3(b)) show that the
sample obtained with C

2
H
5
NS as the sulfur source comprises

uniform MoS
2
nanoflowers with an average size of 100 nm.

The nanoflowers are well defined and rounded with a large
amount of agglomeration of open-ended structure. It is
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Figure 2: XRD patterns of MoS
2
: (a) nanoflowers and (b) nanosh-

eets.

believed that this open-ended structure would offer more
effective triboactive mechanisms for easy distribution on the
interfacing surfaces. Interestingly, the sample obtained using
thiourea as the sulfur source formedmultilayer nanosheets of
a size of a few nanometers, as shown in Figures 3(c) and 3(d)
with different magnifications.

TEM images of the nanoflowers are shown with different
magnifications in Figures 4(a), 4(b), and 4(c). The images
show that the nanoflowers are rounded and loosely connected
to each other with a narrow size distribution and regular
spherical structure, which is in good agreement with the SEM
results. This means that the nanoflowers have well-defined
shape and are uniform in both morphology and particle size
distribution. Figures 4(d), 4(e), and 4(f) show the structures
of the nanosheets with different magnifications. The edge
lengths of the nanosheets are controllable at the nanometer
scale, typically from 40 nm to a few tens of nanometers, and
their thickness is 10 to 50 nm.
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Figure 3: SEM images of MoS
2
: ((a) and (b)) nanoflowers and ((c) and (d)) nanosheets.
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Figure 4: TEM images of MoS
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: ((a), (b), and (c)) nanoflowers and ((d), (e), and (f)) nanosheets.
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TG-DTA curves of the MoS
2
nanosheets are shown in

Figure 5. The nanosheets display 5% weight loss occurring
above 730∘C when heating to 900∘C throughout the analysis.
This can be attributed to dehydroxylation of the material,
which is favorable for recrystallization and growth of the
nanosheets. The prominent exothermic peaks at 495∘C and
700∘C correspond to the decomposition of surfactants and
the sheet crystallization phase. As a result, the decomposition
of physisorbed solvent occurred during the preparation
using heat-assisted magnetic stirring. Furthermore, there is
a possibility that recrystallization could occur above 800∘C,
which reflects the stable state.

FT-IR spectra of the nanoflowers and nanosheets are
shown in Figures 6(a) and 6(b). There are broad absorption
bands at 480 cm−1, 900 cm−1, 1100 cm−1, and 1650 cm−1 for
both samples. The band at 480 cm−1 is due to the Mo-S
bond, and that at 900 cm−1 is due to the S-S bond [36].
The absorption band between 1100 cm−1 and 1650 cm−1 is
ascribed to the stretching vibrations of the hydroxyl group
andMo-O vibrations [36].The absorption band at 3500 cm−1

formed by the stretching vibration of hydroxyls vanished in
the nanosheet sample, which was confirmed by the TG-DTA
curve (Figure 5).
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Figure 7: UV-Vis spectra of MoS
2
: (a) nanoflowers and (b) nanosh-

eets.

The UV-Vis optical absorption spectra were recorded at
room temperature in the wavelength region of 250–750 nm,
as shown in Figures 7(a) and 7(b). The nanoflowers and
nanosheets have strong absorption in the visible-light region.
However, the absorption of the nanosheets compared to
nanoflowers is stronger due to the higher light harvesting
behavior of nanosheets with active edge sites. The absorption
bands appeared at 340 and 610 nm, which are attributed to
the direct excitonic transition at the 𝐾 and 𝑀 point of the
Brillouin zone [37]. The indirect band gap was calculated by
the Tauc equation using the optical absorption data near the
band edge [38, 39]:

(𝛼ℎ])1/2 = 𝐴 (ℎ]−𝐸
𝑔
) , (1)

where 𝛼 is the absorbance, ℎ] is the incident photon energy,
and 𝐴 is a constant. The band gaps (𝐸

𝑔
) are determined by

linear fit extrapolation onto the 𝑥-axis. A plot of (𝛼ℎ])1/2
versus photon energy (ℎ]) gives the band energies of the
nanoflowers and nanosheets by the intercept of the tangent
to the 𝑥-axis, as shown in Figures 8(a) and 8(b). The band
energies of the MoS

2
nanoflowers and nanosheets were

estimated to be 2.72 and 2.83 eV, respectively, which are fairly
close to earlier reports [37, 40].

The agglomeration and stability of nanomaterials are
quantified based on the zeta potential absolute value, which
designates the static repellency of nanomaterials dispensed
in oil, as shown in Figure 9. The maximum zeta potential
absolute value of the nanoflowers and nanosheets in oil was
obtained at 0.1 wt%, which is ascribed to the optimum con-
centration with maximum stability of the nanosheets in the
base oil. The bigger value designates improved dispersion of
the nanomaterials in the base oil. If the absolute value of zeta
potential is higher than 30mV, then the nanofluid becomes
stable [41]. For nanoflowers and nanosheets dispersed oils,
the absolute values of zeta potential are 32 and 34mV, respec-
tively. Thus, the stability of both oils is indicated to be good.
In the case of nanosheets dispersed oil, the zeta potential of
0.6 wt % concentration is shown to be smaller than 1 wt% due
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Figure 9: Variation of zeta potential with MoS
2
(a) nanoflowers and (b) nanosheets for different concentration at 27∘C and 35∘C.

to low pH value of the oil. Therefore, the zeta potential is
related with corresponding pH of the nanoparticles dispersed
oils. The dispersion nature of nanoadditives in oils depends
on process parameters such as the type, concentration (wt%
of nanoparticles), and nature of the base oil and temperature.
Figure 10 shows the viscosity of the base oil and oils with
0.1 wt% of nanoflowers and nanosheets added was estimated
in the temperature range of room temperature to 120∘C. In
all cases, the viscosity of lubricant decreases with increasing
temperature. In addition, the viscosity increases by 20% for
oil with nanoflowers and nanosheets added compared to the
base oil at the elevated temperature, and no significant change

of viscosity was observed with the different morphologies of
these nanomaterials.

Figure 11 shows the friction coefficient as a function
of time with different concentrations of nanoflowers and
nanosheets in oil.This data was obtained using a four-ball test
with a 40Kgf load and a speed of 1000 rpm for 60 minutes.
The friction coefficient of the pure base oil without any
additives increases with the applied load. Furthermore, the
friction coefficient of the base oil containing nanoflowers or
nanosheets is always lower than that of the pure base oil. On
the other hand, the base oil containing nanosheets exhibits
a lower friction coefficient than that with nanoflowers.



Journal of Nanomaterials 7

20 40 60 80 100 120
0

20

40

60

80

100

120

140

160

180

Base oil

40 50 60 70 80 90

B
C
D

20

75

Vi
sc

os
ity

 (c
P)

Vi
sc

os
ity

 (c
P)

Temperature (∘C)

Base oil + MoS2 nanoflowers
Base oil + MoS2 nanosheets

Temperature (∘C)

Figure 10: Variation of viscosity with respect to temperature.

0 1000 2000 3000 4000 5000 6000 7000 8000

0.030

0.035

0.040

0.045

0.050

0.055

0.060

0.065

0.070

0.075

C
oe

ffi
ci

en
t o

f f
ric

tio
n

Time (s)

 0wt% NF
0.05wt% NF
0.1wt% NF
0.5wt% NF
1.0wt% NF

0wt% NF
0.05wt% NF
0.1wt% NF
0.5wt% NF
1.0wt% NF

Figure 11: Friction coefficient curves of different concentrations of
MoS
2
nanoflowers (black color line) and nanosheets (red color line)

with respect to time.

This is due to the slippage of nanosheets at asperities and
deformation into individual nanosheets to form a tribofilm
at the interfaces, which reduces the coefficient of friction.The
friction coefficient (𝜇) is equal to T√6/3𝑊𝑟, where 𝑇 is the
frictional torque in kg mm,𝑊 is the normal load in kg, and
𝑟 is the distance between the center of the interface on the
lower balls and the axis of rotation [42, 43].

To evaluate the wear-resistance tribological properties
of the MoS

2
nanomaterials, a noncontact universal surface

profilometer was used to measure the wear scar and debris
of the balls. Figure 12 shows the micrographs of worn

surfaces produced after the 1 h tests with lubrication using
the nanoflowers and nanosheets. Negligible wear scar for
the steel balls was observed during these experiments for oil
containing 0.1 wt% nanoflowers and nanosheets. There is a
clean film on the surface of the steel balls, and in the case
of nanosheets dispersed in oil, the tested balls have greater
film formation than the nanoflower oil. The base oil with
nanosheets is easily adherent and causes plastic deformation
due to the contact pressure. The formation of tribofilm
containing nanosheets supports reducing the friction due to
slippage of the individual layers of nanosheets.

Interestingly, the average surface roughness (𝑅
𝑎
) value of

the nanoflowers and nanosheets dispersed in oils remained
constant as a function of the normal load.𝑅

𝑎
of the wear scars

of the nanoflower and nanosheet oils were low: approximately
85.3 and 54.2 nm, respectively, as shown in Figure 12. The
results suggest some fracture occurs due to adhesive wear
upon continuous sliding friction under the applied load.This
proves that the base oils with nanoflowers and nanosheets
have better antiwear capability than the pure base oil. MoS

2

nanomaterials can easily react and form an abrasion-resistant
protective film at contact interfaces due to high surface
energy with many dangling bonds [16]. A firm boundary
lubrication effect between the friction pairs occurs when
protective tribofilms formed. This may yield a good ability
to resist the shear failure due to fine lubricity. The friction
coefficient thus declines distinctly, and the surface quality of
the contact elements improves greatly, as shown in Figures
12(a) and 12(b).

SEM micrographs (Figures 13(a), 13(b), and 13(c)) show
the wear scars of the base oil with and without nanoflowers
or nanosheets. The rubbed surface was lubricated by the
base oil and had many wide and deep ruts compared to the
nanoflowers and nanosheets oils. We believe that the many
regular nanosheets penetrate more easily into the interface
with the lubricant than the nanoflowers. The nanosheets
could form a continuous film on the rubbing surfaces due
to strong adherence to contacts and enhance the tribological
properties. The nanoflowers are so small that they can easily
go into worn areas under compressive stress and perturb the
hydrodynamic regime. Because of this, a higher coefficient of
frictionwas obtained for nanoflowers rather than nanosheets,
which is in good agreement with Figure 11.

The presence and formation of a tribofilm on the worn
surface were examined with EDS for base oil containing
0.1 wt% nanoflowers and nanosheets, as shown in Figures
13(d), 13(e), and 13(f). Mo-S signals detected on the worn
surface indicate that the MoS

2
nanomaterials settle and fill

the furrows on the worn surface, although the Mo-S signal is
muchweaker than the Fe signal on the ball surface.Moreover,
the surface scratches and the furrows became vanished. Both
the friction coefficient and the wear scar diameter were
minimal. In both cases (i.e., nanoflowers and nanosheets),
the surface edges were slightly ragged and obscured by metal
particles at normal loads greater than 40Kgf. As a result,
worn surfaces revealed abrasive wear and no severe adhesive
wear was noticed.

The superior friction reduction and antiwear behavior of
MoS
2
nanoflowers and nanosheets dispersed in oil compared



8 Journal of Nanomaterials

480.0

240.0

0
0 320.0 640.0

0.8157

0.4079

0.00

X direct profile

352.08

292.55

195.04

97.52

0
−37.99

0 160.0 320.0 480.0 640.0

X distance (𝜇m)

3
5
9
.6
8

640.0

Roughness
Ra: 79.31nm
Rq: 91.90nm
Rt: 354.50nm
Rp: 217.01nm
R�: 137.49nm

A.H: 166.382nm
A.W:

Information

0.377

0.264

0.132

0

−0.151
−0.132

0 120.0 240.0 360.0 480.0

0.
48
48

480.0
Y direct profile

Y distance (𝜇m)

Roughness Information
Ra: 92.12nm
Rq: 118.69nm
Rt: 479.62nm
Rp: 284.44nm
R�: 195.18nm

A.H: 337.717nm
A.W: 408.000 nm

Y
(𝜇

m
)

X (𝜇m)

0.620𝜇m

H
(𝜇

m
)

H
(𝜇

m
)

(a)

480.0

240.0

0
0 320.0 640.0

1.0837

0.5419

0.00

X direct profile

93.57
69.95

0

−186.24

−69.95

−139.90

0 160.0 320.0 480.0 640.0

X distance (𝜇m)

27
9.
81

640.0

Roughness
Ra: 58.29nm
Rq: 70.59nm
Rt : 282.28nm
Rp: 144.85nm
R�: 137.43nm

nmA.H: 39.517
A.W:

Information

271.01

219.66

146.44

73.22

0
−21.87

0 120.0 240.0 360.0 480.0
29
2.
88

480.0
Y direct profile

Y distance (𝜇m)

Roughness
Ra: 50.11nm
Rq: 55.78nm
Rt: 194.50nm
Rp: 100.02nm

nmR� : 94.48

Information
A.H: 86.130nm
A.W: 438.000 nm

Y
(𝜇

m
)

X (𝜇m)

0.638𝜇m

H
(𝜇

m
)

H
(𝜇

m
)

(b)

Figure 12: Noncontact optical profile testing apparatus images of wear scar at 1000 rpm under 40Kgf loads for 1 h: (a) base oil with MoS
2

nanoflowers and (b) base oil with 1.0 wt% MoS
2
nanosheets.

to pristine oil are attributed to development of tribofilms
between the contact interfaces [10, 12, 13, 20]. The wear
mechanism of MoS

2
nanosheets is ascribed to separation

of interlayers into individual layers due to weaker van der
Waals or Coulombic repulsive interaction at contact pressure

[13, 25, 26]. This mechanism helps to form a tribofilm and
adhere at counter parts, enhancing the tribological properties
which are confirmed with 3D topography results (Figure 12).
The tribological properties with dispersion of MoS

2
additives

in oil are improved. The worn surface of the upper ball
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Figure 13: Wear scar of upper ball on contacted surface with different conditions: (a) base oil, (b) base oil with 0.1 wt% MoS
2
nanoflowers,

and (c) base oil with 0.1 wt% MoS
2
nanosheets. (d), (e), and (f) represent EDS spectra of (a), (b), and (c) conditions, respectively.

showed metal-to-metal contact at interfaces. Therefore, the
nanosheets could reduce the coefficient of friction, since
the metal-to-metal contact is smaller than when nanoflow-
ers were used. Presumably, these results indicated that the
nanosheets are more suitable and helped the lubricant to
adsorb onto the metal surface very well, which reduced the
friction.

4. Conclusions

We report the solvothermal synthesis of MoS
2
nanoflowers

and nanosheets using thioacetamide and thiourea as sulfur
source, respectively. The method presented enables large-
scale production of unique and controllable morphologies
by suitable selection of the surfactant. The effects and
nature of morphology on the tribological properties have
been presented. Substantial friction and wear reduction was
achieved in boundary lubrication, and the beneficial effects
are attributed to the nanosheets rather than nanoflowers
when added to the lubricant oil. The results revealed tribo-
logical effect of engine oil without additive and presence of
nanoflowers and nanosheets.

From the friction tests, the performance of lubricating
oil using these synthesized MoS

2
materials as additives

is investigated using the four-ball test and results show
that the optimal additive concentration of nanoflowers and
nanosheets is 0.1 wt%. The friction test results revealed that
the average friction coefficient was two times lower for the
nanosheets than for the nanoflowers. It was concluded that
the significant improvement in tribological properties of oil
with nanoflowers and nanosheets additives was due to the
beneficial tribofilm transferred on the contact surfaces when
particles entered the wear regime as evident from SEM and
EDS studies.

The surface roughness analyses reveal that the roughness
of the friction surface is reduced and the surface gets
smoother when MoS

2
materials at optimum concentration

level are added to the lubricants. It was also concluded that,
as the benefits of exfoliationmechanism, the nanoflowers and
nanosheets act as reservoir of low friction layers which cover
the interface surfaces with a thickness of a few monolayers.
Therefore, nanoflowers and nanosheets used as lubricating oil
additives exhibit wear reduction characteristics. The unique
mechanical and tribological properties indicate that theMoS

2
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nanosheets are a promising material for autolocomotive
applications and help to contribute to successful commercial-
ization of hybrid lubricants.
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Fluorescent carbon dots (CDs) are a novel type of fluorescent nanomaterials, which not only possess the specific quantum
confinement effects of nanomaterials due to the small size of nanomaterials, but also have good biocompatibility and high
fluorescence. Meanwhile, fluorescence CDs overcome the shortcomings of high toxicity of traditional nanomaterials. Moreover,
the preparation procedure of fluorescent CDs is simple and easy. Therefore, fluorescent CDs have great potential applied in
photocatalysis, biochemical sensing, bioimaging, drug delivery, and other related areas. In this paper, recent hot researches on
fluorescent CDs are reviewed and some problems in the progress of fluorescent CDs are also summarized. At last, a future outlook
in this direction is presented.

1. Introduction

Nanotechnology is one of the most important technologies
in 21st century. Currently, nanotechnology has been widely
applied in numerous fields, such as biomedical and chemical
analysis. In recent years, fluorescent nanomaterials have
garneredmuch interest as potential competitors to traditional
fluorescent dye probe and developed quite rapidly due to the
extensive demand of fluorescent probe in chemical sensing,
biological monitoring, and other related fields. Compared
with the traditional fluorescent dye, fluorescent nanomateri-
als have quantum size effect and the unique effects of nano-
materials, which can overcome many shortcomings of the
latter, such as the low stability, weak fluorescence intensity,
and fast photobleaching. Therefore, fluorescent nanomateri-
als have been applied widely in the physical, biological, and
chemistry as well as other related fields [1]. Among many
kinds of nanoparticles, semiconductor quantum dots have
become the focus of attention due to their unique electronic
and luminescent properties [2–4]. However, semiconductor
quantum dots usually contain heavy metals, which are gen-
eral great toxic and limit their further applications in the
field of biomedicine [5–7]. Thereby, the development of new
nontoxic heavy metal-contained nanomaterials is one of the
current trends.

In 2004, Xu et al. [8] discovered accidentally this kind of
carbon nanoparticles with fluorescent properties for the first
time when they separated single-walled carbon nanotubes
using gel electrophoresis from carbon soot produced by
arc discharge. Based on this study, in 2006, Sun et al. [9]
synthesised fluorescent carbon nanoparticles with diameter
less than 10 nm and named them carbon dots (CDs). The
discovery of CDs has gathered to widespread concern of
scientific researchers; in particular, their low toxicity and
stable chemical properties make them become powerful
candidates for new types of fluorescent probe and overcome
the common drawbacks of previous fluorescent probes. In
addition, fluorescent CDs possess rather strong ability to
bind with other organic and inorganic molecules due to their
abundant surface groups, so that fluorescent CDs can be
manipulated via a series of controllable chemical treatments
and satisfied the demands in the photocatalytic, biochemical,
and chemical sensing, bioimaging, and drug carrier. Cur-
rently, the researches of fluorescent CDs mainly focus on two
aspects; one is developing rapid, simple preparation method
of fluorescent CDs, and the other is expanding the application
field. This paper reviews the recent progress in these two
aspects and especially discusses the advantages of fluorescent
CDs applied in these new scientific fields.
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Figure 1: (a) HR-TEM image, (b) AFM image (reproduced with permission from [11]).
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Figure 2: Depiction of Cdots (a) after surface oxidation treatment and (b) after functionalization with surface passivation reagents
(reproduced with permission from [12]).

2. Structures and Properties of CDs

Generally, CDs are nearly spherical nanocrystals with the
diameter less than 10 nm and comprising few molecules or
atoms of nanoclusters (Figure 1) [10, 11]. Compared with
those larger particles like quantum dots, the size of carbon
particles is generally only a few nanometers, and molecular
weight is also only a few thousand to tens of thousands.
Generally, there exist a large amount of -OH and -COOHand
-NH
2
and other groups on CDs surfaces (Figure 2) [9], which

endow CDs with good water solubility and polymerization

ability with various inorganic, organic, or biologically active
substances.

2.1. The Optical Properties of CDs. CDs have strong absorp-
tion in the ultraviolet region, which can also extend to
visible region [12]. After modification of some passivating
agents, the absorption spectral region may be red shift
continuously [13]. The luminescence properties of CDs are
mainly the photoluminescence and electrochemical lumines-
cence, in which photoluminescence is the most prominent
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Figure 3: Optical characterization of the purified CNPs. Optical
images illuminated under white (top) andUV light (312 nm, center).
Bottom: fluorescence emission spectra (excitation at 315 nm) of the
corresponding CNP solutions.Themaximum emission wavelengths
are indicated above the spectra (reproduced with permission from
[14]).

performance. As an important role in almost all areas of
fluorescent nanomaterials, the excellent optical properties of
CDs mainly include high fluorescence stability, nonblinking,
tunable excitation, and emission wavelengths (Figure 3) [14–
17]. However, the emitting mechanisms of CDs are still
not clear, only keeping the phenomenon levels. The in-
depth quantum interpretation needs to be established. Some
researchers speculated that the emitting mechanisms of CDs
involve quantum confinement effect, stabilizing surface trap,
or exciton recombination radiation [18].

2.2. Biocompatibility and Low Toxicity of CDs. Since car-
bon element is the skeleton of all living body, full carbon
nanomaterials have a lower toxicity compared with other
nanomaterials; simultaneously, the particle size of CDs is
smaller and then more convenient to enter the cell in vivo,
which makes CDs have great potential application in the
biological fields. In addition, the surface of CDs contains
a lot of functional groups, so that the surface of CDs can
be modified with organic, inorganic, polymer, and other
substances endowing different functional properties.

3. Preparation of CDs

In recent decade, there is great progress in the preparation
process of CDs, not only simplifying the manufacturing

process, but also optimizing the luminescence properties
of the CDs. Basically, self-preparation processes from the
bottom-up and the top-down approaches are two main
categories. Since the top-down approach is through cutting,
oxidation, the larger carbon cluster structure is cleaved into
small carbon nanoparticles resulting in CDs with smaller
particle diameter. On the contrary, the bottom-up approach
is based on series of chemical reactions of small molecule
precursors to form nanoscale CDs.

3.1. Top-Down Approach. Top-down preparations of fluores-
cence CDs are the early preparation approaches, including
arc-discharge method [8, 19], electrochemical oxidation [20–
23], and laser ablation [24, 25]. In 2004, Xu et al. [8]
firstly separated accidentally fluorescent nanoparticle from
the products when they prepared the single-walled carbon
nanotubes by arc discharge. They also introduced nitryl
onto the fluorescent CDs by arc discharging fuming nitric
acid, improving the hydrophilicity of nanomaterials. After
that, NaOH solution (pH = 8.4) was used to extract the
precipitate to give a black suspension and obtained three
groups of fluorescent carbon nanoparticles with different
molecular weights after further electrophoretic separation.
These three groups of fluorescent carbon nanoparticles emit
blue green, yellow, and orange fluorescence, respectively,
wherein the fluorescence quantum yield of yellow phosphor
carbon nanomaterials can reach 1.6%. Subsequently, Sun et al.
pioneered in synthesis of fluorescent CDs by means of laser
ablation [26].

Zhou and his coworkers [22] used electrochemical meth-
ods for preparing fluorescent CDs. They used multiwalled
carbon nanotubes as the working electrode grown in carbon
membrane by means of chemical vapor deposition (CVD)
method and the cycle voltage to obtain the CDs with blue
fluorescence. The particle size of CDs produced in their
method is 2.8 nm, and the fluorescence quantum yield is
about 6.4%. Subsequently, some research group obtainedCDs
bymeans of the samemethod only replacing the solutionwith
aqueous solution and electrochemical oxidation of graphite
rods shock. The fluorescence quantum yield is about 1.2%
[20, 23]. In order to further improve the efficiency of the
electrochemical method for preparing CDs, the researchers
prepared the fluorescent CDs by using ionic liquid assisted
electrochemical exfoliation of graphite electrodes. Using the
ionic liquid solvent to replace the traditional solution can
play a dual role of dissolving and catalysis, in which the
reaction rate can be improved several times. Furthermore,
by adjusting the ratio of the ionic liquid and water, the
fluorescence emission wavelengths of CDs can be adjusted
[21]. However, the fluorescence quantum yield of the CDs
prepared in electrochemical methods is not high and needs
further improvement.

Compared with the multistep preparation method of
CDs, one-step reaction processes not only simplify the
preparation procedure and the prepared CDs also with better
fluorescent properties, but also can obtain CDs with different
fluorescent properties by choosing different organic reaction
solution. For example, Hu et al. [27] combined laser ablation
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and surface passivation merger in one-step reaction, with the
polyethylene solution under laser radiation for 4 h, to get a
black suspension. After separating the black suspension, they
obtained fluorescence CDs with particle size about 3.2 nm,
and the quantum yield is 12.2%, which significantly improved
the fluorescence quantum yield of CDs.

3.2. Bottom-Up Approach. Bottom-up approaches are based
on the polymerization reaction for small molecules to
the formation of nanoscale CDs. This strategy includes
hydrothermal method [14, 28–33], microwave-assisted pyrol-
ysis method [34–38], ultrasonic method [39], acid dehydra-
tion method [40], and pyrolysis method [41, 42]. Among
them, themost widely used are the hydrothermalmethod and
microwave-assisted pyrolysis method, which can be realized
by the one-step method for preparing fluorescent CDs.

In 2007, Liu and coworkers [14] first prepared CDs by
hydrothermal methods.They mixed candle ash as the carbon
source with nitric acid through heat reflux and generated
a black homogeneous solution and then purified through
a series of centrifugation, dialysis, gel electrophoresis, and
other processes to obtain fluorescent CDs with different
particle sizes. They found that the emission wavelengths of
fluorescent CDs depend on the particle sizes even under the
same excitation light (𝜆ex, 315 nm); the emission wavelength
is gradually red shift with the increasing of the particle
size, which reflects fully an optical character of fluorescent
CDs, named elementary excitations and multiemission. In
the past two years, a lot of reports are about the researches of
preparingCDs through hydrothermalmethod using different
carbon sources, and the fluorescence quantum yield of CDs
has been greatly increased. For instance, Gao and so forth
[32] chose C60 as the carbon source and CTAB as passivator
to prepared CDs with high fluorescence quantum yield
up to 60%. Even more, the fluorescent CDs prepared in
their method possess the distinctive property of aggregation
induced enhanced emission, which is different from the
common reports in the literatures.

Zhu et al. [35] developed a simple microwave method
to synthesize the new type of CDs. With carbohydrate as
a carbon source and PEG200 as both solvent and coating
agent, the reaction system gradually changed from colorless
to dark brown solution when under 500Wmicrowave power
radiation for 2∼10min, and the product was diluted with
water to obtain fluorescent CDs. In this method, the particle
size and the quantum yields of fluorescent CDs depended on
the reaction time. Wang et al. [36] created a “green,” “fast,”
“economy” CDs synthesis method by means of microwave
method. They first burn eggshell into ashes, then mixed
the ashes with NaOH aqueous solution, and treated the
solution via microwave radiation for five minutes to get CDs.
This method is quite simple; the raw materials are cheap
and available, and the consuming time is very short; the
fluorescence quantum yield of CDs reaches to 14%. Chandra
et al. [37] used sucrose as a carbon source and promote the
synthesis of fluorescent CDs in phosphoric acid environment
by microwave radiation. The reaction time is just 3 minutes
and 40 seconds, and the prepared CDs are shining bright

green fluorescence. Yang et al. [38] created a rapid synthesis
method of amino modified CDs using chitosan as a carbon
source under mild conditions and applied them to human
lung adenocarcinoma A549 cells imaging.

4. Fluorescent Applications Carbon Dots

4.1. Photocatalysis. With the rising demand for low-carbon
society, how to utilize full advantage of solar energy and
other clean energies becomes an important issue.The appear-
ance of photocatalytic technology caused the research of
photocatalytic technology boom, involving solar energy,
photovoltaic cells, self-cleaningmaterials, and environmental
pollution control and many other related fields. However,
the traditional photocatalytic materials such as TiO

2
and

ZnO generally with absorption range in ultraviolet light,
visible light cannot be taken as full advantage and have been
greatly restricted in practical applications. Thus preparing
nanomaterials with high stability and high visible light
composite catalyst activity is of great significance in solving
environmental problems and energy issues.

Cao et al. [43] preparedCDs through acid reflux dehydra-
tion method and modified the CDs with PEG1500, to obtain
the CDs with surface coated metal gold or platinum cluster
coated via liquid phase method. In this reaction system,
the CDs play the role of electron donor and can restore
gold salts or platinum salts (HAuCl

4
or H
2
PtCl
6
), so that

the corresponding sites of metal on the CDs surface form
CDs/Au composite. The gold-coated CDs were placed in a
wide room with abundant carbon dioxide pass and kept at
room temperature until they reach saturation. With visible
light (425–720 nm) irradiation for five hours, the carbon
dioxide can be restored to formic acid. Meanwhile, gold-
coated or platinum-coated CDs can be used in the reduced
reaction of water to give hydrogen.

Zhang et al. [44] prepared CDs by electrochemical
method, in which the CH

3
COOAg and PVP were dissolved

in prepared CDs solution, and dropping Na
2
HPO
4
solution

to prepared CDs/Ag
3
SO
4
composite catalyst. Meanwhile,

CH
3
COOAg and PVP were dissolved in prepared CDs

solution in sunlight reflux with dropping Na
2
HPO
4
solution

to obtain CDs/Ag/Ag
3
SO
4
composite catalyst. Both these two

catalysts were used in the degradation reactions of methylene
blue under visible light radiation. Their experimental results
showed that the photocatalytic ability of CDs/Ag/Ag

3
SO
4
is

5.5 times larger than that of CDs/Ag
3
SO
4
. In addition, the

structure of CDs/Ag/Ag
3
SO
4
is more stable in the catalytic

process; when repeating the photocatalytic experiments, the
catalytic efficiency has almost no change.

As one of the most common photocatalysts, TiO
2
has

been widely used in the decomposition of organic pollution
and H

2
O to generate H

2
[45]. However, due to the quite large

gap between the conduction band and the energy band of
TiO
2
, TiO
2
has only absorbed peak in very short wavelength

ultraviolet. Thus visible light is the useless energy for TiO
2
.

In order to improve the photocatalytic properties of TiO
2
,

the researchers have done a lot of efforts and found that
the composite of TiO

2
nanoparticles and carbon dots can
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effectively broaden the range of the optical response of the
composite structure and increase the utilization of solar
energy and transformation. For instance, Zhang et al. [46]
used CDs-TiO

2
composites as catalyst successfully to get

H
2
(Figure 4) from the water decomposition under visible

light irradiation, wherein the introduction of CDs obviously
broadens the light response range of TiO

2
. Subsequently,

based on the upconversion property of the CDs and the
synergistic effect between the CdSe quantum dots and CDs,
theCdSe quantumdotswere served tomodify theTiO

2
-CQD

nanocomposites, and the photocatalytic efficiencywas greatly
improved [47]. Although photocatalytic technology still stays
in the laboratory level and it is difficult to spread into every-
day life, the photocatalytic technology as a new pollution
control technology is huge potential in the utilization of new
means of solar energy and is promising in future exploring.

4.2. Luminescent Device

4.2.1. LED Device. Guo et al. [48] synthesized a series of
multicolor CDs by the thermolysis of epoxy group con-
taining polystyrene microspheres (Figure 5). CDs produced
under 200, 300, and 400∘C could emit blue, orange, and
white fluorescence with the excitation of single wavelength
ultraviolet, respectively, and the fluorescent quantum yield
is 47%. With the excellent properties, those CDs could be
used as the above-mentioned three color LED devices. Wang
et al. [49] used citric acid as carbon source to synthesize
new CDs in octadecene coupled with 1-cetylamine as surface
passivator. The max quantum yield of these CDs made white
light emitting devices reach 0.083% under the irritation of 5
Ma/cm2 ampere density.

4.2.2. Macrostructure Material. Zhang et al. [50] used elec-
trochemistry corrosion of graphite electrode to produce the
new types of CDs. Upon the addition of CDs on glass surface
with the concentration of 1.3mg/mL, the CDs thin film was
obtained after being dried. The oxygen contained group at

the CDs surface determined its sensitivity of humidity and
the conductivity of CDs was in direct proportion to the
relative humidity. Because of the high specific surface area
and excellent stability of the CDs thin film, it is suitable for
gas sensing.

Fan et al. [51] employed electrodeposition to prepare
CDs by electrolyzing of graphite rods in SiO

2
nanosphere

matrix. After dissolving the nanosphere matrix by HF, two-
dimensional and three-dimensional mesh structure CDs
were obtained (Figure 6). This unique structure has high
absorbability for particular application. The nano-Au con-
tained mesh structure of CDs could be used as probes for
high sensitivity detection. Furthermore, the surface Raman
scattering of nano-Au containedmesh structure CDs can gain
8 to 11 times of signal intensity comparing with the widely
used SERS materials.

4.3. Chemical Sensing. Fluorescent carbon dots, due to their
excellent optical properties, chemical stability, and good
solubility in water, in the field of chemical sensing under
great attention, are widely used in metal ion detection,
anion detection, small organic molecules, and biomolecules
detection. Like the semiconductor quantum dots, CDs by
the interaction with the analyte can change the efficiency
of recombination between the surfaces of the electron-hole
pairs, which occurred in the fluorescence enhancement and
quenching treatment to achieve quantitative or qualitative
analysis of the measured object.

4.3.1. Metal Ion Probe. Carbon dots as a new fluorescent
probe in solution are easily quenched efficiently by electron
acceptor and thus can effectively detect metal ions in solution
and determine the concentration of metal ions in a certain
concentration range, to achieve the trace analysis of metal
ions.

Hg2+ is one of the most toxic heavy metal ions in envi-
ronment, has received the attention of scientific researchers.
Currently, based on CDs as sensor, scientists have developed
a variety of methods to detect Hg2+ [52–55]. Lu et al. [52]
prepared a new type of CDs from grapefruit peel through
hydrothermal method. As the Hg2+ can effectively quench
the fluorescence of CDs, a new method for the detection
of Hg2+ was developed, the detection limit of 0.23 nM, and
this method has been successfully applied to the detection of
Hg2+ in the river. Liu et al. [53] obtained CDs with excellent
fluorescent stability by the polyethylene glycol (PEG) refluxed
with NaOH; taking these CDs as a sensor can specifically
detect Hg2+ in solution and the detection limit reaches 1 fM
(Figures 7 and 8).This testmethod successfully detectedHg2+

in the rivers, lakes, and tapwater samples and the sensitivity is
very high. Zhang andChen [54] used vitamin B as carbon and
nitrogen sources and prepared a high fluorescence yield and
nitrogen-rich fluorescence CDs by hydrothermal method. It
was found that Hg2+ can be able to bind specifically with
these CDs, the use of this fluorescent probe to establish a new
method for label-free detection of Hg2+, the detection limit of
0.23 nM. In addition to the detection of Hg2+, scientists have
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also developed a variety of methods to detect Cu2+ [56, 57],
Fe3+ [58, 59], Pb2+ [60], andAg+ [61]. Because of the rich type
of carbon sources, scientists will synthesize more excellent
properties of CDs for the detection of heavy metal ions in
environment.

4.3.2. Anions and Small Molecule Detection. During the
metal ion sensor development, scientists expand the CDs
probe used in detection of anions and small molecular.
Unlike heavy metal ions detected fluorescence quenching
mechanism CDs, anionic or small molecules generally by
restoring fluorescence of the quenched CDs to achieve the
purpose of detection.

Zong et al. [42] selected spherical mesoporous silica as
nanoreactor, added to the solution of citric acid and three
other inorganic salts (NaCl, LiCl, and KNO

3
) and ultrasound

to obtain CDs. The study found that the CDs can bond with
Cu2+ specificity and quench the fluorescence of CDs. While
adding L-cysteine in the solution of CDs-Cu2+, Cu2+ could
be released from the surface of the CDs, thereby recovering
the fluorescence of CDs. With these chemical sensors, which
successfully detected Cu2+ and L-cysteine, two substances,
the detection limit was 2.3× 10−8mol/L and 3.4× 10−10mol/L,
respectively (Figure 9). Du et al. [62] take the same way, take
I replacing the Hg2+ bound with CDs, successfully detected
the iodide in aqueous solution.
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4.4. Biosensor. In 2011, researchers first achieved the detec-
tion of DNA; Bai and other studies [63] have found that
methylene blue can effectively quench the fluorescence of
CDs; then they joined ct-DNA in solution; the fluorescence
of the solution was found to be restored. Based on this
phenomenon, a new fluorescent sensor for DNA detection
was designed; the detection limit was 1.0 × 10−6mol/L with
the linear ranging from 3.0 × 10−6mol/L to 8.0 × 10−5mol/L.

Xu et al. [64] described aptamer-functionalized CDs
as a sensor for protein detection. Since the thrombin has
two different combine sites, the presence of thrombin could
induce the CDs and aptamer to form a sandwich structure
(Figure 10). The sensor shows high specificity and sensitivity
towards thrombin. The detection limit of this sensor reaches
1 nmol, which is improved compared with the other reported
fluorescence-based thrombin detection assays.
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4.5. Bioimaging. Wehave already learned that the fluorescent
CDs possess great advantages comparing with the traditional
semiconductor quantum dots, including their outstanding
optical properties and stable chemical properties; moreover,
CDs are environmentally friendly and low toxicity nanomate-
rials. These characteristics make it possible that CDs replace
semiconductor quantum dots in biological imaging [65].

Sun’s team is the first research group that applied flu-
orescent CDs in bioimaging. They cultured MCF-7 cells
vaccination in medium containing CDs for 2 h; fluorescent
microscope was used to observe the fluorescence of cells; it
was found that the fluorescence area is mainly concentrating
in the cell membrane and cytoplasm [9]. Then Wang et al.
[66] used vitamin B as precursor synthesized low toxicity
and good biocompatibility fluorescent CDs via hydrothermal
method and successfully applied it in U87 cell imaging. The
U87 cells were seeded in the medium containing CDs for

cultured 2 h; with a focus fluorescence microscope, it was
found that only cell membrane and cytoplasm emit bright
fluorescence, while the nucleus has not been invaded by CDs
[61].

Zhang et al. [67] used lactose as a carbon source and 3-
hydroxymethyl aminomethane as carbon surface passivation
agent to get high light, low toxicity fluorescent CDs via
hydrothermal method. The study shows that the fluorescent
intensity of the fluorescent carbon dots in the environment is
not affected by the change of fluorescence intensity and the
fluorescence intensity is still not affected by the salt solution
and these CDs were successfully applied in HeLa cell imaging
(Figure 11).

Yang et al. [24] take the purified CDs injected into female
DBA/1 mice body by three ways of subcutaneous injection,
intradermal injection, and intravenous injection and get
successful in vivo imaging under light irradiation of 470 nm
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and 545 nm. They found that CDs subcutaneously injected
into themice of the forelimbwouldmigrate along the forearm
to the axillary lymph nodes, while CDs of intravenous injec-
tion in the systemic circulation concentrated at the bladder
area. They also found that the urine can be detected with
fluorescence after 3 h by injection. 4 h later, the fluorescent
CDs can existmainly at the kidney ofmice and slightly at liver
through dissection. They speculated that polyethylene glycol
could reduce the effective surface of CDs on the affinity to
protein and makes CDs more difficult in uptake by the liver
comparing with the previous nanoparticles and nanotubes.

Goh et al. [68] take advantage of the properties that CDs
can combine with hyaluronic acid (HA) homologues and
applied the composite of hyaluronic acid homologues and
CDs (HA-CDs) successfully to hyaluronic acid imaging in
vitro.They injectedHA-CDs intomice through subcutaneous
injection and observed the fluorescence on the mouse skin,
validating the feasibility of HA-CDs imaging in vivo. Sub-
sequently, they injected HA-CDs by means of intravenous
injectionmanner into mice; after 4 h they get the distribution
of HA in the liver, kidney, and spleen of the mice through the
fluorescence microscope (Figure 12).
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4.6. DrugDelivery. Traditional drug carrier does not have the
observability and traceability; thus the researches that applied
fluorescent nanomaterial to the drug carrier are expected
to solve these problems. Due to its low toxicity, excellent
biocompatibility, and modifiable surface function groups,
CDs have become a hot spot of drug delivery research.

Lai et al. [69] employed glycerol as the carbon source
and prepared CDs by pyrolysis. After that, they modified
the CDs via PEG and controlled the particle size through
mesoporous nanoparticles to obtain uniform and excellent
optical properties of CDs (CDs @ mSiO2-PEG). The CDs @
mSiO2-PEG can be used as an anticancer drug doxorubicin
(DOX) carrier and the release rate of DOX was studied
in HeLa cells. The results showed that CDs and DOX in
the cytoplasm and nucleus emitted blue fluorescence and
red fluorescence, respectively. According to the proportions
of the two fluorescent colors, this method can achieve a
pharmaceutical carrier and observability traceability by in
situ monitoring of DOX in cells release rate.

Zheng et al. [70] combined amino groups on CDs surface
with oxaliplatin through the chemical coupling reaction, with
the two substances incorporating as one. The modified CDs
can enter into the interior of cancer cells via endocytosis.
Due to the rapid changes in the internal environment of
the cancer cells, the drug can be released from the surface
of the CDs. The results showed that by monitoring CDs
fluorescence signal in cancer cells they can fully understand
the distribution of oxaliplatin in cancer cases, which will
provide great help for doctors to grasp the exact time anddose
drug injection.

5. Summary

As a new category of nanomaterials, fluorescent nanoma-
terials have outstanding optical properties, good biocom-
patibility, and surface functional division of regulatory and
other characteristics; thus they have been studied extensively
in photocatalysis, biochemical analysis, bioimaging, drug
delivery, and other areas and show great potential and are
promising in these fields. However, as a budding member of
the family of carbon nanomaterials, the application ranges
of fluorescent CDs should still be further improved and
make sufficient use of surface rich functional groups on CDs,
broadening their composite structural applications in various
fields. Although fluorescence CDs realized the great-leap-
forward from in vitro imaging to in vivo imaging, the emis-
sion fluorescence of most of CDs is distributed in ultraviolet
region or short wavelength visible region, which limits the
optical imaging in life body for deep tissue. In addition,
almost all of life organisms will produce autofluorescence
under short wavelength UV and visible light radiation, which
often interfere seriously with the visual effects. Therefore,
the development of fluorescent CDs in near-infrared region
is urgently needed in the future. Moreover, the current
researches on in vivo imagingmerely stay in the experimental
stage for small animals; further progress for the live animal
imaging needs to be promoted. The optimization of prepa-
ration process of fluorescent CDs and the development of
green, convenient, and low-cost methods for preparing CDs
with fine physical, optical properties both can be addressed
further.

In a word, CDs are novel fluorescent nanomaterials with
outstanding fluorescence properties. They have numerous
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excellent applications in a variety of fields involving chemical
and biological sensing, biological imaging, drug delivery, and
photocatalysis, which are greatly promising for the future
development.
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Li-ion battery has attracted more and more attention as it is a promising storage device which has long service life, higher energy,
and power density. However, battery ageing always occurs during operation and leads to performance degradation and system fault
which not only causes inconvenience, but also risks serious consequences such as thermal runaway or even explosion. This paper
reviews recent research and development of ageing mechanisms of Li-ion batteries to understand the origins and symptoms of
Li-ion battery faults. Common ageing factors are covered with their effects and consequences. Through ageing tests, relationship
between performance and ageing factors, as well as cross-dependence among factors can be quantified. Summary of recent research
about fault diagnosis technology for Li-ion batteries is concluded with their cons and pros.The suggestions on novel fault diagnosis
approach and remaining challenges are provided at the end of this paper.

1. Introduction

These years, Li-ion battery has been commercialized widely
for the advantages such as long service life, high energy
density, and environmental protection. It is considered as
the most promising energy storage device in EV (electrical
vehicle) field, which has gradually taken increasing rate in
all vehicles sold. Along with the development of EV and
Li-ion battery industry, BMS (battery management system)
technology made rapid progress [1]. Basic BMS should
provide the following functions [2]: (1) data acquisition, (2)
SOC (state of charge), SOH (state of health) and SOF (state
of health) estimation, (3) charge control, (4) equalization, and
(5) thermal management. All these techniques were reported
and reviewed frequently during the last twenty years [3, 4].
However little attention has been paid to fault diagnosis tech-
nology for Li-ion batteries until several issues and accidents
related to batteries occurred during recent years: batteries
of laptops from Panasonic, Dell, and Sony were successively
recalled for fire hazards; TeslaModel S EV had 5 fire accidents
in last 6 months totally related to batteries; BYD electrical
taxi caught a fire during charging process. All these events
brought the safety issue of Li-ion batteries to public concern.

Although Li-ion batteries are known as long-service
devices, their lives depend greatly on environmental condi-
tion and operation mode. Conditions such as elevated tem-
perature and overcharging/overdischarging will shorten ser-
vice life, so it is necessary for users to understand the ageing
mechanism and detect faults before terrible accidents occur.

Faults of Li-ion batteries usually come from ageing
process or abuse operation. Usually, the concept SOH is
used for description of current status of health or remaining
life [5]. However, it is not sufficient to describe one cell
with only one variable, especially for diagnosis system. More
information should be provided such as operation history
and real-time variation to foresee further performance, and
this is important for echelon use of Li-ion batteries [6, 7].

Fault diagnosis technology has been developed and
applied in industrial applications in recent years with
advanced models, algorithms and ideas. However, different
from mechanical or pure electrical system, Li-ion battery
is much more complex due to its electrochemical property.
Hysteresis and inconsistency among cells make it even harder
to directly extract the fault symptoms. Therefore fault diag-
nosis for Li-ion batteries requires completely understanding
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Figure 1: Causes for battery ageing at anode and their effects.

their ageing mechanism and certain advanced diagnosis
technology.

This review intends to summarize recent achievements
in fault diagnosis for Li-ion batteries, including the age-
ing mechanism, tests, and diagnosis methods. Subsequent
sections of this paper are arranged as follows. Section 2
introduces the basic ageing mechanism of Li-ion batteries in
electrochemical point of view. With the mechanism, accel-
erated tests are represented, trying to quantify performance
degradationwith one ormore ageing factors.This contentwill
be arranged in Section 3. After that, recent researches on fault
diagnosis for Li-ion batteries are reviewed and compared in
Section 4. Finally conclusion is drawn and we suggest a novel
diagnosis method for batteries with reference of this review.

2. Ageing Mechanism

Battery ageing, usually in form of capacity fade and resistance
growth, perhaps as well as available power fade, is one of the
most challenging issues for system safety. Life predication and
fault diagnosis technologies require a good understanding
of this process [8–10]. The main ageing causes for Li-ion
batteries are decomposition of SEI (Solid Electrolyte Inter-
phase), deposition at anode [11, 12], metal dissolution from
anode [13, 14], loss of active material [15] and lithium plating
[16]. Since the degradation mechanisms from the positive
and negative electrodes may be different, we will discuss the
mechanism in view of electrode degradation.

2.1. Ageing at Anode. In this paper, only the most popu-
lar anode material graphite is discussed. Many researchers

regarded the electrochemical changes at the electrode/elec-
trolyte as the main cause for anode ageing [17, 18]. Decom-
position products, which are caused by reductive electrolyte
decomposition at the electrode/electrolyte interface, build
up the so called “SEI” that covers the electrode’s surface
during the first few cycles. SEI is stable and has a rather
slowly ageing process unless the battery operates at improper
conditions such as elevated temperature or heavy cycles.
High temperature accelerates SEI breakdown or dissolution
and results in an increased degradation rate [19]. In case of
overcharge or high SOC storage, gas fromgraphite exfoliation
induces crack of SEI and loss of active area [20], while low
temperaturemay lower lithium ion diffusion. In this case, SEI
is covered by lithiumplating and safety issuemay occur due to
metallic lithium plating and lithium dendrite growth. Other
origins of anode ageing such as changes of active material,
changes of composite electrode, and contact loss [21] will
not be discussed in detail here. The factors of battery ageing
occurring at anode and their main effects are summarized
in Figure 1. Notice that these factors are not isolated and the
relationships cannot be discussed separately. For example,
both high-rate discharge and low temperature may limit
ion diffusion while both high temperature and overcharge
perform an additive energy directly into batteries. This
content will be discussed in Section 3 with corresponding test
procedure and quantitative research.

2.2. Ageing at Cathode. Bourlot et al. reported that there
was no evident change of the cathode morphology, for
all levels of battery utilization. The author quantified the
ratio of active Li/metal at anode and active lithium in
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wt% at cathode. For aged batteries, more active lithium
at cathode was observed with low-rate discharge to 0.5 V
compared with fresh batteries. The author attributed this to
limitation of anode, which was the main effect of ageing
mechanism [22]. Although the changes at cathode seem
to have less influences on battery ageing than those at
anode [23], the influence indeed exists. SEI also forms at
the interface [24], and it experiences the same process of
growing, ageing, and decomposition. The ageing originates
from SEI decomposition, changes of composite electrode
and chemical decomposition, and dissolution reaction and
differs according to the composition of cathode as well. The
most popular chemistries in current production are LiCoO

2
,

LiMn
2
O
4
, and LiFePO

4
. These cathode materials have their

advantages and disadvantages. For example, LiFePO
4
is

attractive because of its high stability, low cost, and high
compatibility with environment. Major disadvantages lie on
its low electrical conductivities and slow diffusion rates of Li-
ions. Conductive additives may be an available approache
to overcome their own drawbacks. Carbon nanotube has
been proven to be the most effective one in improving the
electrochemical performance and guaranteeing the safety of
the composite cathode.

3. Ageing Test and Analysis

In previous section, we attributed battery ageing to external
factors such as improper temperature, overcharge/overdis-
charge, high voltage storage, and even the load profile. Efforts
have been made to characterize the relationship between
them. However, all these factors affect battery in different
manner.Moreover, cross-dependence among factorsmakes it
more difficult to quantify the ageing behavior.Thus, environ-
mental factors and their consequences were deeply studied.
Following subsections give a brief review for the ageing tests
and relationship between the factors and performance of aged
batteries.

3.1. Performance during Cycle and Storage. Many researches
on normal operation for Li-ion batteries were reported to
understand the performance degradation during cycling and
storage [25]. Bloom et al. [26] tried to find the mathematical
relationship between extern conditions and performance
degradation, in form of power fade and ASI (area specific
impedance) increase. The author changed temperature and
SOC during calendar tests while temperature and ΔSOC
during cycle tests. All test data were fit into the equation,
trying to build a life predication model:

𝑄 = 𝐴 exp(
−𝐸

𝑎

𝑅𝑇

) 𝑡

𝑧
, where

𝑄 is the evaluated parameter,ASI or power.

(1)

In calendar test the fitted 𝑧 stayed around 1/2 (varying
from0.46–0.61), followingArrhenius kinetics [27] so the age-
ing was considered due to SEI layer growth. However, during
high SOC cycle (ΔSOC = 6%), 𝑧 dropped to 1/10, which
indicated that more complex reaction occurred. Service lives
of Li-ion batteries in different conditions were predicated
with the fitted equation.

3.2. Performance at Extreme Environment
3.2.1. Overcharge. More researches were carried out to eval-
uate one single factor, especially the extreme condition,
on ageing. Because external energy is directly added into
batteries, overcharge is considered as one of the most serious
problems resulting in thermal runaway. Author in [28, 29]
constructed “soft” overcharge strategy for a detailed study
on overcharge. Irreversible changes could be observed at
150% overcharge and distraction of anode and cathode
at 200% overdischarge, both of which induce irreversible
loss of active material. Through examining the surface of
recovered separator, author believed thermal runaway caused
by overdischarge might result from microshorting initiated
by growth penetrating through separator and accelerated side
reactions at anode.

3.2.2. Overdischarge. Overdischarge barely induces thermal
runaway directly. However, overdischarged cells experience
irreversible capacity loss and changes of thermal stability,
which may impact tolerance to abuse condition and increase
the potential of safety issues. In order to verify the explanation
in [30] about overdischarge, a series of overdischarge tests at
0.0–2.0V were carried out in [31]. Irreversible capacity loss
was observed differently according to its discharge cutoff volt-
age, and overdischarged cells represented an accelerated age-
ing trend under normal cycles. Furthermore, overdischarge
to 0V made an even worse condition where the behavior
became unpredictable. After examining the separator, copper
was found at the anode side, which indicated the possible
cause of copper dissolution from collector.

3.2.3. Abnormal Temperature. Although Arrhenius theory is
usually used for description of ageing, especially the effect
of temperature, it may not be appropriate for all range of
temperatures. Wide-ranged temperature tests show that the
predominant ageingmechanism at low temperature is plating
ofmetallic lithium at the anodes due to the slow ion diffusion,
which is deduced from the measurement of negative polar-
ization versus Li/Li+ with reference electrode. In this case,
delivered energy and efficiency are lower, considering 60%
at −20∘C compared with nearly 100% at room temperature
[32], and it is difficult to charge a normal battery under−25∘C.
On the contrary, high temperature accelerated degradation of
cathode and SEI growth at anode, resulting in the capacity
fade. The degradation of performance usually exhibits two
different slopes with inflexion at about 25∘C. Ramadass et
al. [33] gave the full representation and explanation of per-
formance for Li-ion batteries at 25∘C, 45∘C, 50∘C, and 55∘C,
whose results are listed in Table 1. From the table, the capacity
loss is higher when battery suffers higher temperature. After
800 cycles, the cells at 25∘C and 45∘C lost about 31% and 36%
of their initial capacity, while cell at 50∘C lost more than 60%
capacity after 600 cycles and cell at 55∘C lost 70% after 500
cycles.The author attributed the loss to ohmic loss, secondary
active material loss, and primary active material loss and
quantified their contributions, respectively.

Even higher temperature (above 65∘C) cycle was tested.
Capacity loss of 22% during 29 cycles was observed, which
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Table 1: Capacity loss at different temperatures.

25∘C 45∘C 50∘C 55∘C

150 cyc 107 125 141 168

300 cyc 182 209 427 481

800 cyc 539 643 1074 (600) 1255 (490)

was attributed to positive electrode bind and composition
changes in SEI [34].

3.2.4. High-Rate Cycling. Charging/discharging rate is an
important factor especially for power applications. High-
rate discharge usually means short period for Li-ion transfer.
In this case ions are not fully deintercalated which results
in capacity loss and lithium dendrite. Moreover, high rate
current forms higher power consumption across the same
internal resistor and accelerates the internal temperature
increase. Side reactions will be enhanced so that loss of
active material will result in battery degradation. So there is
always a capacity fade and accelerated ageing when suffering
high-rate discharge. The capacity fade at different rate was
quantified in [35, 36] and deep researches were carried out
to understand the relationship between current profiles and
internal behaviors. In [37], different charging protocol was
proposed to achieve a fast charging strategy with minimized
degradation cost. Same approach was applied to discharging
case, which showed that the drivingmode had great influence
on battery life [38, 39].

The high-rate related problem may be relieved through
advanced nanotechnology. Carbon nanotube, as a unique
1D additive material for Li-ion batteries, not only increases
contact area with electrolyte, but also reduces the transport
path for ions and improves the insertion/removal rate. In
this case, capacity loss originating from high-rate cycling is
reduced.

3.2.5. Interactions. More and more researches have been
focused on interactions among different ageing factors,
because in real application, for example, EV or HEV, all these
factors mentioned above always occur simultaneously. The
temperature varies with climate and thermal management;
load profile lies on the driving mode [40], and voltages of
individual cells depend on the balancing protocol. Complex
situation accelerates the performance degradation andmakes
the diagnosis ever harder. Li [41] took into account the
following factors: ambient temperature, discharge rate, dis-
charge cut-off voltage, charge rate, and charge cut-off voltage
for battery ageing and tried to verify the coupling between
these factors. However, the result seemed not satisfactory.
The author in [42] also committed to find the coupling of
cycling rate and low temperature.Moreover, he suggested that
aged Li-ion batteries could only be deployable in second-
life applications only if their ageing history was known
and appropriate tests were necessary. All these facts invoke
further efforts on research about the ageing mechanism and
relationship between performance degradation and related
factors.

4. Fault Diagnosis Methods for
Li-Ion Batteries

When a fault occurs, some variables in this system (direct
or indirect) represent different behaviors from the ordinary
case.Diagnosis system extracts the fault information from the
difference and deals with the fault in time. Fault diagnosis is
a critical topic which has been widely applied in mechanical,
aerostatic, electrical, and military fields [43]. Main processes
for fault diagnosis consist of fault feather extraction, fault
isolation, and estimation as well as fault evaluation and
decision. According to the principle of diagnosis methods,
they can be classified as model based method and nonmodel
based method. Classification of diagnosis technology can be
found in Figure 2 [44].

4.1. Model Based Method. Through the difference between
prior information from model and measured information
from diagnosed object, residual signal is obtained and
processed for fault information. This is the main principle
of model based method which can be divided into state
estimation and parameter estimation. There are essentially
four types of commonmodels:mathematicalmodels, electro-
chemical models, equivalent circuit models, and experimen-
tal models. Each model has its own emphasis, for example,
mathematical models are based on stochastic approaches
or empirical equations; electrochemical models characterize
internal kinetics and thermal behaviors while equivalent
circuit models represent external response. Here we focus
on equivalent circuit model for its clear physical meaning
of parameters and less computation taken. One of the most
common models is displayed in Figure 3, where 𝑅

0
: Elec-

trolyte Resistance, 𝐶dl: Double Layer Capacity, 𝑅ct: Charge
Transfer Resistance, and 𝑍

𝑊
: Warburg Impedance. These

parameters change according to the state of the cell and can
be good indicators for battery ageing [45].

Author in [46] simplified Randles equivalent circuit
model of Li-ion batteries and extracted interested param-
eters through impedance spectrum. After overcharge and
discharge cycling tests, the effects of cycles on the parameters
were summarized to form rule base and update proposed
model. Finally fuzzy logic was applied to diagnose the
overcharge and overdischarge fault during battery operation.
The similar idea appeared in [47].The author also performed
a series of overcharge and overdischarge cycles and con-
structed models for normal operation and fault operation
with Kalman filter. MMAE (multiple model adaptive estima-
tion) was adopted for comparison of results from each model
with actual result. Fault information was given in form of
possibility. More fault modes can be solved through model
based method if the fault pattern is known, for example, in
[48], author tried to locate contact resistor fault.

4.2. Nonmodel Based Method

4.2.1. Signal Processing Based Method. The simplest idea of
signal processing based method sets a threshold, if the target
signal or its changing rate exceeds the threshold, a fault will be
located.The work of [49] sets the upper and lower thresholds
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directly with the average value and average standard error.
Individual parameters were monitored in real time to see if
their values fell into permitted range.

However direct diagnosis method may be not suitable
for complicated target whose fault symptom cannot be
easily accessed. In this case the fault may be related to the
amplitude, phase, frequency, or correlation of output signals.
For instance, power spectrum will be affected by localized
corrosion of rotating bearing. In this case analysis such as
spectrum analysis, ARMA (autoregressive moving average),
wavelet transform, and PDF (possibility distribution func-
tion) are the better ways to extract fault symptoms.

EIS (electrochemical impedance spectroscopy) is a pow-
erful tool for battery analysis, and it provides abundant elec-
trochemical information about different aging mechanism.
However, it requires special equipment such as electrochem-
ical station which limits its online applications.The author in
[50] proposed an online impedance spectroscopy method of
fault diagnosis for Li-ion batteries. Through applying a slight
signal during charging and discharging cycles, frequency
spectrum of current and voltage were obtained through DFT,
with which impedance spectroscopy of target battery was
calculated without any professional equipment or off-line
requirement.

Wavelet transform has been widely applied in fault
diagnosis for mechanical and electrical system, but barely
adopted for that of Li-ion batteries. In [51], the author
selected dB3 and scale 5 as wavelet function, and took the

5th level of approximation and detail as indicators of battery
degradation. Wavelet process could be treated as signal
decomposition through low-pass and high-pass filters so
that the detailed information of operation profile at different
frequency range were achieved. Finally a novel definition of
SOH was given. The principle of wavelet transform is shown
in Figure 5.

Other powerful signal processing tools such as impulse
response [52], PDF [53], sliding mode observer [54] and
support vector machine and relevance vector machine [55,
56] were applied in fault diagnosis for Li-ion batteries and
made certain progress.

4.2.2. Knowledge Based Method. Knowledge based method
has been developing rapidly these years and achieved great
success in fault diagnosis with progress in artificial intelli-
gence and expert system. By means of established historical
database or expert experience, knowledge based method
overcomes the dependence on accurate model and the
requirement for huge computations. According to its diagno-
sis principle, it can be classified as follows:

(a) expert system;

(b) fuzzy logic;

(c) fault tree analysis;

(d) ANN (artificial neural network);

(e) information fusion technology.

As declared above, expert system induces the expert
experience and heuristic knowledge to solve certain kind
of problem. Usually it consists of knowledge base and
inference engine as well as knowledge acquisition module
and interpretation interface. In fault diagnosis expert system,
fault feather of battery was analyzed according to huge
amount of data, committed to construct an open knowledge
database which connected the fault with symptoms [57].
After an intelligent and independent inference engine was
constructed, the system showed effectiveness on battery fault
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diagnosis. Another expert system was also implemented in
[58], unlike [57] the author applied the fuzzy logic and chose
proper membership function to define the symptoms and
faults, as well as a fuzzy relationship matrix to connect both
domains. Rule database was achieved through experience,
and fault membership could be calculated which determined
the health status in form of DOF (degree of failure). Similar
expert system could be seen also in [59] with diagnosis object
of Li-ion batteries.

Not only the faults of batteries but also the faults from
the whole battery management system attract researchers’
attention. The accuracy of fault diagnosis system depends
on the data acquisition element, so it’s necessary for BMS
to determine if the received data is reliable. Hu et al. [60]
focused on temperature sensor failure during operation. The
author adopted residual sensor and data fusion technology,
and selected the optimal input to guarantee the system free
from temperature sensor failure. Same technique may be
available for voltage and current acquisition.

4.2.3. Comparison of Diagnosis System. All these introduced
diagnosis methods for Li-ion batteries have made certain
progress to improve the safety problem, but they still have
limitations in real application, respectively. Model based
method achieves a perfect performance towards linear system
diagnosis, but diagnosis for nonlinear system remains a
key problem in research field. Li-ion batteries, as a fully
nonlinear electrochemical system, may not be solved with
linear approach, so nonlinear theory, adaptive observer,
and qualitative methods such as EKF (extended Kalman
filter) have been adopted to improve the performance of
model based method for quasinonlinear system. Besides,
compromise between robustness and sensitivity of diagnosis
system is another issue to be considered [61].

Signal processing based method avoids the difficulty in
system modeling, which is simpler and has better dynamic
performance. However, it has some difficulties on dealing
with the early faults and fault location. Calculation require-
ment depends greatly on applied technology, but is always
larger compared with model based method.

Knowledge based method suits well in case of compli-
cated and nonlinear system. It takes experience and knowl-
edge into consideration, which is a promising diagnosis
method due to its artificial intelligence. On the contrary,
training process or rule establishment is time consuming and
has great influence on diagnosis accuracy. So there is still a
long road ahead before its real application.

4.2.4. Module Diagnosis. Batteries need to be assembled into
packs to provide enough capacity or power for consumer
electronics and EV, so fault diagnosis towards module should
bemoremeaningful [62–64]. However, due to the complexity
of battery electrochemical characteristic and inhomogeneity
among individual cells, researches on module diagnosis have
been reported only in recent few years and are still develop-
ing. After a bridge between individual cells and battery pack
was constructed, [65] constructed the model for individual
cell and three cells were connected in series to form a string.

Parameter estimation of the “small module” was carried out
in form of matrix.

System integration of battery pack is an important issue
for system safety. Cells as well as contact condition and other
assembly, will influence the system performance simultane-
ously.This problemwas introduced in [66]. After acceleration
test and continuous discharging test, the fault of individual
cell occurred. The author not only provided a way to identify
faulty cell in battery module, but also demonstrated the
imbalances phenomena resulting from unequal current path
in highly paralleled strips due to contact resistance. He
suggested that careful module design and balancing strategy
are necessary.

In this section, we demonstrate cons and pros of the
common used diagnosis methods for Li-ion batteries and
the difficulties for module diagnosis, with expectation for an
accurate and practical diagnosis system in real applications.
As we all know, Li-ion batteries are a complex electrochem-
ical system which may not be sufficiently characterized by
equivalent circuit model. And hardware limitation may not
be adequate for huge computation or entire database storage.
A hybrid approach may be the best solution if we merge the
ideas together.

5. Conclusion

Faults of Li-ion batteries usually result from ageing process
or abuse operation in form of internal impedance incre-
ment, power fade and capacity degradation [67]. This paper
reviewed the battery ageing mechanisms with the purpose
to connect external fault symptom with internal electro-
chemical property of Li-ion batteries. Main ageing factors
such as overcharge/overdischarge, elevated temperature were
analyzed to explain their relationshipwith ageing process and
performance of Li-ion batteries. With good understanding
of the fault origins and their symptoms summarized, fault
diagnosis system could be realized.

Model based and non-model based approaches in fault
diagnosis technology have been introduced, with their cons
and pros. Model based can perform perfect diagnosis if the
systemmodel is known, especially the system is linear. When
the system is complex and nonlinear, signal processing may
be necessary to extract fault symptoms from real-time data
with cost of huge computation. Knowledge basedmethod can
also be considered if historical database or expert system has
been established. However, this establishment processmay be
time consuming. A hybrid approach may be wise to gain all
the advantages of the method above. For example, equivalent
circuitmodel is used for explanation of ageing process, whose
ageing parameters are extracted through signal processing
methods [68]. With reference of data from database and
inference from expert system, ageing and fault diagnosis will
be achieved (see Figure 4).

Therefore, safety issue for Li-ion batteries system is still a
challenge due to the complexity of battery system. It requires
further researches on (1) deep understanding of ageing
mechanism and estimation method; (2) advanced manufac-
ture technology for Li-ion batteries such as nanotubes and
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nanowalls to improve performance; and (3) accurate and
reliable fault diagnosis approach merging the advantages of
the method mentioned above.

Additional Points

A review of ageingmechanismof Li-ion batteries and diagno-
sis method for it is provided, covering the classic and newest
researches in this field. The diagnosis methods are compared
for establishment of a novel approach. The challenges for
battery diagnosis are discussed.
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The method and conditions of Ni plating were optimized to maximize the output of a betavoltaic battery using radioactive 63Ni.
The difference of the short circuit currents between the pre- and postdeposition of 63Ni on the PN junction was 90 nA at the 𝐼-𝑉
characteristics. It is suspected that the beta rays emitted from 63Ni did not deeply penetrate into the PN junction due to a Ni seed
layer with a thickness of 500 Å. To increase the penetration of the beta rays, electroless Ni plating was carried out on the PN junction
without a seed layer. To establish the electroless coating conditions for 63Ni, nonradioactiveNi was deposited onto a Si wafer without
flaws on the surface. This process can be applied for electroless Ni plating on a PN junction semiconductor using radioactive 63Ni
in further studies.

1. Introduction

A betavoltaic battery that converts the decay energy of beta-
(𝛽-) emitting radioisotopes into electricity is characterized by
specialized properties such as a long service life and being
free of maintenance [1]. The origin of nuclear batteries using
beta-particle was the pacemaker related to pacing industry in
1973. These devices offered young patients the possibility of
having a single pacemaker implant that could last their whole
life.The 𝛽-cell for pacemaker had promethium (147Pm) sand-
wiched between semiconductor wafers. The impact of the 𝛽-
particles on PN junction causes a forward bias in the semi-
conductor similar to the behavior of photovoltaic cell. The
𝛽-cell had an open circuit voltage of 4.7 V and a short circuit
current of 115 𝜇A. However, it has a half-life of 2.6 years, at
most. So, nuclear pacemakers were displaced by devices pow-
ered by lithium cells inmid-1980, due to longevity of lithium-
powered batteries with approximately 10 years.The important
factor affecting the performance of a betavoltaic battery is
a radioisotope used as a power source. 63Ni is pure beta-
emitter with a low energy spectrum of 𝐸avg = 17.4 keV and

significantly long half-life of 100.1 years and thus is widely
used as the power source of betavoltaic batteries. Tritium (3H)
has shorter half-life (12.3 years) than those of 63Ni. However,
this isotope has enough longevity, the same as lithium-
powered batteries. The beta spectrum of 63Ni is below the
radiation damage threshold (approximately 200 keV for Si) of
semiconductors such as Si and SiC. Also, 63Ni is easier to
handle than other beta-particles such as 3H, 90Sr, and 147Pm
because of its low energy spectrum and solid-metal form. For
this reason, it is suitable for the power source of a betavoltaic
battery to be within the nano- to microwatt range [2–4].
There are several methods for the formation of a Ni deposit
onto a substrate such as electroplating, electroless plating [5,
6], and chemical vapor deposition (CVD). Among them, the
electroplating process is most commonly used for Ni deposi-
tion when using 63Ni as a power source for a battery. The Ni
seed layer on a semiconductor is necessary for the deposition
of Ni during electroplating, but it can cause a decrease of
electric efficiency of the battery because it absorbs beta rays
emitted from 63Ni and causes a self-shielding effect of the
beta rays. In order to prevent the self-shielding and improve
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Table 1: The composition of the bath for electroless Ni plating.

Bath composition Concentration

NiSO4⋅6H2O 0.10M

NaH2PO3⋅H2O 0.23M

Na3C6H5O7⋅2H2O 0.07M

NaC2H3O2 0.06M

Pb(CH3COO)2⋅2H2O 0.004mM

Deposition condition Value

Temperature 75∘C

pH 10

the electrical efficiency of a betavoltaic battery, electroless
Ni plating that can be carried out without a seed layer was
performed in this study.

Electroless plating is a process for the deposition of met-
als, such as nickel, onto a substrate via a catalyzed chemical
reduction of metal ions at the surface of the substrate without
the use of an electric current. Unlike electroplating, an elec-
troless plating process has some advantages such as a thick-
ness uniformity and independence of the electrical properties
of the substrate [7, 8]. In addition, it is possible to form a
Ni deposit directly on a substrate without a Ni seed layer
when using electroless plating, which can solve the problem
inwhich beta rays emitted from radioactive 63Ni are absorbed
on the seed layer.

The aim of this work is to optimize the method and
conditions of Ni plating to maximize the electrical efficiency
of a betavoltaic battery using radioactive 63Ni. In this study, a
betavoltaic battery using 63Ni coated on a PN junction semi-
conductor was fabricated and the 𝐼-𝑉 characteristics were
measured using Probe Station. In addition, an electroless Ni
plating process using nonradioactive Ni was established to
minimize the decrease in electric efficiency. This process can
be applied for electroless plating on a PN junction semicon-
ductor using radioactive 63Ni.

2. Experimental Technique

2.1. 63Ni Electroplating and Measurement of 𝐼-𝑉 Characteris-
tics. The process of electroplating using radioactive 63Ni in a
hot cell (Bank-2, HANARO research reactor in KAERI) was
carried out using a two-step process: the preparation of an
ionic solution including 63Ni and electroplating on the PN
junction semiconductor as a substrate.The spacing of the PN
junction semiconductor was 5 𝜇m, and the specific radioac-
tivity of electroplated 63Ni was estimated to be about 2.5mCi.
To perform electroplating 63Ni on the PN junction, the mini-
mum thickness of the seed layer should be 500 Å, for a semi-
conductor fully coveredwithmetal.The 𝐼-𝑉 characteristics of
a 63Ni-coated semiconductor were investigated using Probe
Station of the Precision Source/Measure Unit, B2911A.

2.2. Electroless Ni Plating on SiWafer. Table 1 shows the com-
position and operating conditions of an electroless Ni plating
bath. The solution for electroless Ni plating was made up of

0.1M nickel sulfate, 0.23M sodium hypophosphite, 0.07M
sodium citrate, 0.06M sodium acetate, and 4 nM lead acetate
used as stabilizer. Nickel sulfate is the main salt, sodium
hypophosphite is a reducing agent, and sodium citrate and
sodium acetate are used as a complexing agent. The pH value
of the plating solution was adjusted to 10 with the addition
of NaOH, and the bath is heated to a temperature of 75∘C. Si
wafers with dimensions of 5 × 5mm3 were used as the sub-
strates. Prior to electroless Ni plating, the wafers were dipped
in an HCl solution (10%) for 40 s and washed with distilled
water.The cleaned Si wafers were put into a plating beaker for
20min without any pretreatment, activation, or sensitization.
The Ni-coated Si wafers obtained by the electroless plating
were cleaned with distilled water and dried for 1 h at 90∘C in
a vacuum.

The surface morphology of the Ni deposits was observed
using field emission scanning electronmicroscopy (FE-SEM)
of JSM-7100F, and the composition and content of deposited
Ni was analyzed by X-ray diffraction (XRD). XRD investiga-
tions were carried out using a Philips X’Pert-Pro instrument
operated at 40 kV and 30mA with CuK𝛼 radiation (𝜆 =
1.5418 Å) at a scanning rate of 2∘/min.

3. Results and Discussion

To evaluate the PN junction prepared by the Electronic
Telecommunications Research Institute (ETRI), the electron
beam induced current technique has been employed to exper-
imentally simulate the beta emission of 63Ni and to estimate
the total device current [9]. The open circuit voltage was
found to be 0.29V. The short circuit currents were 3.3 A. The
power output was found to be 66.5W/cm2. From the e-beam
illumination test, we confirmed the good operation of the
PN absorber. Figure 1 shows the performance characteristics
of the 63Ni-coated PN junction semiconductor with a Ni
seed layer with a thickness of 500 Å. A prototype of the
electroplating 63Ni was carried out in a glove box in a hot
cell (Bank-2, HANARO Reactor in KAERI). The specific
radioactivity of the electroplated Ni including 63Ni was esti-
mated to be about 2.5mCi. The nominal specific activity was
measured by a portable activity meter (PAM 1704). The 𝐼-𝑉
curves of both dark and deposited 63Ni show almost the same
values. The difference between the predeposition (dark) and
deposited 63Ni can be obtained through amagnification of the
𝐼-𝑉 curve [4]. The difference of the short circuit current (𝐼sc)
between the predeposition and postdeposition of 63Ni with a
thickness of about 3 𝜇m was found to be 90 nA. The output
power was found to be 8.0 pW (picowatt) at an open circuit
voltage (𝑉oc) of 0.08mV.The performance of betavoltaic bat-
tery prepared byUlmen et al. was achieved as 2.5 pWofmaxi-
mumpower output at a voltage of 0.4mVusing 4mCi of 63Ni.
[4]. Recently, the maximum performance was achieved at 5∼
500 nW of stack structure (package) prepared by Widetronix
Co. [10]. We obtained a relatively enhanced power output at
a single cell, though the specific radioactivity was a lower
value than those of other groups. From the 𝐼-𝑉 characteristics
analysis, we confirmed that there are no large differences
in the power output between pre- and postdeposition, though
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Figure 1: 𝐼-𝑉 characteristics for 63Ni-coated PN junction semiconductor.

With seed layer

10𝜇m

5𝜇m

(a)

Without seed layer

10𝜇m

5𝜇m

(b)

Figure 2: Energy absorption in silicon (a) with and (b) without seed layer as a function of 63Ni thickness.

the power output is increased as compared with other
research groups.This is thought to be due to beta rays emitted
from 63Ni not penetrating the Ni seed layer because of the
self-shielding of the beta rays.

Thepenetration depth of the particles in the silicon device
was reported in aKatz-Penfold range equation [11].This equa-
tion considers only the density of the materials and energy
of the particles. This effectively determines the depth of the
depletion region required.Wemodeled the energy deposition
as a function of the depth in the silicon with/without a seed
layer using the Monte Carlo code. The self-shielding effect at
the seed layer of the radioisotope layer was also investigated.
Figure 2 shows the results of the relative energy deposition

as a function of thickness for the deposit layer of 63Ni on a
Si wafer (a) with a seed layer and (b) without a seed layer.
Energy absorption in silicon with a seed layer as a function of
63Ni thickness was decreased compared with those without a
seed layer.

To prevent the self-shielding, which causes a decrease in
the output of the betavoltaic battery, electrolessNi plating that
can be carried out without the Ni seed layer was performed.
The reaction temperature was changed from 50 to 80∘C. The
reaction was inactive at and below 70∘C. The coating layer
was delaminated at and above a reaction temperature of 80∘C
because of a tremendous massive reduction. A large amount
of colloids and precipitation was observed at a high reaction
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Figure 3: (a) Surface morphology of the Ni deposits on Si wafers and (b) SEM images for thickness of the Ni-coated Si wafers.

temperature of above 80∘C. The coating layer was formed at
a pH between 9 and 11. The pH and reaction temperature of
the solution were determined at pH 10 and 75∘C, respectively.
Lead acetate was added to the solution as a stabilizer. The
adhesion strength between substrate and coating layer was
enhanced, as the stabilizer prevents overabundance of reduc-
tion on the substrate. The reaction was inactive, though the
stabilizer was added above 0.004mM in the solution. Figures
3(a) and 3(b) present SEM images of Ni deposits after 20min
of electroless plating. As shown in Figure 3, well-distributed
spherical particles are spread on the Si wafer under a condi-
tion of 75∘C at pH 10. The Ni deposits were uniformly and
continuously formed, and there were no flaws on the surface.
If the temperature of the plating solution is too high, many
more hydrogen bubbles were generated, and thus the coating
layer was peeled from the Si wafer because of an unstable
surface formation. Figure 3(b) shows the SEM images for
thickness of the Ni-coated Si wafers. The thickness of the Ni
deposit is about 1.5 𝜇m after 20min of electroless plating.The
agglomeration of Ni particles is observed on the surface layer.

Figure 4 shows the results of XRD for the deposited Ni on
a Si wafer under the plating condition of 75∘C at pH 10. XRD
patterns were observed showing that the crystal structure of
the Ni deposits is pure FCC (face-centered cubic) Ni. Five
characteristic peaks at around 2𝜃 are 44.5∘, 51.8∘, 76.4∘, 93∘,
and 98.5∘, which is consistentwith the (111), (200), (220), (311),
and (222) lattice plane diffractions of Ni crystals, respectively,
which are definitely observed for the Ni particles. Crystal
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Figure 4: XRD patterns of the Ni deposits on Si wafers.

orientations of the films were estimated by the high degree
(200) in the XRD patterns, as shown in Figure 4. The
main peak of the bulk Ni is presented generally at (111).
However, the plane orientation was formed, because of the
thin thickness of the coating layer [12].
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This process can be applied for electroless plating on a PN
junction semiconductor using radioactive 63Ni. The solution
for electroless plating using 63Ni is made up of radioactive Ni
sulfate dissolved in a sulfuric acid solution.Thewhole process
will be performed in a hot cell in Bank-2, the HANARO reac-
tor in KAERI. An investigation of the surface morphology,
component of the deposits, and 𝐼-𝑉 characteristic of the PN
junction semiconductor coated with radioactive 63Ni will be
carried out in further studies. However, we could prepare a
beta source of 63Ni on substrate with the nominal specific
radioactivity on the surface of 0.45mCi. Figure 5 includes
a photograph of the prepared beta source. We attached
prepared beta source on the PN junction without seed layer
using vacuum. The difference of the short circuit current
(𝐼sc) between the predeposition and postdeposition of 63Ni
was found to be 6.6 nA. The output power was found to be
0.29 nW at an open circuit voltage of 0.044V. The power
output of a single cell was significantly enhanced compared
with previously prepared single cell with seed layer.

4. Conclusion

Radioactive 63Ni was coated onto a PN junction semicon-
ductor with a Ni seed layer of 500 Å and the performance
characteristics of this semiconductor were measured. There
are no significant differences of the short circuit current (𝐼sc)
between pre- and postdeposition. This is suspected to be due
to the self-shielding of beta rays on a Ni seed layer. Thus,
electroless Ni plating that can be carried out without the seed
layer was performed using nonradioactive Ni. We confirmed
that the Ni deposits were well coated onto a Si wafer using

SEMandXRDstudies.The coating conditionwas determined
by the optimum temperature, pH, and amount of stabiliza-
tion. In a further study, the process for electroless Ni plating
on a PN junction semiconductor using radioactive 63Ni
will be optimized. Also, the power output was significantly
increased, as the seed layer on the PN junction was removed.
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The hydrogenated TiO
2
porous nanocrystalline film is modified with CdS quantum dots by successive ionic layer adsorption and

reaction (SILAR) method to prepare the cosensitized TiO
2
solar cells by CdS quantum dots and hydrogenation. The structure

and topography of the composite photoanode film were confirmed by X-ray diffraction and scanning electron microscopy. With
deposited CdS nanoparticles, UV absorption spectra of H:TiO

2
photoanode film indicated a considerably enhanced absorption

in the visible region. The cosensitized TiO
2
solar cell by CdS quantum dots and hydrogenation presents much better photovoltaic

properties than either CdS sensitized TiO
2
solar cells or hydrogenated TiO

2
solar cells, which displays enhanced photovoltaic

performance with power conversion efficiency (𝜂) of 1.99% (𝐽sc = 6.26mAcm−2, 𝑉oc = 0.65V, and FF = 0.49) under full one-sun
illumination. The reason for the enhanced photovoltaic performance of the novel cosensitized solar cell is primarily explained by
studying the Nyquist spectrums, IPCE spectra, dark current, and photovoltaic performances.

1. Introduction

Photoelectrochemical solar cells based on TiO
2
nanocrys-

talline films sensitized with organic dyes have been studied
intensely for the past 20 years as a potential promising low-
cost alternative to traditional solid-state solar cells. Semicon-
ductor nanocrystals with narrowband gap such asCdS, CdSe,
PbS, and InP were also demonstrated as efficient sensitizers
in the spectral range from the visible to mid infrared with
advantages such as low-cost fabrication, good stability, multi-
ple exciton generation, and the tunability of optical properties
and electronic structure by changing the size of nanocrystals
[1, 2]. The photoelectrochemical cells with semiconductor
nanocrystals as sensitizers also were called quantum dot
sensitized solar cells (QDSSCs) [1]. Among the common
semiconductors, CdS is one of the most commonly used
inorganic sensitizers [3] due to its optical properties and
narrowed band gap adjusted by the particle size [4] and better
UV stability [5] and it has reduced dark current [6]. However,
the efficiencies of CdS sensitized TiO

2
solar cells have still

stayed low up to now. It has been extensively studied how to
enhance their photovoltaic efficiency. One common effective

method is cosensitization of more than one kind of quantum
dots with different band gap. CdS and CdSe quantum dots
cosensitized nanocrystalline TiO

2
is one of themost common

cosensitization structures with a power conversion efficiency
of more than 3% [7, 8].

The other alternative method is to modify TiO
2
. In

order to improve the photoelectric properties of TiO
2
under

sunlight, some metal or nonmetal impurities [9, 10] were
added to generate donor or acceptor states in the band gap
and to modulate energy band structure [11]. Recently, the
hydrogenated TiO

2
has attracted extensive attention. Chen et

al. [12] demonstrated that the hydrogenated TiO
2
nanocrystal

enhanced solar absorption by introducing disorder in the
surface layers of nanophase TiO

2
, and Wang et al. [13]

reported hydrogen treatment was a simple and effective
strategy to fundamentally improve the photoelectrochemical
performance of TiO

2
nanowires for water splitting. Our pre-

vious work reported the self-sensitized effect of hydrogenated
TiO
2
film which led to enhanced photovoltaic properties in

the solar cell with hydrogenated TiO
2
as photoanode without

adding any dye [14].
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If a photoanode was prepared by depositing CdS quan-
tum dots on the surface of hydrogenated TiO

2
film, the

self-sensitized effect of hydrogenated TiO
2
film would work

together with quantum dots sensitization, which should also
be a kind of cosensitization to be a promising method
to enhance the photovoltaic properties of quantum dot
sensitized solar cells. In this work, hydrogenated TiO

2
films

were fabricated on fluorine-doped tin oxide (FTO) glasses by
screen printing and annealing under the specific temperature
and time; thenCdS quantumdotswere attached to the surface
of hydrogenated TiO

2
by successive ionic layer adsorption

and reaction (SILAR) method. Structural characterization,
photoelectrochemical properties, and photovoltaic perfor-
mances were investigated and discussed. The cosensitized
TiO
2
solar cells by CdS quantum dots and hydrogenation

present much better photovoltaic properties than either CdS
sensitized TiO

2
solar cells or hydrogenated TiO

2
solar cells.

The reason for the enhanced photovoltaic performance of the
novel cosensitized inorganic solar cell was also explained in
detail.

2. Experimental

2.1. Preparation of Hydrogenated TiO2 Films and CdS Quan-
tumDots. Hydrogenated TiO

2
(H:TiO

2
) films were prepared

on fluorine-doped tin oxide (FTO) glasses with an area of
0.16 cm2 via the same processing as reported previously [14].
Then CdS quantum dots were attached to the surface of
hydrogenated TiO

2
by successive ionic layer adsorption and

reaction (SILAR) method [15, 16]. In brief, 0.1M Cd(NO
3
)
2

in methanol was used as the cation source and 0.1M Na
2
S in

1 : 1methanol andwater as the anion source.TheH:TiO
2
films

with FTO substrates were successively dipped into the cation
source and anion source for 5min each. Following each dip,
the films were rinsed for 1min or more using pure ethanol
to remove excess precursor, and the electrode was dried for
10min before the next dipping. This dip cycle was repeated
several times to obtain desirable CdS quantum dots on the
surface of the H:TiO

2
films as photoanodes. According to the

preliminary experimented research on the effect of SILAR
cycles for CdS quantum dots, an optimized SILAR cycle was
determined as 9 cycles. For comparison, the H:TiO

2
films

without any quantum dots and TiO
2
films with CdS quantum

dots were also fabricated as photoanodes.

2.2. Assembly of Solar Cells. To assemble solar cells, the
mixed solution of water and methanol with volume ratio
of 3 : 7 consisting of 0.2M KCl, 0.5M Na

2
S, and 2.0M

S was used as polysulfide electrolyte. The photoanode, a
platinized counter electrode, and the polysulfide electrolyte
were sealed together with a hot-melt polymer film (Surlyn
1702-25, DuPont) to constitute a sandwich-like solar cell to
measure photoelectrochemical properties. The active area of
the cell is 0.16 cm2.

2.3. Testing Device and Characterization Method. The crys-
tal structure of TiO

2
films was characterized by an X-ray
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Figure 1: X-ray diffraction patterns of (a) FTO glass substrates;
(b) H:TiO

2
films; (c) CdS sensitized TiO
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films; (d) CdS sensitized

H:TiO
2
films.

diffraction (XRD; X Pert Pro MPD) with CuK𝛼1 radia-
tion (𝜆 = 0.154 nm) and the film surface morphology was
observed by SEM (INSPECT F, FEI Company). Ultraviolet-
visible absorption spectra were measured by Shimadzu
UV2100 Spectrophotometer. In order to measure photo-
voltaic performance of the solar cells, simulated sunlight
(AM 1.5G) was irradiated using a solar simulator with a Xe
lamp (calibrated with a standard Si-based solar cell), and
the current-voltage (𝐼-𝑉) curve was recorded by a CHI-660
electrochemical workstation. The photocurrent density (𝐽sc),
open-circuit voltage (𝑉oc), fill factor (FF), and corresponding
photoenergy conversion efficiency (𝜂) were calculated from
the obtained 𝐼-𝑉 curves.The incident photon to current con-
version efficiencies (IPCE) spectra were obtained byNewport
QE-PV-SI. Electrochemical impedance spectroscopy (EIS)
was also measured at the CHI-660 electrochemical worksta-
tion with sinusoidal perturbations of 10mV at frequencies
from 0.01Hz to 10 kHz with zero bias potential.

3. Results and Discussion

3.1. Characterization of TiO2 Films Cosensitized by CdS and
Hydrogenation. X-ray diffraction patterns of the H:TiO

2

film, CdS/TiO
2
film, and CdS/H:TiO

2
film are shown in

Figure 1. TiO
2
in all the films is in the anatase phase, the same

as reported in our previous work [14]. With the successive
ionic layer adsorption in 9 cycles, the peaks at 27.9∘ and 43.8∘

corresponding to (100) and (110) planes of CdS quantum
dots, respectively, can be observed in the patterns of CdS
sensitized TiO

2
and H:TiO

2
films as shown in Figures 1(c)

and 1(d), respectively. No obvious difference is observed
between the XRD patterns of the CdS sensitized TiO

2
films

with or without hydrogenation. Figure 2 shows SEM surface
morphology of pure H:TiO

2
film and CdS/H:TiO

2
film. The
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(a) (b)

Figure 2: SEM surface morphology of (a) pure H:TiO
2
film and (b) CdS/H:TiO

2
film.
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Figure 3: UV-visible absorption spectra of the H:TiO
2
film, the CdS

sensitized TiO
2
film, and the CdS sensitized H:TiO

2
film.

H:TiO
2
film is typical porous nanocrystals as in Figure 2(a),

while the CdS/H:TiO
2
film displays dense-packing CdS

quantum dots with the grain size of about 25 nm according
to Figure 2(b).

3.2. Absorption of TiO2 Films Cosensitized by CdS and Hydro-
genation. The UV-visible absorption spectra of H:TiO

2
film,

CdS/TiO
2
film, and CdS/H:TiO

2
film are showed in Figure 3.

It has been demonstrated that hydrogenation treatment can
improve light absorption of TiO

2
due to the generated

dangling bonds and disordered surface layers on the surface
of TiO

2
nanophase [12]. Comparedwith theH:TiO

2
filmwith

a band gap of about 3.10 eV, the CdS/TiO
2
film has a much

stronger absorption in the range of 300∼800 nm in that CdS
has a much smaller band gap (2.25 eV in bulk) than H:TiO

2

[17]. When CdS quantum dots are deposited on the surface
of the H:TiO

2
films, the obtained CdS/H:TiO

2
film combines

the advantages of both hydrogenation treatment and CdS
quantum dots and thus reveals the strongest absorption as
shown in Figure 3.

3.3. Impedance Spectra of the Solar Cells Based on Cosen-
sitization of CdS and Hydrogenation. In order to analyze
the internal electron transport process of solar cells, the
electrical impedance spectra (EIS) for the sensitized solar
cells based onCdS/H:TiO

2
, CdS/TiO

2
, andH:TiO

2
are shown

in Figure 4(a), and Figure 4(b) shows the relevant equivalent-
circuit model. Similar to a typical DSSC system [18, 19],
𝑅ct1 and CPE1 represent the electron transfer resistance
and interfacial capacitance at the interface between counter
electrode and electrolyte, respectively. 𝑅ct2 and CPE2 are
electron transport resistance and interfacial capacitance at the
interface between electrolyte and photoanode, respectively.
𝑅

𝑠
is ohmic series connection resistance of the whole cell.𝑍

𝑁

is the electrolyte Nernst diffusion impedance. Theoretically,
the solar cell impedance spectroscopy has three semicircles
representing high-, middle-, and low-frequency features,
associated with 𝑅ct1 and CPE1, 𝑅ct2 and CPE2, and 𝑍

𝑁
,

respectively [20]. In Figure 4(a), the largest semicircle at
middle-frequency almost covers the other two, which is
attributed to carrier transportation and recombination at
photoanode/electrolyte interfaces.The fitted values of𝑅ct2 are
18Ω, 32Ω, and 56Ω for the solar cells with photoanode of
CdS/H:TiO

2
, CdS/TiO

2
, andH:TiO

2
, respectively. According

to our previous work, hydrogenation treatment of TiO
2

can reduce 𝑅ct2 because the band gap is narrowed down
and meanwhile the oxygen vacancy density increases. The
loading of CdS nanoparticles on pure TiO

2
also decreases

𝑅ct2 of the CdS/TiO2/electrolyte interfaces significantly. For
the CdS/H:TiO

2
photoanode, both of hydrogenation self-

sensitization and CdS sensitization work together and result
in the lowest 𝑅ct2. The lower 𝑅ct2 reflects quicker electrons
transport at the interface between electrolyte and photoan-
ode, which implies that smaller probability of interface
recombination occurs at the photoanode/electrolyte inter-
face.



4 Journal of Nanomaterials

0 30 60 90 120
0

10

20

30

40

50

Z (Ohm)

−
Z


(O
hm

)

CdS/TiO2

CdS/H:TiO2H:TiO2

(a)

Rct1 Rct2

Rs ZN

CPE1 CPE2

(b)

Figure 4: (a) Electrochemical impedance spectra of the solar cells with different photoanodes; (b) the corresponding equivalent circuit.
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Figure 5: IPCE spectra of the solar cells with different photoanodes.

3.4. Photovoltaic Performances of the Solar Cells Based on
Cosensitization of CdS andHydrogenation. The incident pho-
ton to current conversion efficiencies (IPCE) spectra of the
solar cells with different photoanodes are shown in Figure 5.
The IPCE can be expressed as [21]

IPCE (𝜆) = 𝜂LHE𝜂inj𝜂cc, (1)

where 𝜂LHE is the light harvesting efficiency, 𝜂inj is the electron
injection yield, and 𝜂cc is the charge collection efficiency. It
can be seen that the profile of IPCE plot corresponds well
with the UV-vis absorption spectra in Figure 3. The IPCE of
TiO
2
nanocrystal film without any sensitizer is low in the

UV region and negligible in the visible region. The H:TiO
2

Table 1: The photovoltaic performances of the solar cells with
different photoanodes.

Photoanodes 𝐽sc (mA cm−2) 𝑉oc (V) FF 𝜂 (%)

H:TiO2 0.14 0.28 0.38 0.015

CdS/TiO2 4.68 0.56 0.42 1.10

CdS/H:TiO2 6.26 0.65 0.49 1.99

solar cell exhibits stronger IPCE. The hydrogenated TiO
2

increases oxygen vacancy density and has much more trap
states near the conduction band, leading to the enhancement
of the absorption as reported in our previous work [14].
The absorption enhancement implies the increase of the
light harvesting efficiency, which increases the IPCE value
according to the above formula. Significantly enhanced IPCE
can be observed in the CdS sensitized solar cells, which can
be attributed to the fact that CdS quantum dots have much
higher absorption coefficients of 105 to 106M−1 cm−1 above
the band gap energy [22]. The CdS/H:TiO

2
solar cell exhibits

the strongest IPCE due to the cosensitization of CdS and self-
sensitization of hydrogenated TiO

2
. The maximum IPCE of

the CdS/H:TiO
2
solar cell can reach 41.7% using a polysulfide

electrolyte, suggesting that the cosensitization of CdS and
hydrogenation has the potential to enhance the photoelectric
properties.

Figure 6 shows the illuminated and dark 𝐽-𝑉 charac-
teristics of the solar cells with different photoanodes, and
the photovoltaic performances of them are listed in Table 1.
The self-sensitization effect of H:TiO

2
photoanode with

polysulfide electrolyte is very weak, exactly as our previous
results of H:TiO

2
photoanode with the I−/I3

− electrolyte.The
CdS/TiO

2
QDSSC also displays the ordinary photovoltaic

performance as others’ work with an energy conversion
efficiency of 1.1%. Compared with the other two solar cells,
the CdS/H:TiO

2
solar cell, which is cosensitized by CdS and
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Figure 6: The 𝐽-𝑉 characteristics of the solar cells with different photoanodes (a) under simulated AM 1.5 solar spectrum irradiation at
100mWcm−2 and (b) in the dark.

hydrogenation, exhibits enhanced photovoltaic characteris-
tics with short circuit current density (𝐽sc) of 6.26mA/cm2,
open-circuit voltage (𝑉oc) of 0.65V, fill factor (FF) of 0.49, and
power conversion efficiency (𝜂) of 1.99%.

The enhancement of 𝐽sc can be explained by the equation:
𝐽sc = 𝐽inj − 𝐽rec, where 𝐽inj and 𝐽rec are the electron injection
current density and the recombination current density [23].
The stronger absorption at the UV-vis (as shown in Figure 3)
and the higher IPCE (as shown in Figure 5) of CdS/H:TiO

2

hold out the potential of increasing 𝐽inj and consequently
enhancing the photoelectric effect. On the other hand,
the recombination current is derived from the interface
recombination mostly caused by the reduction reaction with
the electron in the conduction band of TiO

2
and S

𝑛

2− in
the electrolyte, which would form the dark currents and
reduce photovoltaic performance of solar cells. As shown in
Figure 6(b), the dark current density of the solar cell with
CdS/H:TiO

2
photoanode is obviously lower than that of the

CdS/TiO
2
or H:TiO

2
solar cell, which should be attributed

to lower 𝑅ct2 of the CdS/H:TiO
2
solar cell than that of the

other two solar cells. The enhanced 𝐽inj and the suppressed
dark current density of the CdS/H:TiO

2
solar cell lead to the

enhancement of the 𝐽sc.
Under constant illumination, the solar cell reaches a pho-

tostationary situation, and 𝑉oc corresponds to the increase of
the quasi-Fermi level of the semiconductor (𝐸

𝐹𝑛
) with respect

to the dark value (𝐸
𝐹0
), which equals the electrolyte redox

energy (𝐸
𝐹0
= 𝐸redox).𝑉oc can be determined by the following

equation [24]:

𝑉oc =
𝐸

𝐹𝑛
− 𝐸redox

𝑒

=

𝑘

𝐵
𝑇

𝑒

ln(
𝑛

𝑛0
) , (2)

where 𝑒 is the positive elementary charge; 𝑘
𝐵
𝑇 is the thermal

energy; 𝑛 is the electron concentration in conduction band
of the semiconductor photoanode under illumination; 𝑛

0
is

the electron concentration in the dark condition. Here, 𝑛 and
𝑛

0
can be characterized by IPCE and dark current density,

respectively. The stronger IPCE as shown in Figure 5 implies
the higher 𝑛 of the CdS/H:TiO

2
solar cell than the H:TiO

2

solar cell and the CdS/TiO
2
solar cell, while the lower dark

current density as shown in Figure 6(b) manifests the lower
𝑛

0
of the CdS/H:TiO

2
solar cell than the other two solar

cells. As a result, the higher 𝑛 and the lower 𝑛
0
lead to the

improvement of 𝑉oc for the CdS/H:TiO
2
solar cell as shown

in Figure 6(a).

4. Conclusions

In summary, a cosensitized TiO
2
photoanode by CdS quan-

tum dots sensitization and self-sensitization of hydrogenated
TiO
2
film was achieved by depositing CdS quantum dots on

the surface of hydrogenated TiO
2
film. By comparing solar

cells with different photoanodes of H:TiO
2
, CdS/TiO

2
, and

CdS/H:TiO
2
, the cosensitization effect by CdS and hydro-

genation in the CdS/H:TiO
2
solar cell enhanced photovoltaic

performance with power conversion efficiency (𝜂) of 1.99%,
which was increased by more than 80% compared with
CdS/TiO

2
solar cells.The cosensitization effect combined the

quantum dots sensitization and self-sensitization of hydro-
genated TiO

2
films and caused larger extension absorption

in the visible light range, quicker electrons transport, smaller
probability of interface recombination, and consequently
better photovoltaic performance. This study will give some
useful enlightenment to the development of novel inorganic
low-cost solar cells.
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Silicon/carbon (Si/C) composite anode materials are successfully synthesized by mechanical ball milling followed by pyrolysis
method.The structure and morphology of the composite are characterized by X-ray diffraction and scanning electron microscopy
and transmission electron microscope, respectively. The results show that the composite is composed of Si, flake graphite, and
phenolic resin-pyrolyzed carbon, and Si and flake graphite are enwrapped by phenolic resin-pyrolyzed carbon, which can provide
not only a good buffering matrix but also a conductive network. The Si/C composite also shows good electrochemical stability, in
which the composite anode material exhibits a high initial charge capacity of 805.3mAh g−1 at 100mAg−1 and it can still deliver a
high charge capacity of 791.7mAh g−1 when the current density increases to 500mAg−1. The results indicate that it could be used
as a promising anode material for lithium ion batteries.

1. Introduction

Rechargeable lithium ion batteries are key components of
portable electronic devices and electrical vehicles due to
their high energy density, long cycle life, and high power
[1–3]. In this area, the anode materials play an important
role in lithium ion batteries. Though graphite is now widely
used as the commercial anode material, the low theoretical
capacity about 372mAh g−1 is still an obstacle for the lithium
ion batteries to further develop [4, 5]. In this regard, Si
has attracted much attention as anode material for its high
theoretical capacity about 4200mAh g−1 [6, 7]. However,
some shortcomings, such as the poor capacity retention
resulting from the low intrinsic electronic conductivity, the
over three times volume change during the Li insertion and
extraction processes and the unstable solid electrolyte inter-
face (SEI), are still the thresholds that prevent the materials
from practical application [8–11]. Therefore, various forms
of Si-based materials have been explored to overcome these
disadvantages, such as limiting the volume change by coating
various materials [12, 13], buffering the volume expansion
by constructing new frame work for Si grains [14, 15], and
synthesizing nanodispersed Si particles to create enough
interspace in anode materials by chemical vapor deposition

(CVD) and thermal vapor deposition (TVD) [16, 17]. And
carbon coating has been considered as the most effective
and feasible method to improve the performance of Si-based
materials, which promotes extensive efforts in the develop-
ment of synthesis methods, such as ball milling, mechanical
milling, combination of pyrolysis with mechanical milling,
sol–gel, pyrolysis, and CVD/TVD [18, 19]. Among these
techniques, the mechanical milling combining with pyrolysis
is a flexible and scalable process to prepare Si/C composite
material at present. Therefore, the Si/graphite composite
materials coated with carbon are prepared via mechanical
milling followed by pyrolysis in this work. The obtained
Si/C composite used as anode material for lithium ion
batteries is studied in respect of structural, morphological,
and electrochemical properties. The effect of carbon coating
and mechanical milling on the electrochemical performance
is also investigated in the paper.

2. Experimental

2.1. Preparation of Si/C Composite. Silicon/carbon (Si/C)
compositewas synthesized bymechanicalmilling followed by
pyrolysis.The synthetic procedures can be briefly described as
follows: (1) mixing raw materials of 1.00 g nano-Si (>99.9%,
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∼30 nm, Shuitian Materials Technology Co., Ltd., Shanghai,
China), 4.00 g graphite (>99%, ∼0.5 𝜇m, Qingdao Tianhe
Graphite Co., Ltd., Shandong, China), and 3.85 g phenolic
resin by magnetic stirring and ultrasonic treatment, using
alcohol as dispersing agent; (2) ballmilling for 10 h anddrying
in the oven at 90∘C overnight (denoted as the precursor); (3)
pyrolysis at 750∘C for 2 h under argon atmosphere.

2.2. Properties Characterization. The powder X-ray diffrac-
tion (XRD, Rint-2000, Rigaku, Japan) using Cu K𝛼 radia-
tion was employed to identify the crystalline phase of the
synthesized materials. Thermal analysis of the as-prepared
samples was performed on a SDT Q600 TG-DTA (TE, USA)
apparatus between room temperature and 1 000∘Cat a heating
rate of 10∘Cmin−1 in argon atmosphere. The morphology of
the samples was observed by scanning electron microscope
(SEM, JEOL, JSM-5612LV) with an accelerating voltage of
20 kV, and the microstructure of the composite was inves-
tigated by transmission electron microscope (TEM, Tecnai
G12, 200 kV).

The electrochemical performance was evaluated via a
standard Li//LiPF

6
(EC : EMC :DMC = 1 : 1 : 1; v/v/v)//Si/C

CR2025 coin cell. To fabricate the working electrode,
80wt.% activematerials, 10 wt.% acetylene black, and 10wt.%
poly(vinylidene fluoride) were firstly blended in N-methyl
pyrrolidinone to obtain homogeneous slurry, and then the
slurry was spread uniformly on a copper foil and dried at
120∘C for 12 h in the air; the desirable working electrode
can be obtained after being cut into round pieces with an
area of 1.54 cm2. The whole assembling processes of the cell
were carried out in a dry argon-filled glove box. The charge-
discharge tests of the cell were performed on aNeware battery
tester (Neware, Shenzhen) with cut-off voltage of 0.01–
2.00V at room temperature. The electrochemical impedance
measurement was performed on a CHI660A electrochemical
workstation (Chenhua, Shanghai), in which the impedance
spectra were recorded with AC amplitude of 5mV from
0.01Hz to 100 kHz.

3. Results and Discussion

3.1. Thermal Analysis of the Precursor. The TG-DTA curves
of the precursor are shown in Figure 1. It can be obviously
observed that the TG curve presents three stages of weight
loss at 25∼260, 260∼560, and 560∼1000∘C, which represent
the loss of absorbed water, the decomposition of phenolic
resin to form excess phenolic resin-pyrolyzed carbon, and
the further evaporation of phenolic resin, respectively. DTA
curve displays two distinctly corresponding endothermic
peaks, which correspond to the aforementioned first two
stages. As for the third stage, the weight loss is not remarkable
in Figure 1. It is worthy to note that the change of weight
loss becomes insignificant when the pyrolysis temperature
is above 750∘C. Therefore, in order to obtain desirable Si/C
composites, the blended precursor was pyrolyzed at 750∘C in
this work.

3.2. Structural Analysis of the Materials. The XRD patterns
of the precursor and Si/C composite material are shown in
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Figure 1: TG-DTA curves of the precursor.
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Figure 2: X-ray diffraction patterns of the precursor and the Si/C
composite.

Figure 2. As demonstrated in Figure 2, both XRD patterns
of the precursor and Si/C composite show the diffraction
peaks of flake graphite (2𝜃 = 26.6, 42.5, 43.5, 54.7, and 77.6∘,
PDF#41-1487) and silicon (2𝜃= 28.4, 47.3, 56.1, 69.1, and 76.4∘,
PDF#27-1407), which corresponds to the (002), (100), (101),
(004), and (110) plane of flake graphite and the (111), (220),
(311), (400), and (331) plane of Si, respectively [20]. These
results indicate that the pyrolysis process would not destroy
the basic structure of the composite material. Furthermore,
the broadened diffraction peak around 2𝜃 = 23∘ comes from
the amorphous phenolic resin-pyrolyzed carbon as shown
on the upper right corner in Figure 2. The results suggest
that no other impurity phase is detected in the composite
and the composite is composed of flake graphite, nano-Si,
and phenolic resin-pyrolyzed carbon, which can be explained
that the desirable composite materials can be successfully
prepared by the mechanical milling followed by pyrolysis
method.
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Figure 3: SEM images of the precursor (a) and the Si/C composite (b), TEM (c), and HRTEM (d) images of the Si/C composite.

3.3. Morphology of the Materials. The morphology of the
precursor and the obtained Si/C composite material were
observed by SEM as shown in Figures 3(a) and 3(b). The
morphology of Si/C material inherits the morphology of the
precursor; most of the particles exhibit scaly shape and are
micron in dimension. It should be noted that Si/C material is
looser than the precursor, which can be mainly attributed to
the decomposition of phenolic resin during pyrolysis [21, 22].
Figures 3(c) and 3(d) show the TEM and HRTEM images of
the Si/C composite, respectively. It can be obviously observed
that the composite particles are composed of flake graphite,
nano-Si, and phenolic resin-pyrolyzed carbon, which are in
concordance with the results of XRD analysis. Furthermore,
the phenolic resin-pyrolyzed carbon is coated on the surface
of the composite sphere perfectly, which not only provides
a good buffering matrix but also constructs the connection
network of flake graphite and Si particles [23].

3.4. Electrochemical Performance. The cut-off voltages range
of the cells was chosen as 0.01–2.00V, and the discharge
current density is limited at 100mAg−1. The voltage profiles
of the Si/C composite for the 1st, 2nd, and 3rd cycle are
presented in Figure 4(a), respectively. It can be seen that
the first charge capacity (reversible capacity corresponding to
lithium extraction) of the composite is about 805.3mAh g−1,
and the initial columbic efficiency is 74.26%, which is a
little higher than the value of the previous report [23, 24].
As known to us, the irreversible capacity of the first cycle
is mainly attributed to the formation of a solid electrolyte
interphase (SEI) film on the surface of electrode at 0.6∼0.8V.
It can be also seen from Figure 4(a) that there is a distinct

potential platform below 0.2V during the first insertion
process, which can be assigned to the alloying process of the
composite with lithium and the insertion of lithium ions into
the carbon host. And the shift of the subsequent discharge
curves presented in the following cycles may be ascribed to
the typical phase transformation of silicon from crystal to
amorphous [23, 25, 26]. Another significant plateau at 0.45V
can also be found in Figure 4(a), which is attributed to the
extraction processes of Li+ from silicon.The charge-discharge
cycling and coulombic efficiency curves of the Si/C composite
with and without ball milling at 100mAg−1 are shown in
Figure 4(b). The coulombic efficiency of the composite with
ball milling can quickly achieve a steady value about 98%
after only three cycles, which gains much improvement
compared to the Si/C composite without ballmilling. And the
capacity of the composite can maintain above 500mAh g−1

after 40 cycles. The results show that ball milling plays
a vital role in the cycling performance of the composite,
which may be ascribed to the more active points formation
by the mechanical activation. In order to further study
the electrochemical performance, rate performance is also
conducted and the corresponding curves are demonstrated in
Figure 4(c). It can be seen from Figure 4(c) that both the first
charge capacity and initial coulombic efficiency decrease with
increasing current density, in which the first charge capacity
of the composite at 100, 200, and 500mAg−1 is about 805.3,
797.4, and 791.7mAh g−1, respectively, and the corresponding
initial coulombic efficiency is 74.26%, 74.20%, and 74.10%,
respectively. The cyclic performance of the Si/C composite
at different current densities is also shown in Figure 4(d),
and the capacity retention ratio is 89.58%, 79.46%, and
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Figure 4: (a) The voltage profiles of Si/C composites at 100mAg−1; (b) the charge-discharge cycling curves of the Si/C composite with and
without ball milling at 100mAg−1; (c) initial charge-discharge curves of the composites at different rates; (d) cycling curves of the composites
at different rates.

80.69% after 20 cycles, respectively. Therefore, there are
reasons to believe that the Si/C composite possesses better
electrochemical performance, and this is associated with
the effective attachment between Si, graphite, and phenolic
resin-pyrolyzed carbon, which can provide good electronic
conductivity and avoid direct contact between Si particles and
the electrolyte to improve the electrochemical stability of the
assembled cell.

The electrochemical impedance spectra of the composite
anodes after different cycles are shown in Figure 5(a). It can
be obviously seen that all plots are composed of a compressed

semicircle in high frequency and an inclined line in low
frequency, which are attributed to the charge transfer process
and lithium diffusion process, respectively. To investigate the
charge-discharge behavior of the electrodes, the pattern in
the impedance spectra can be fitted using the equivalent
circuit described as 𝑅

𝑠
in series with parallel (CPE

1
𝑅ct)

and 𝑊
1
elements {𝑅

𝑠
(CPE
1
𝑅ct)𝑊1} demonstrated in Fig-

ure 5(b), in which 𝑅
𝑠
is attributed to the ohmic resistance

of the electrolyte and electrodes, 𝑅ct represents the charge
transfer resistance of electrochemical reactions, and CPE

1

and 𝑊
1
are the capacitance of the interface and Warburg



Journal of Nanomaterials 5

0 500 1000 1500 2000 2500 3000
0

500

1000

1500

2000

2500

3000

0 50 100 150 200 250 300 350 400
0

50
100
150
200
250
300
350
400

 After 1 cycle 
 After 2 cycles 
 After 10 cycles

 After 20 cycles
 After 50 cycles

 After 1 cycle
 After 2 cycles
 After 10 cycles

 After 20 cycles
 After 50 cycles
 Fitting curve

−
Z

(Ω

)

−
Z

(Ω

)

Z (Ω)

Z (Ω)

(a)

Ws

W1
Rs

Rct

CPE1

(b)

Figure 5: EIS curves of Si/C during different cycles (a) and the
equivalent circuit for the impedance spectra (b).

diffusion-controlled resistance, respectively [27]. It is obvi-
ously observed that the EIS curves shown in Figure 5(a)
can be well fitted by the equivalent circuit demonstrated
in Figure 5(b). Furthermore, the resistance of 𝑅

𝑠
, 𝑅ct, and

𝑊

1
increases obviously in the 20 cycles, which is due to

the destruction of the electrode. However, the resistance can
remain stable value after 20 cycles, which can be attributed to
the buffering of the Si/C composite material to improve the
electrochemical stability of the electrodes.

4. Conclusions

Si/C composite anode material was successfully synthesized
using the simple mechanical milling followed by pyrolysis
method. The particles exhibit scaly shape and are micron
in dimension; the phenolic resin-pyrolyzed carbon is coated
on the surface of the composite sphere perfectly and con-
structs the connection network of flake graphite and nano-Si
particles in the composite. Therefore, this composite shows
good electrochemical performance, in which the composite
exhibits not only high specific capacity with high coulombic
efficiency in first cycle but also good cycle and rate per-
formance. The primary results indicate that the as-prepared
Si/C composite material can be a promising anode material
for high energy density and power demanding lithium-ion
batteries.
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Cauliflower-like Co
3
O
4
/three-dimensional (3D) graphene nanocomposite material was synthesized by a facile two-step synthesis

route (heat reduction of graphite oxide (GO) and hydrothermal synthesis of Co
3
O
4
). The phase composition, morphology,

and structure of the as-obtained products were characterized by scanning electron microscopy (SEM), transmission electron
microscope (TEM), and X-ray diffraction (XRD). Electrochemical properties as supercapacitor electrode materials were
systematically investigated by cyclic voltammetry (CV) and constant current charge-discharge tests. It was found that the Co

3
O
4
/3D

graphene composite showed a maximum specific capacitance of 863 F g−1, which was obtained by means of CVs at a scan rate of
1mV s−1 in 6M KOH aqueous solution. Moreover, the composite exhibited improved cycling stability after 1,000 cycles. The good
supercapacitor performance is ascribed to the combination of 3D graphene and cauliflower-like Co

3
O
4
, which leads to a strong

synergistic effect to remarkably boost the utilization ratio of Co
3
O
4
and graphene for high capacitance.

1. Introduction

With the impending energy crisis, the concerns about the
environment are increasing. The research on alternative
energy conversion and storage systems which have high
efficiency, low cost, and environmental benignity is urgently
called for. Supercapacitors, also known as electrochemical
capacitors or ultracapacitors, have been intensively investi-
gated in the fields of energy storage and conversion [1, 2].
Compared with the conventional capacitors and secondary
batteries, supercapacitors can provide high power density,
strong cycle stability, and remarkable pulse charge-discharge
properties [1–5]. They are being employed in different appli-
cations [1, 6–8], such as mobile electronic devices, back-
up power supplies, and hybrid electric vehicles. The charge-
storage mechanism in supercapacitor is usually electrical
double-layer and Faradic capacitor [7, 9]. The electrical
double-layer capacitor (EDLC) roots in charge separation at

the electrode/solution interface, whereas the Faradic pseudo-
capacitance arises from the reversible redox reactions occur-
ring within the supercapacitor electrode material [10, 11]. As
the core component of supercapacitors, electrode material
plays an important role in determining the performance of
electrochemical capacitors. Recently, tremendous attention
has been focused on the development of new materials for
supercapacitor electrodes with higher specific capacitance
and better cyclic life whilst using environmentally benign
materials in easily processable ways.

Among the major materials studied for pseudo-capacitor
electrodes, transition metal oxides, such as RuO

2
[12], InO

2

[13], NiO [14], MnO
2
[15], Co

3
O
4
[16, 17], and SnO

2
[18],

have attracted much attention due to their high theoretical
capacities and promising potential. RuO

2
is known as an

ideal electrode material for supercapacitors, which shows
outstanding electrochemical properties. In some reports,
the specific capacitance (SC) of RuO

2
, which has a higher
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conductivity than carbon materials and remarkable stability,
shows as high as 720–768 F g−1 [19, 20]. However, the high
cost and toxic nature of ruthenium substantially limits its
commercial application [21]. Hence, the relatively inexpen-
sive metal oxides have been studied widely. Among them,
cobalt oxide is considered as a promising electrode material
for supercapacitors due to its relatively low cost, well-defined
redox behavior, ultrahigh theoretical SC (∼3560 F g−1), and
environmental friendliness [22, 23]. For instance, it has
been reported that the CoO

𝑥
xerogels thermally treated at

150∘C showed a good capacitive behavior with a SC value of
291 F g−1 [24]. Tummala et al. [7] have synthesized nanos-
tructured Co

3
O
4
by plasma spray technique and studied its

capacitance properties.The results showed a high SC value of
162 F g−1 in 6M KOH electrolyte.

Graphene, as a new carbon material, has attracted much
attention since it was isolated from layer-by-layer graphite in
2004 [25]. It is a promising electrode candidate for EDLCs
due to its superb characteristics including the excellent
mechanical strength and chemical stability, high electrical
and thermal conductivity, and large surface area (a theoretical
value of 2630m2 g−1) [25]. But the serious agglomeration
and restacking between individual graphene sheets result in
limited surface utilization percentage and a lower capacitance
than the anticipated value [26]. In our recent work [27,
28], three-dimensional (3D) graphene (strictly speaking, it
should be reduced graphene oxide (RGO), but it is still
called graphene here for convenience) was acquired by heat
reduction of graphite oxide in vacuum, which has a higher
specific surface area (487m2 g−1). Different fromDong’swork
[29], it has a predominant mesoporosity which centers at
4 nm, and thesemesopores can provide a high specific surface
area while allowing good mass transport in an electrode
process [30].

Recently, many researchers have constructed a graphene-
based metal oxide composite structure [17, 31–34]. It was
found that these composites showed improved performance
with higher electron transport rate, electrolyte contact area,
and structural stability. It can be attributed to the special
composite structure in which metal oxides are attached on
the surface or intercalated into the interlayer of large patches
of graphene [31]. Yan et al. [17] reported that graphene
nanosheet (GNS)/Co

3
O
4
composite has a maximum specific

capacitance of 243.2 F g−1 at a scan rate of 10mV s−1 in
6M KOH aqueous solution. However, the composite of 3D
graphene which was reported in our previous work [27] and
Co
3
O
4
has never been investigated so far. Herein, a facile

hydrothermal strategy was proposed to deposit cauliflower-
like nanostructured Co

3
O
4
on 3D graphene nanosheets.

Cyclic voltammetry (CV) and galvanostatic charge-discharge
measurements were used to assess the electrochemical prop-
erties of the Co

3
O
4
/3D graphene composite in KOH solu-

tions.

2. Experimental

2.1. Materials Preparation. In this study, deionized
water was used throughout. Cobalt nitrate hexahydrate

(Co(NO
3
)
2
⋅6H
2
O), ammonia (37%, NH

3
⋅H
2
O) and potas-

sium hydroxide (KOH) were obtained fromXilong Chemical
Engineering Co., Ltd. Hydrochloric acid (37%) and ethanol
were supplied by Chemical Plant of Beijing. All the reagents
used in this experiment were of analytical grade and without
further purification.

Graphene oxide was prepared from nature graphite by
a modified Hummers’ method. 3D graphene material was
obtained by reducing graphite oxide powder in a glass bottle
under vacuum followed by heating to 250∘C from room
temperature [27].

Co
3
O
4
/3D graphene composite was synthesized as fol-

lows. First, 15mg of 3D graphene was dispersed in 15mL
ethanol with the assistance of ultrasonication for 60min.
Then, 0.5mmol Co(NO

3
)
2
⋅6H
2
O and 34 𝜇L of 37% ammonia

were added to the 3D graphene suspension simultaneously.
The as-obtained mixture was magnetically stirred for 20min.
After that, the above suspension was loaded into a 25mL of
Teflon-lined stainless steel autoclave and heated at 170∘C for
5 h. The obtained black products were washed by centrifu-
gation for several times using ethanol and deionized water
to remove excess ions and then dried in a vacuum oven at
60∘C. Afterwards, the material was calcined at 350∘C for 3 h
in air and then cooled to room temperature. For comparison,
Co
3
O
4
was also prepared by the same steps without the

addition of 3D graphene.

2.2. Characterization Methods. The crystallographic struc-
tures of the samples were determined by X-ray diffraction
system (XRD, X’ Pert-PRO MPD) equipped with Cu K

𝛼

(𝜆 = 1.5406 Å) radiation. The morphological analysis was
conducted using scanning electron microscope (SEM, JEOL
JSM-6700F) and transmission electron microscope (TEM,
JEOL JEM-2011, 200 kV). The specific surface area and pore
volume of the samples were determined by analyzing the
standard nitrogen adsorption isothermmeasured at 77 K. An
electrochemical workstation system (CHI760D, Chenhua,
Shanghai) was employed to study the electrochemical prop-
erties.The electrodeswere fabricated bymixing 80wt% active
materials, 15 wt% acetylene black, and 5wt% polyvinylidene
fluoride (PVDF) as binder. The mixtures were well blended
using alcohol, coated the paste onto nickel foam current
collectors (1 cm × 1 cm), were dried at 100∘C for 10 h, and
were pressed under 20MPa for 3–5min. Each electrode con-
tains 2-3mg active materials. A conventional three-electrode
system was employed to investigate the capacitive behaviors.
Platinum foil and Hg/HgO (1M KOH aqueous solution)
electrodes were used as the counter and reference electrodes,
respectively.

3. Results and Discussion

3.1. Structure and Morphology of the Samples. The XRD pat-
terns of 3D graphene, Co

3
O
4
, and the as-prepared composite

before and after calcination were shown in Figure 1. For
3D graphene, a broad peak was observed at 25.6∘, which is
attributed to the C (002) plane [31, 35]. The main peaks in
the XRD pattern of pure Co

3
O
4
(JCPDS, number 42-1467)

are located at 19.0, 31.3, 36.8, 44.8, 59.4, and 65.3∘, which are
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Figure 1: XRD patterns of (a) 3D graphene, (b) Co
3
O
4
, (c) the

composite without calcination treatment, and (d) the composite
after calcination treatment.

assigned to the crystal planes of (111), (220), (311), (400), (511),
and (440) [36]. FromFigure 1(c), it can be found that theXRD
pattern of the as-prepared composite before calcination does
not show any other peak except a broad hump at 2𝜃 of about
25.6∘ which is attributed to the diffraction peak of C (002)
in 3D graphene [35]. However, several peaks appear at 2𝜃 of
around 19∘, 31∘, 37∘, 45∘, 59∘, and 65∘ obviously in the XRD
pattern after calcination.These diffraction peaks are assigned
to the crystal planes of (111), (220), (311), (400), (511), and
(440), which agree with the typical spinel Co

3
O
4
[36]. Thus,

the chemical reactions in the synthetic process are supposed
as follows:

Co (NO
3
)

2
+ 2NH

3
⋅H
2
O → Co (OH)

2
+ 2NH

4

+
+ 2NO

3

−

(1)

6Co(OH)
2
+O
2
→ 2Co

3
O
4
+ 6H
2
O (2)

The absence of diffraction peaks of Co(OH)
2
in Figure 1(c)

may result from the amorphous state of Co(OH)
2
. It is

inferred that the composite before calcination consists of
Co(OH)

2
and graphene.

Additionally, from the XRD pattern of the composite
after calcination, the characteristic peak of 3D graphene
for C (002) is also found. Based on these results, the as-
obtained calcinate material can be undoubtedly identified
as Co

3
O
4
/3D graphene composite. Moreover, it is notable

that the C (002) peaks in Figures 1(c) and 1(d) shift toward
left as compared to that in Figure 1(a), which indicates that
Co(OH)

2
and Co

3
O
4
may lead to the increase of the unit

cell volume of graphene because the shift of entire diffraction
peaks toward lower 2𝜃 usually suggests the increase of unit
cell volume.

The morphology of the as-prepared materials was inves-
tigated by SEM, as shown in Figure 2. The graphene
material has a 3D structure composed of homogeneous

micrometer-sized flakes (Figure 2(a)). Moreover, according
to our previous work [27], the 3D graphene material has
mesoporosity centered at 4 nm, demonstrating that it belongs
to mesoporous materials. Figure 2(b) shows the SEM image
of the composite before calcination (i.e., the precursor of
Co
3
O
4
/3D graphene composite). It can be seen that the

graphene skeleton maintains structural integrity except that
the Co

3
O
4
particles are distributed over the graphene surface.

After the calcination treatment, it seems that themorphology
and structure are similar to those of the precursor of the
composite (Figure 2(c)). The high-magnification SEM image
in Figure 2(d) reveals that many small Co

3
O
4
granules

agglomerated together to form some big circular particles
with nonuniform diameters from 50 to 250 nm. However,
from Figures 2(e) and 2(f), it is clearly seen that, without the
addition of 3D graphene, Co

3
O
4
and its precursor display

cubic morphology, and these particles have a size about 50–
100 nm and were stacked irregularly. It indicates that the
morphology of Co

3
O
4
in the composite material is different

from that of pure Co
3
O
4
. This may be because of the effects

of the electrostatic adsorption and other chemical bonds
between the oxygen-containing functional groups on the
surface of 3D graphene and the precursor of Co

3
O
4
.

TEM images of Co
3
O
4
and Co

3
O
4
/3D graphene com-

posite are shown in Figure 3. Figures 3(a) and 3(b) display
the TEM images of pure Co

3
O
4
with different magnification.

It can be found that the pure Co
3
O
4
sample is composed

of a great deal of irregular cubic particles. However, Fig-
ure 3(c) reveals that, in the Co

3
O
4
/3D graphene composite,

many nearly spherical Co
3
O
4
particles are attached onto

3D graphene nanosheets, which is similar to the results of
SEM. Furthermore, it can be seen that the Co

3
O
4
cubic

particles with a size about 50–100 nanometers are complete
and solid from the inset of Figure 3(a). However, from
the high magnification TEM image of Co

3
O
4
/3D graphene

composite shown in Figure 3(d), it can be found that the
big spherical Co

3
O
4
particles in the composite are com-

posed of numerous assembled nanoparticles with a size of
10–25 nanometers, and these small nanoparticles assemble
together to display cauliflower-like morphology. This can
lead to abundant pore structures, which is beneficial to the
electrochemical utilization of metal oxides and the passing of
the ions in the electrolyte. Additionally, the HRTEM image
of the composite is presented in the inset of Figure 3(d).
The Co

3
O
4
exhibits high crystallinity and the lattice spacing

of 0.26 nm is corresponding to the interspacing of the (311)
planes [35].

Nitrogen isotherms of Co
3
O
4
and Co

3
O
4
/3D graphene

composite are presented in Figure 4. It is interesting to see
that the composite adsorbs much more N

2
than pure Co

3
O
4
.

It suggests that the structural characteristics change greatly
after the addition of 3D graphene. The BET surface area
increases from 0.111 to 69.7m2 g−1 while the pore volume
increases from 0.0016 to 0.17 cc g−1. This is the normal
sequence since 3D graphene possesses a large specific surface
area and pore volume, and the cauliflower-like morphology
of Co
3
O
4
in the composite further contributes to the surface

area and pore volume.
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Figure 2: SEM images of (a) 3D graphene, (b) the precursor of Co
3
O
4
/3D graphene composite, Co

3
O
4
/3D graphene composite with (c) low

and (d) high magnification, and (e) the precursor of Co
3
O
4
and (f) Co

3
O
4
.

3.2. Electrochemical Properties. For potential supercapacitor
applications, the capacitor behaviors of the electrodes were
examined.

3.2.1. Cyclic Voltammetry (CV). Figure 5(a) displays the CV
curves of Co

3
O
4
/3D graphene composite, Co

3
O
4
, and 3D

graphene at a scan rate of 10mV s−1 in 1M KOH electrolyte
within the potential window of−0.2–0.5 V. Evidently, the area
surrounded by the CV curve is dramatically enhanced by
the introduction of Co

3
O
4
nanoparticles onto 3D graphene

sheets as shown in Figure 5(a). This result indicates a large
specific capacitance associated with the composite electrode.
The CV curves are different from the ideal rectangular shape
of the typical electric double-layer capacitance. Unlike 3D

graphene, two pairs of redox reaction peaks are visible in
the CV curve of the composite, which can be ascribed to
the redox process of Co

3
O
4
, suggesting that the capacitance

mainly results from the pseudocapacitance of Co
3
O
4
. The

mechanism of electrochemical reactions of Co
3
O
4
in alkaline

electrolyte can be expressed as the following equations [36]:

Co
3
O
4
+OH− +H

2
O⇐⇒ 3CoOOH + e− (3)

CoOOH +OH− ⇐⇒ CoO
2
+H
2
O + e− (4)

The SC of the electrode, based on CV curves, can be
calculated as

𝐶 =

(∫ 𝐼𝑑𝑉)

]𝑚𝑉
,

(5)
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Figure 3: TEM images of Co
3
O
4
with (a) low and (b) high magnification and Co

3
O
4
/3D graphene composite with (c) low and (d) high

magnification. Inset: high resolution TEM (HRTEM) images.

where 𝐶 is the SC of electroactive materials (F g−1), 𝐼 is
the response current (A), 𝑉 is the potential (V), ] is the
potential scan rate (V s−1), and𝑚 is the mass of the electrode
materials (g). According to (5), the SCs of the Co

3
O
4
/3D

graphene composite, Co
3
O
4
, and 3D graphene electrodes

are calculated to be about 457, 134, and 97 F/g at a scan
rate of 10mV s−1, respectively. If the SCs are represented
by volumetric capacitance, these values are 965, 335, and
103 F/cm3, respectively. Clearly, the SC of the composite is
not simple sum of Co

3
O
4
and 3D graphene but signifi-

cantly larger than expected. Moreover, the SC value is much
higher than that of a Co

3
O
4
/reduced graphene oxide scrolled

structure (163.8 F/g) reported recently [31]. The desirable
performance could be attributed to the synergistic effect
between graphene sheets and Co

3
O
4
nanoparticles in the

nanocomposite [37]. This effect may be associated with
the fact that conductive graphene is hydrophobic, while
Co
3
O
4
is hydrophilic but has poor conductivity. It is very

likely that Co
3
O
4
increases the graphene hydrophilicity for

significantly increased utilization of the porous electrode and

the conductive graphene enhances the charge transfer rate
of Co

3
O
4
for higher pseudocapacitance. Furthermore, the

large specific surface area and pore volume resulting from
the cauliflower-like morphology of Co

3
O
4
in the composite

may also increase the utilization of Co
3
O
4
and thus further

enhance the pseudocapacitance. These factors result in a
much larger SC value of the composite than the sum of that of
3D graphene and Co

3
O
4
. Additionally, as compared to two-

dimensional (2D) graphenewhich has been reported [38], 3D
graphene has amuch higher specific surface area (487m2 g−1)
and larger pore volume (1.04 cc g−1) [27]. The 3D graphene
has predominant mesoporosity which centers at 4 nm, which
is in favor of improving the electrochemical accessibility
of electrolyte ions and providing preferable EDLCs [30].
Both the pseudocapacitance derived from the cauliflower-like
Co
3
O
4
and the superior surface and pore properties of 3D

graphene contribute to the high capacitance.
Figure 5(b) shows the variation of the calculated SC

values of Co
3
O
4
/3D graphene composite as a function of scan

rates in different concentration KOH electrolytes. Obviously,
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the SC values of the composite decrease gradually with the
increase of scan rate. This may be because, at high scan
rates, diffusion limits the movement of electrolyte ions due
to the time constraint, and only the outer active surface is
utilized for charge storage. At lower scan rates, however, all
the active surface area can be utilized for charge storage and
the electrochemical utilization of Co

3
O
4
[39]. As shown in

Figure 5(b), 6M electrolyte provided the largest SC values.
The maximum SC value is 863 F g−1 in 6M KOH electrolyte
at a scan rate of 1mV s−1. According to the equations of the
electrochemical reactions of Co

3
O
4
in alkaline electrolyte,

there is OH− in the reactions. Thus, a high concentration of
hydroxyl ions is in favor of increasing the reaction rate. This
results in the largest SC value in 6M KOH solution.

3.2.2. Galvanostatic Charge-Discharge Measurement. Fur-
thermore, galvanostatic charge-discharge measurement was
utilized to study the capacitor performance of the as-prepared
samples.

Figure 6 depicts the charge-discharge behaviors of
Co
3
O
4
, 3D graphene, and the Co

3
O
4
/3D graphene com-

posite electrodes between 0 and 0.5 V at a constant current
density of 5 A g−1 in 1M KOH aqueous solution. From
the charge-discharge curves of 3D graphene, it is evidently
seen that the voltage decreases linearly along the discharge
time, which shows an ideal double-layer capacitive behav-
ior. However, the discharge curve of Co

3
O
4
/3D graphene

composite consists of a slow potential drop from 0.5 to
0.2 V and a sudden potential decay from 0.2 to 0V. The
latter indicates short charge/discharge duration, which is
a pure double-layer capacitance behavior from the charge
separation at the electrode/electrolyte interface. However, the
former is a typical pseudocapacitance behavior, caused by
electrochemical adsorption/desorption or a redox reaction

at the electrode/electrolyte interface [40]. Usually, Faradaic
redox reaction is accompanied by the double-layer charge-
discharge process, and thus the combination of electric
double-layer capacitance and Faradaic pseudocapacitance is
responsible for the longer charge/discharge duration [17].

From the discharge curves, SC could also be calculated
using the following equation:

𝐶 =

(𝐼Δ𝑡)

(𝑚Δ𝑉)

, (6)

where𝐶 is the SCof the activematerials (F g−1), 𝐼,Δ𝑡,Δ𝑉, and
𝑚 are constant discharge current (A), discharge time (s), the
voltage change after a full discharge (V), and the mass of the
active material (g), respectively [41].The SC values calculated
from the galvanostatic charge and discharge curves are 40,
46, and 337 F g−1 for 3D graphene, Co

3
O
4,
and the composite,

respectively, which are similar to the trend of those calculated
from CVs. A larger specific capacitance value of 402 F g−1

for the composite is obtained at 0.5 A g−1. The much larger
SC value of the composite than the sum of that of graphene
and pure Co

3
O
4
further proves that the combination of 3D

graphene and cauliflower-like Co
3
O
4
is very beneficial to

improving the supercapacitor performance.
Subsequently, the galvanostatic charge-discharge proper-

ties of the composite are investigated with different current
density in different concentration of KOH electrolytes. The
SC values are calculated in accordance with (6) and listed in
Table 1. It is found that the SC of the electrode based on the
as-prepared composite reached amaximumvalue of 522 F g−1

in 6M KOH electrolyte at the current density of 0.5 A g−1.
The results are similar to the results obtained from the CVs,
further indicating that a high concentration of hydroxyl ions
is in favor of increasing the reaction rate.

To investigate the cycling performance of the Co
3
O
4
/3D

graphene composite, the charge-discharge tests were per-
formed at 2A g−1 for 1,000 cycles. Figure 7 shows the results of
cycling stability measurement. After 1,000 cycles, the specific
capacitance of the Co

3
O
4
/3D graphene composite decreased

apparently. An initial total capacitance of 75% was retained
after the 1000th discharge cycle. The decay of capacitance
can be ascribed to the increased impedance with increasing
number of cycles, and it is inferred that the increased
impedance could be due to fatigue of the active material
during cycling [7]. As compared to some nanostructured
Co
3
O
4
electrodes reported recently [7], the retention rate

of capacitance of the Co
3
O
4
/3D graphene composite was

improved a little, which may be attributed to the special
structure of 3D graphene and cauliflower-like Co

3
O
4
. During

cycling, the three-dimensional nanoporous structure of 3D
graphene, as well as the cauliflower-like morphology of
Co
3
O
4
, can inhibit the volume change and detachment of

Co
3
O
4
particles more effectively and thus result in a better

cyclic life.

4. Conclusions

In this work, a Co
3
O
4
/3D graphene composite was synthe-

sized via a facile two-step synthesis route (heat reduction
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of GO and hydrothermal synthesis of Co
3
O
4
). SEM and

TEM images showed that, in the composite, many small
nanoparticles with a size of 10–25 nm assemble together
to display cauliflower-like morphology. The supercapacitor
performance of the composite, 3D graphene, and Co

3
O
4

was investigated and compared by CV and constant current
charge-discharge tests. It was found that the composite
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Figure 7: Cycling stability measurement result of Co
3
O
4
/3D gra-

phene composite within the potential window of 0–0.50V (versus
Hg/HgO) at a current density of 2A g−1.

showed much larger specific capacitance than the sum of
that of 3D graphene and Co

3
O
4
. Moreover, the composite

exhibited better cycling stability. The good supercapacitor
performance is ascribed to the combination of 3D graphene
and cauliflower-like Co

3
O
4
, which leads to a strong synergis-

tic effect to remarkably boost the utilization ratio of Co
3
O
4

and graphene.The cauliflower-likeCo
3
O
4
/3D graphene com-

posite is believed to be a promising electrode material for
supercapacitors.
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Table 1: SC values (F g−1) of Co3O4/3D graphene composite at
different current density in different concentration electrolytes
within the potential window of 0–0.5 V.

1MKOH 2MKOH 6MKOH

0.5A g−1 402 458 522

1 A g−1 380 431 478

5A g−1 337 367 396

10A g−1 296 338 363
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