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Carbon-based nanomaterials (CBNs), namely, fullerene, car-
bon nanotubes, and graphene, have attracted significant
attention since their discoveries, and in these days they
play significant role in nanoscience and nanotechnology [1].
The unique properties of CBNs make them widely used in
many fields ranging within material science [2], energy [3],
environment [4, 5], biology [6–9], medicine [10, 11], and so
forth. Articles published in this special issue reflect the broad
application potential of CBNs and provide some overview of
the recent progress in this field.

The paper by M. R. Sanaee and E. Bertran is focused
on iron nanoparticles encapsulated by carbon shell. The
authors present a synthesis of core/shell nanostructures by
using a new modified arc discharge reactor. Different iron
cores including spherical, oval, and multiple cores were syn-
thesized. The carbon shell protecting the iron cores against
oxidation shows high degree of crystallinity. Due to the
carbon shell spherical shape and iron superparamagnetic
behavior, the authors conclude that the carbon encapsulated
iron nanoparticles can be potentially used in drug delivery. X.
Li et al. showed that magnetic carbon nanocages synthetized
from a cheap carbon source material lignin using low tem-
perature carbonization process can be used as efficient and
recycled adsorbents in the removal of dye staff from textile
wastewater.

The conductive polymeric composites based on multi-
walled carbon nanotubes were studied by E. V. Santiago et
al. By tailoring the epoxidized linseed oil matrix with groups
rich in nonpolar electric density, as diacetylene, capable of

interacting by van derWaals forces, it was possible to improve
the dispersion of carbon nanotubes without necessity of some
modification knowing that those treatments usually affect
lowering their electrical properties.The authors conclude that
these composites may have potential application in vapor
sensors.The effect of dielectric constant of some polystyrene-
type polymer matrix on the percolation threshold in conduc-
tive polymer composites with carbon black is also studied. It
is confirmed that the percolation threshold decreases while
the dielectric constant increases.

The hybridmaterials based onCBNs are usually stabilized
by noncovalent interactions with dominating van der Waals
forces.The theoretical simulations of theCBNs provide useful
insight into stability and nature of such interactions [12]. W.
Liu et al. studied the interactions between CO molecule and
the pristine and defective graphene layers using the state-
of-the-art density-function theory calculations. The results
clearly demonstrate that the defective graphene could be a
good sensor for CO. Using theoretical calculations Q. Wu et
al. showed that band gap of carbon and boron nitride double-
wall heteronanotubes (C/BN-DWHNTs) with different chi-
rality and size could be tuned by intertube distance. Imposing
an external electric field of zigzag DWHNTs provides further
possibility for future electronic and electrooptic nanodevice
applications.

Heterogeneous catalysis belongs to extensively studied
disciplines with a huge application potential in industry.
The catalytic activity of nanomaterials synthetized from
carbon precursor nanomaterials was studied by M.-D. Dong
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et al. The synthesized Co
3
O
4
nanomaterials with different

morphologies showed excellent catalytic activity for thermal
decomposition of ammonium perchlorate and the Co

3
O
4

nanorods with large BET surface area and pore volume had
the highest catalytic activity. Organic solar cells are also
extensively studied materials because they can be applied
as sustainable source of energy. A. Manzano-Ramı́rez et al.
reviewed the efficiency of graphene-based bulk heterojunc-
tion (BHJ) organic solar cells. The various applications of
graphene as a constituent of BHJ organic solar cells were
discussed focusing on the PCE achieved by the graphene -
based devices.

Radio frequency magnetron sputtering was used for
deposition of hydrogenated amorphous carbonfilms codoped
with Si and Al ((Si, Al)/a-C:H) on Si (100) substrate at
different temperatures. The substrate temperature effect on
microstructure, mechanical, and tribological properties of
the (Si, Al)/a-C:H films was studied and the correlation
between the structure, mechanical, and tribological proper-
ties was also discussed by X. Liu et al.

We are confident that this special issue will provide new
insights and inspiration to the interested reader for further
work in the field of CBNs. Many individuals contributed to
the success of this special issue.
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Nano-Co
3
O
4
with different morphologies was successfully synthesized by annealing CoC

2
O
4
⋅2H
2
O precursors. The as-obtained

samples were characterized by powder X-ray diffraction (XRD), scanning electron microscopy (SEM), and low-temperature
nitrogen adsorption-desorption. It was found that the volume ratio of N,N-dimethylformamide (DMF) and water played an
important role in the formation of cobalt oxalate precursors with different morphologies. After calcination in air, cobalt oxalate
precursors converted to Co

3
O
4
nanomaterials while their original morphologies were maintained. The catalytic effect was

investigated for nano-Co
3
O
4
with different morphologies on the thermal decomposition of ammonium perchlorate (AP) by

differential scanning calorimeter (DSC). The results indicated that all products showed excellent catalytic activity for thermal
decomposition of AP and the Co

3
O
4
nanorods with larger BET surface area and pore volume had the highest catalytic activity.

1. Introduction

Morphology-controlled synthesis of inorganic nanomaterials
is of extensive research interest in materials science because
the electronic, optical, magnetic, and catalytic properties
of nanocrystals are highly dependent on not only their
composition, but also their structure [1], shape [2], and size
[3]. Therefore, many efforts have been made to develop cost-
effective synthesis methods of nanomaterials with different
structures and morphologies for enabling novel intrinsic
properties and applications of nanomaterials.

Co
3
O
4
, as one of the most intriguing magnetic p-type

semiconductors, is of special interest due to its potential
applications in heterogeneous catalyst [4], lithium-ion bat-
tery [5], supercapacitor [6], gas sensor [7], and many other
aspects [8]. Up to now, shape-controlled Co

3
O
4
nanostruc-

tures have been prepared by various approaches, in which
morphology-conserved transformation of precursors has
proved to be a promising approach for the synthesis of Co

3
O
4

nanostructures [9–12]. For example, Zhu et al. reported
the shape-controlled synthesis of cobalt carbonate/hydroxide
intermediates via a solvothermal method at 220∘C for 18 h
[9]. Hu et al. synthesized 𝛽-Co(OH)

2
nanosheet at 180∘C for

12 h and Co(CO
3
)
0.5
(OH)
0.11

H
2
O nanobelt at 140∘C for 12 h

via a solvothermal method [10]. Wang et al. prepared one-
dimensional and layered parallel folding of cobalt oxalate
nanostructures using N,N-dimethylacetamide (DMA) and
dimethyl sulfoxide (DMSO) as solvents at ambient temper-
ature [11]. In our past work, we prepared shape-controlled
synthesis of Co

3
O
4
nanostructures derived from coordina-

tion polymer precursors [12]. However, for some shape-
controlled synthesis methods, special instruments, compli-
cated processes, long reaction times, and relatively high
temperatures are required.Therefore, it is important to design
a simple, rapid, low-temperature, and low-cost synthesis
route to synthesizemorphology-controlled cobalt precursors.

Over the past decades, ammonium perchlorate (AP) has
received considerable attention because AP is an important

Hindawi Publishing Corporation
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oxidizer in solid composite propellants for solid fueled
rockets and the combustion behavior of propellants is highly
relevant to the thermal decomposition of AP. The lower the
temperature at which AP begins to decompose, the higher
the burning rate of propellants [13–15]. Recently, Co

3
O
4

nanomaterials with various morphologies have been used as
effective catalyst to accelerate thermal decomposition of AP
[12, 16–19].

In the present work, we report morphology-controlled
preparation of cobalt oxalate precursors from the reaction
of cobalt(II) nitrate hexahydrate and oxalic acid under mild
conditions. It was found that the volume ratio of N,N-
dimethylformamide (DMF) andwater played a crucial role in
the formation of cobalt oxalate with different morphologies.
After calcination in air, the as-prepared cobalt oxalate precur-
sors subsequently converted to porous Co

3
O
4
nanomaterials

while their original morphologies had been well maintained.
To study their potential applications, the as-prepared nano-
Co
3
O
4
with different morphologies had been applied in the

thermal decomposition of AP, which exhibited good activity.

2. Experimental

All chemicals and solvents are of analytical grade and were
used as received without further purification. In a typical
experiment, 1mmol Co(NO

3
)
2
⋅6H
2
O was dissolved in a

mixed solution of DMF and deionized water at room tem-
perature (the total volume is 20mL), followed by addition of
1mmol H

2
C
2
O
4
⋅2H
2
O under vigorous stirring. After 5min,

the as-obtained precipitates were centrifuged, washed with
distilled water and absolute ethanol several times, and dried
in vacuum at 60∘C for 5 h. In addition, a calcination process
(350∘C for 1 h in air with a heating rate of 2∘Cmin−1)
was performed to transform cobalt oxalate to black Co

3
O
4

crystals. In the experiments, to obtain products with different
morphologies, the volume ratio of DMF and water was
adjusted while all other conditions were keeping unaltered.

Theproducts were characterized by powderX-ray diffrac-
tion (XRD) on a Rigaku D/max 2500PC diffractometer
with graphite monochromator and Cu K

𝛼
radiation (𝜆 =

0.15406 nm) at a step width of 0.02∘. SEM images of the
products were obtained on scanning electron micro analyz-
ers (HITACHI S-3400N,). Nitrogen adsorption-desorption
isotherms, pore size distributions, and surface areas of the
samples were measured by the instrument of NOVA 2000e
using N

2
adsorption.

To test the catalytic effect of Co
3
O
4
nanostructures with

different morphologies on the thermal decomposition of AP,
themixture of AP andCo

3
O
4
was ground carefully for 10min

andwas detected by a differential scanning calorimeter (DSC)
using STA 449C thermal analyzer with a heating rate of
10∘Cmin−1 in N

2
atmosphere over the temperature range of

30–500∘C. The mass percentage of Co
3
O
4
nanostructures to

AP in the mixture was 2%.

3. Results and Discussion

Figure 1 shows the XRD patterns of the precursors prepared
under the different volume ratio of DMF and water. All of
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Figure 1: XRD patterns of the as-prepared precursors under the
different volume ratio of DMF and water: (a) 0 : 20, (b) 4 : 16, (c)
8 : 12, and (d) 12 : 8.

the diffraction peaks in Figure 1(a), 1(b), 1(c), and 1(d) can
be indexed as the orthorhombic phase of CoC

2
O
4
⋅2H
2
O by

comparison with the data of JCPDS card files number 25-
0250. No impurity peaks are detected in the XRD pattern.

Morphologies of all the precursors were characterized by
SEM and the images of the samples are shown in Figure 2.
When 20mL of H

2
O was used without addition of DMF, the

result shown in Figure 2(a) reveals that sample is composed
of CoC

2
O
4
⋅2H
2
Omicrorods with diameter of about 2–5 𝜇m.

When 16mL of H
2
O and 4mL of DMF were used, spindle-

like CoC
2
O
4
⋅2H
2
O nanostructures were obtained, shown in

Figure 2(b). Figure 2(c) shows the morphology of sample
prepared in the presence of 12mL ofH

2
Oand 8mLofDMF. It

was observed that the sample consisted of nanorod bundles.
Figure 2(d) illustrates nanorods in sample prepared by using
8mL of H

2
O and 12mL of DMF. In addition, when 4mL of

H
2
Oand 16mL ofDMFwere used or 20mL ofDMFwas used

without addition of H
2
O, no products could be obtained.The

above facts showed that DMF/water volume ratio played an
important role in the information of CoC

2
O
4
⋅2H
2
O. Accord-

ing to the previously reported studies, when only water was
used as solvent, CoC

2
O
4
⋅2H
2
O microrods were obtained

because the ion-exchange reaction between the cobalt ion
and the oxalate ion was very rapid in aqueous solution. In
organic solvent medium, oxalic acid is a weak electrolyte that
cannot be electrolytically dissociated into ions, so the cobalt
ion and the oxalic acid do not react immediately. Therefore,
when DMF and water were used, the reaction rate slowed
down leading to smaller products, including spindle-like
architectures, nanorod bundles, and nanorods. Furthermore,
when the amount of DMF was increased to 16mL or 20mL,
no productswere obtained because the ion-exchange reaction
was restrained [11].

The thermal behavior of CoC
2
O
4
⋅2H
2
O microrods was

investigated by thermogravimetric analysis (TGA) in static
air atmosphere. From Figure 3, it can be seen that there
are two distinct weight loss steps. The first weight loss
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Figure 2: SEM images of the as-prepared cobalt oxalate precursors and Co
3
O
4
nanostructures: (a, e) microrods, (b, f) spindle-like

architectures, (c, g) nanorod bundles, and (d, h) nanorods.

occurs at 110–220∘C, which corresponds to the evaporation of
crystallized water. When the temperature is above 300∘C, the
second weight loss was observed, which is attributed to the
decomposition of anhydrous oxalate into Co

3
O
4
. The weight

loss of two steps is about 19.7% and 53.3%, which is close to

the theoretical value. The decomposition of CoC
2
O
4
⋅2H
2
O

can be expressed as the following reaction:

CoC
2
O
4
⋅ 2H
2
O → CoC

2
O
4
+ 2H
2
O ↑

3CoC
2
O
4
+ 2O
2
→ Co

3
O
4
+ 6CO

2
↑

(1)
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Figure 3: TGA curve of the as-obtained CoC
2
O
4
⋅2H
2
Omicrorods.
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Figure 4: XRD patterns of the as-prepared Co
3
O
4
nanostructures: (a) microrods, (b) spindle-like architectures, (c) nanorod bundles, and (d)

nanorods.

According to the results of TGA, the thermal decompo-
sition of the corresponding CoC

2
O
4
⋅2H
2
O was performed

at 350∘C. After being annealed at 350∘C for 1 h in air, the
as-synthesized CoC

2
O
4
⋅2H
2
O with different morphologies

were completely converted to phase-pure spinel Co
3
O
4
. The

morphology of the Co
3
O
4
products is shown in Figures 2(e)–

2(h), from which it can be seen that the original shape has
beenmaintained after calcination.The crystallographic phase
of all the samples is again examined by XRD (Figure 4).
All diffraction peaks can be well indexed to the pure cubic
phase of Co

3
O
4
(JCPDS 43-1003), indicating that the pure

phase of Co
3
O
4
was obtained by annealing CoC

2
O
4
⋅2H
2
O

precursor directly. Figure 5 shows TEM images of the Co
3
O
4

products, revealing that the Co
3
O
4
products were composed

of numerous Co
3
O
4
nanoparticles with a size of several tens

of nanometers and abundant pore structures were formed
among the nanoparticles.

Nitrogen adsorption-desorption isotherms of nano-
Co
3
O
4
are shown in Figure 6, and the insets illustrate

the corresponding Barrett-Joyner-Halenda (BJH) pore size
distribution plots. The isotherms can be categorized as
type IV with an H3 hysteresis loop, which is characteristic
of mesoporous materials. The BJH pore size distribution
indicates that all of the samples contain mesoscale pores.
The Brunauer-Emmett-Teller (BET) surface areas and pore
volumes of the samples are 42m2/g and 190.3mm3/g, 61m2/g
and 226.3mm3/g, 62m2/g and 241.3mm3/g, and 83m2/g
and 277.1mm3/g for the Co

3
O
4
with microrods, spindle-like

architectures, nanorod bundles, and nanorods, respectively.
Considering the porous structures and high BET surface

area, we investigated the application of the synthesized nano-
Co
3
O
4
for the thermal decomposition of AP. Figure 7 shows

DSC curves for thermal decomposition of pure AP and
its mixture with nano-Co

3
O
4
with different morphologies.
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Figure 5: TEM images of the as-prepared Co
3
O
4
nanostructures: (a) microrods, (b) spindle-like architectures, (c) nanorod bundles, and (d)

nanorods.

For pure AP, an endothermic peak was observed at about
250∘C, which is due to the crystal transformation of AP from
orthorhombic to cubic phase (Figure 7(e)) [13]. When nano-
Co
3
O
4
with different morphologies as catalyst was added

to AP, all samples have similar endothermic peaks at about
250∘C, indicating that the catalysts have little effect on the
crystallographic transition temperature of AP. However, in
the relatively high temperature region, the samples contain-
ing catalysts have dramatic changes in the exothermic peaks
of AP decomposition. When 2wt% catalysts were added to
AP, the original exothermic peak of pure AP at 445.0∘C
disappeared and only one exothermic peak was observed.
The exothermic peak temperature was 305.1, 299.7, 297.4,
and 296.2∘C for Co

3
O
4
microrods, spindle-like architectures,

nanorod bundles, and nanorods, respectively (Figure 7(a)–
7(d)). The present catalytic activity of Co

3
O
4
nanorods was

higher than Co
3
O
4
nanoparticles, nanosheets, and octahe-

dral particles [12, 18, 19]. The above results indicate that
Co
3
O
4
particles have a significant effect on the decompo-

sition temperature of AP and Co
3
O
4
nanomaterials with

different morphologies for decreasing the decomposition of
AP are proportional to their BET surface area and pore
volume. It is known that specific surface area and pore volume
can be the primary reasons for the catalytic role, since more
reactive sites can be generated [12, 20, 21]. Thus, Co

3
O
4

nanorods with larger BET surface area and pore volume
have the most effective catalytic activity and the thermal

decomposition temperature of AP shifted downward about
148.8∘C.

4. Conclusions

In summary, we synthesized porous nano-Co
3
O
4
with dif-

ferent morphologies via annealing CoC
2
O
4
⋅2H
2
Oprecursors

prepared under ambient condition without the assistance of
template or surfactant. The as-prepared porous nano-Co

3
O
4

with different morphologies have good catalytic properties
for the thermal decomposition of AP due to their large BET
surface area and pore volume. Co

3
O
4
nanorods with larger

BET surface area and pore volume show better catalytic activ-
ity than others and shifted the AP thermal decomposition
temperature downwardly to about 148.8∘C.
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Figure 6: N
2
adsorption-desorption isotherms of as-prepared Co

3
O
4
nanostructures at 77 K: (a) microrods, (b) spindle-like architectures,

(c) nanorod bundles, and (d) nanorods. Inset in each isotherm is the corresponding pore size distributions.
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We study the effect of dielectric constant of some poly(styrene)-type polymer matrix on the percolation threshold in conductive
polymer composites with carbon black (CB). We demonstrate that percolation threshold diminishes with an increment of the
dielectric constant of polymer matrix. We chose polystyrene and other three polymers similar in structure and molecular weight
but with different chemical nature. The corresponding dielectric constant and critical concentration, 𝑋

𝑐
, in volume fraction of

carbon black, v/v CB, were the following: 4MePS (𝜀 = 2.43; 𝑋
𝑐
= 0.058), PS (𝜀 = 2.60; 𝑋

𝑐
= 0.054), 4BrPS (𝜀 = 2.82; 𝑋

𝑐
= 0.051),

and 4ClPS (𝜀 = 2.77; 𝑋
𝑐
= 0.047). The correlation between both parameters confirms that the percolation threshold decreases

while the dielectric constant increases. At microscopic level, this effect is attributed to an enhanced physical interaction of the CB
particles with the asymmetric electric density produced by electronegative or inductive atoms/groups.Therefore, by controlling the
chemical structure of the polymer matrix, the attraction forces between the polar groups on the carbon black surface particles with
those of the polymer matrix can be improved, which in turn induces a better disaggregation and dispersion of those particles into
the polymer matrix, allowing the percolation threshold reached at a lower filling fraction.

1. Introduction

Polymer composites with electrical properties have received
attention during the last 60 years for scientific and techno-
logical reasons [1–7]. From the theoretical point of view, the
electrical conductivity of these materials can be explained
very well by the percolation approach. This predicts the
formation of electrical pathways at the critical filling fraction
𝑋
𝑐
, and for larger filler fractions the electrical properties fit

very well with the following equation [8]:

𝜌 (𝑋) ≈ (𝑋 − 𝑋
𝑐
)
−𝛽

. (1)

With𝑋 being the volume fraction of the conductive particles,
𝛽 is the critical exponent and𝑋

𝑐
is percolation concentration

or critical concentration. Characteristics of the shape and

spatial distribution of the conductive particles used for the
composite system can be related to the value of the critical
parameters [8–12].

For these materials, both the fillers and the polymer are
very important for designing and good performance. Some
factors concerning the conductive particle nature must be
considered in conjunction with the polymer properties such
as thermodynamic and rheological ones and with the pro-
cessing conditions employed for the composite preparation.
The filler contentmust be as low as possible to avoid problems
such as poor processability, poor mechanical properties,
high cost, and particle-polymer incompatibility, which lead
to weakening of some properties including the electrical
ones. In order to decrease the three-dimensional percolation
threshold and optimize the polymer-particles compatibility,
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several studies have been realized considering the conduc-
tive particles and/or the polymer matrix. Studies related
to conductive particles are nature (metallic, carbonaceous,
polymeric, etc.), geometry and size, surface functionalization,
and so forth [5]. The main problem during the construction
of the conductive network when carbonaceous particles are
used, such as carbon black [6], graphite [7, 13, 14], fibers [15,
16], or carbon nanotubes (NTC) [17, 18], is the van der Waals
interactions among carbon particles in the macroscopic
agglomerates, which has a crucial effect for obtaining an
optimal dispersion of them into the polymer matrix and in
turn in the percolation threshold. Then, the compatibility is
related to composition and surface chemistry [19]; geometry: a
high aspect ratio of the conductive particles allows reaching
lower percolation concentrations [14, 20]; structure [10, 21–
23]: a higher structure of the primary aggregates of elemen-
tary carbon particles reduces percolation threshold due to a
better electric path interconnection at microscopic level [10];
surface area [22, 23]: surface functionalization of the NTC
[24–28], graphite [14, 29], andCB particles [22] has been used
to enhance the dispersion and compatibility with polymer
matrixes. However, chemical modification is used to reduce
electrical properties of conducting particles.

Some other studies have taken into account the polymer
matrix characteristics as viscosity, molecular weight, and
superficial tension. Matrixmelt viscosity has two effects: it can
either reduce or increase percolation threshold, depending
on particle size and shape. In carbon black filled polymers,
percolation threshold increases with melt viscosity [30–34].
(2) The crystalline degree [18, 35, 36] of the polymer matrix
becomes important for the percolation threshold in carbon
black polymer composites, and segregation occurs preferably
on the amorphous phase. For this reason, percolation thresh-
old could be reached at lower volume fraction of carbon
particles in semicrystalline than in amorphous polymers;
(3) cross-linking; (4) elastic modulus [37], and (5) immiscible
blends in which composites show enhanced interparticle
connectivity around the incompatible region and consequent
decreasing of the percolation threshold due to a preferential
distribution of the conductive carbon along the interface of
those immiscible polymers [20, 38–42].

The preparation method also has an influence in the
dispersion process of the conductive particles and as a
consequence in the reproducibility of the electric properties
of the respective polymer composites. Most of the polymer
composites are produced in liquid phase, in amelt stage, or in
monomer or polymer dissolution. In both cases, a suspension
is always formed and it has been studied that the resistivity
control for melt polymer composites is also dependent on
processing parameters such as mixing time, temperature,
rotor speed, molding time, temperature, and pressure at
molding [43–49]. For a composite obtained by in situmethod
that consists in making first a dispersion of carbon particles
into the monomer and then a subsequent polymerization of
that suspension, the optimization of the processing parame-
ters is more difficult. In solution, particles are immersed in
a viscous fluid and they are submitted to interactions which
may strongly change their distribution [50] depending on the
stirring speed, solvent proportion, temperature, ultrasonic

time, ultrasonic oscillation frequency, and external variables
like electric fields [51, 52].

For electrical properties of polymer composites, a variable
of interest that has not been deeply studied is the role of
the structure (chemical nature) of the polymer matrix that
surely plays in junction with the aforementioned param-
eters during the dispersion/distribution process of carbon
particles. Due to the existence of secondary interactions
between the superficial functional groups on carbon black
and the chemical groups on the polymer, that interaction
could be improved ormaximized with the presence of certain
function on the polymer. At the end, any functional group(s)
could modify the electronic density of the molecules in some
magnitude which could have a positive or negative effect
on the formation of conductive paths for the formation of
polymeric compound as will be shown below. There are
few studies that show a qualitative effect of the chemical
influence of the polymer matrix on the percolation threshold
[39, 53–56] but without any clear tendency. Because we
are interested in evaluating it in terms of a macroscopic
property of the polymers, the dielectric constant and the
results are interpreted in terms of the existing theories. The
magnitude of the dielectric constant is dependent on the
ability of the polarizable units in a polymer to orient fast
enough to keep up with the oscillations of an alternating
electric field. At optical frequencies (1014Hz), only the lowest
mass species, electrons, are efficiently polarized. At lower
frequencies, atomic polarization of heavier,more slowlymov-
ing nuclei also contributes to the dielectric constant. Atomic
polarization of induced dipoles can occur in the infrared
(1012Hz) or lower frequency regimes. Dipole polarization
is the reorientation and alignment of permanent dipoles in
response to the electric field.The three modes of polarization
can interact, but, in most cases, they act essentially separately
and are therefore additives. The dielectric constant measured
at frequencies lower than optical frequency can lead to a
basic understanding of the influence of molecular structure
on dielectric properties in polymers [57–60]. It is because
we propose to study this polymer property in the control
of the electric percolation threshold on polymer composites
using one type of CB particles, Vulcan XC72, which has
polar nature and is widely used by other authors for its high
structure and some surface oxidation. The proposal consists
in obtaining polymer composites from polymer matrix of
different dielectric constant produced by the presence of
electronegative or inductive atoms/groups into the aromatic
ring which is the base of the polystyrene polymer.These poly-
mers were synthesized by the same method in order to have
very close molecular masses.The preparation method for CB
polymer composites was in solution by ultrasonic shaking
(solution) [56]. Carbon black particles were dispersed in
polymer solutions at the same viscosity and they were shaken
in the same time depending on the CB amount in order
to control the processing parameters and to obtain them in
reproducible way. From the microscopic point of view, CB
particles should be attracted and better distributed by more
polarizable (higher dielectric constant) polymers producing
conductive networks at lower CB concentration than those
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composites based on polymers with a reduced dielectric
constant. We demonstrate a close correlation between the
CB percolation threshold and the dielectric constant of some
poly(styrene)-derivatives polymer matrixes, which make the
electronic affinity between polymeric matrix and CB parti-
cles clear, evidencing a better dispersion and a preferential
distribution of the carbon particles in highly polarizable
polymer matrixes. This effect has a positive consequence
in the electrical properties by lowering the concentration
threshold. In order to avoid, as much as possible, the
influence of other factors on the percolation threshold, such
as molecular weight and density among others, polymer
matrixes were synthesized via free radicals in bulk medium
for producing amorphous polymers under the same reaction
conditions. Structural and electric characterizationswere also
complemented by thermal analysis as differential scanning
calorimetry, DSC, and thermogravimetric analysis, TGA,
and density and molecular mass. Dielectric constant was
evaluated as a function of temperature at a low frequency
(850MHz) in order to analyze the dipole effect of the
repetitive polymer units.

2. Materials and Methods

2.1. Materials. Styrene, 4-methylstyrene, 4-chlorostyrene,
and 4-bromostyrene monomers were purchased from
Aldrich. Inhibitor was eliminated by surpassing the liquid
monomers through a chromatographic type WB2-basic
Alumina packed column. Tetrahydrofuran (THF) and
benzoyl peroxide (BPO) were also supplied by Aldrich. CB
Vulcan XC72, with a size of 32 nm and a density of 1.8 g/cm3,
was donated by Cabot Co. and it was used as received.

2.2. Synthesis of Matrix Polymers. Polymerization of mon-
omers after being free of inhibitor was carried out in
mass via free radicals using benzoyl peroxide (400 : 1mol
monomer : BPO) as initiator, and the following temperatures
were used in an oil bath under a nitrogen flux: first, monomer
was left at 70∘C for 12 h; then, the high viscose product was left
for 8 h at a temperature of 90∘C and finally temperature was
elevated at 110∘C and the solid product was left for 8 h. After
cooling to room temperature, the solid polymer was solved
in THF and reprecipitated frommethanol in order to remove
residual monomer and initiator. The white solid was filtered,
washed with methanol, and dried under vacuum for 72 h.
Polymers (Figure 1) obtained were characterized by DSC,
TGA, Gel Permeation Chromatography, GPC, and density,
and dielectric constant was measured at 850MHz.

2.3. Composite Preparation. All composite samples were
prepared by the same procedure to avoid fluctuations in the
evaluation of critical CB concentration. Composites from 2 to
16 weight percent (wt%) (or 0.034–0.13 volumetric fraction,
v/v) of CB were prepared using an ultrasonic shaking bath
(23∘C) at the same initial relative viscosity (2.6 ± 0.05) of the
polymer solutions, using THF as a solvent. A general proce-
dure is described for a poly(styrene)-based composite [61].
Polymer was dissolved in the necessary volume of THF until

X
n

H2C CH

Figure 1: Polymer structures and acronyms. Poly(styrene): PS, with
X = H; 4-methyl-poly(styrene): 4MePS, with X = CH

3
; 4-chloro-

poly(styrene): 4ClPS, with X = Cl; and 4-bromo-poly(styrene):
4BrPS, with X = Br.

it achieves thementioned viscosity and it was sonicated, using
an ultrasonic processor Ultrasonik 28X (50/60Hz), until the
polymer was completely dissolved; it takes around 30min.
After the polymer is dissolved, the appropriate quantity of
CB is added gradually without interrupting the sonication. It
takes between 6 and 9 h, depending on the amount of CB:
2–4wt% (6 hr), 5–7wt% (7 h), 8–10wt% (8 h), and higher
than 10wt% (9 h). The THF solvent was evaporated by
distillation under reduced pressure. The composite was well
dried under vacuum for 24 h. The electrical resistance of
the composites was evaluated and resistivity was calculated
in order to build the percolation curves. Composites were
prepared by triplicate and the specimens were processed for
electrical characterization. Finally, percolation threshold was
numerically computed by fitting experimental data according
to (1).

2.4. Polymer and Composite Characterization

2.4.1. Differential Scanning Calorimetry (DSC) and Thermo-
gravimetric Analysis (TGA). Differential scanning calorime-
try (DSC) and thermogravimetric analysis (TGA) were car-
ried out simultaneously using a SDT Q600 modulus from
TA Instruments, under nitrogen atmosphere, a heating rate
of 10∘C/min, from 30 to 600∘C. Glass transition temperature,
𝑇
𝑔
, and decomposition temperature or temperature at which

the polymer lost 10% of its weight, 𝑇
10
, were obtained,

respectively.

2.4.2. The Weight-Average Molecular Weight (𝑀
𝑤
) and Poly-

dispersity Index (𝐼). A GPC Agilent 100 Series was used
in order to obtain the weight molecular mass and the
polydispersity, using a Zorbax Eclipse XBD-C8 column 150
× 4.6mm of internal diameter at 60∘C, a flux of 1.6mL/min,
and HPLC THF as solvent.

2.4.3. Density. Polymer density was measured by two tech-
niques: by direct relationship of mass/volume which in
turns was measured for pure polymer cylinders prepared by
thermocompressionmolding.And the secondmethodwas by
the displacement of water in a calibrated probe at 23∘C. The
measurements were very close and their average was taken.
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Table 1: Thermal, mass, and electronic properties of polymers.

Characterization Property Polymer
PS 4MePS 4BrPS 4ClPS

Thermal 𝑇
𝑔
/∘C 106 115 136 131
𝑇
10
/∘C 385 370 387 382

GPC

Mass of the repetitive unit 80 118 182.9 138.5
𝑀
𝑤
× 10
5 g/mol 1.43 2.45 2.55 2.48

PD 1,788 2,076 1,394 1,791
𝐼 2.024 1.506 1.370 1.452

Electric

Pauling electronegativity of the 4-substituent 2.1 2.4 2.8 3.2
magnitude of dipole moment (D)a 0.25 0.084 1.45 1.38
Dielectric constant 2.60 2.43 2.82 2.77
(17∘C, 850MHz)

aCalculated by MOPAC PM3.

2.4.4. Relative Viscosity. The initial viscosity of the polymer
solutions used for dispersing CB particles was measured
using an Ostwald capillary viscometer previously calibrated
with water at 23∘C, and then the pure solvent (THF) was
measured and finally the polymer solutions. As mentioned
before, the initial viscosity of the polymer solution for each
composite preparation was 2.3 ± 0.05.

2.4.5. Dielectric Constant. Pure polymers were molded to
disks of 2 cm diameter × 0.9–1.1mm thickness by com-
pression molding. A steel mold was heated at 10∘C above
polymer’s𝑇

𝑔
, it was filledwith the polymer cut in small pieces,

and a pressure of 12 Kg/cm2 was applied for 30min.Then, the
mold was cooled down to 60∘C,mechanical compression was
removed, and samplewas cooled at room temperature (23∘C).
The dimensions of the transparent plates were measured
with a micrometer and then the dielectric constant was
evaluated. Polymer dielectric constantwasmeasured using an
Agilent 4991A RF Impedance/Material Analyzer at 850MHz
of frequency range from 17∘C to five degrees below the
corresponding polymer matrix 𝑇

𝑔
into a controllable oven.

The dielectric constant (𝜅) was calculated by the formula
of a parallel plate capacitor as 𝜅 = 𝐶𝑡/𝜀

0
𝐴, where 𝐶 is

the capacitance of the capacitor, 𝜀
0
is the vacuum dielectric

permittivity, 𝐴 is the area of the electrode, and 𝑡 is the
thickness of the capacitor.

2.4.6. ResistivityMeasurements. Cylinder shaped samples of 1
× 1 cmwere prepared by thermomechanical molding from all
polymers and composites. 1 g of sample was introduced into
a steel mold heated from room temperature to ten grades up
to polymer’s 𝑇

𝑔
, and it was pressed at 12 Kg/cm2. The heating

was made at a rate of 10∘C/min. Finally, molding system was
cooled with air to 50∘C, pressure was released, and the sample
was removed [61, 62]. Resistivity measurements were made
with an electrometer Keithley 6517A following the method-
ology pointed out in [56, 61, 62]. For each composition, the
plotted resistivity is the average of nine samples, obtaining a
deviation standard of 3% for the conductive zone and 10% for
the percolation zone in the percolation curve.

2.4.7. Percolation Threshold. For determination of the perco-
lation threshold, numerical fit was carried out on Origin 6
software according to (1). For all cases, three free parameters
𝜌
0
,𝑋
𝑐
, and 𝛽were considered, where 𝜌

0
is the proportionality

constant. 0.99 of data correlation were reached for running
numerical interactions. Best fitting curves were obtained for
𝛽 very close to 2, and then 𝛽 was fixed to this value and
numerical interactions were run again. The value of the
critical exponent agrees with the universal values for 3D
media [9].

3. Results and Discussion

Thermal properties as 𝑇
𝑔
and decomposition of the polymers

were evaluated by DSC and TGA, respectively, and they
are shown in Table 1. The decomposition temperature of
polymers is higher than 380∘C for the PS and the halogenated
ones. However, 4-methyl-poly(styrene) (4MePS) shows a
lower decomposition temperature probably due to the benzyl
hydrogen of the CH

3
substituent. These hydrogens need

lower energy to break and build up resonance-stabilized
species with the aromatic ring. DSC and TGA analyses were
a reference to establish the processing conditions of the
polymers. There is a large range of temperature between 𝑇

𝑔

and𝑇
10
, giving us a broad range of work above the𝑇

𝑔
without

the decomposition of the polymer.
The weight-average molecular weight (𝑀

𝑤
) and polydis-

persity (𝐼) were evaluated by GPC. The results are shown
in Table 1. It was important to minimize the parameters
that could affect the threshold percolation of the studied
polymers. As it is shown in Table 1, 4MePS, 4-bromo-
poly(styrene) (4BrPS), and 4-chloro-poly(styrene) (4ClPS)
have differences in𝑀

𝑤
less than 10,000 g/mol and a polydis-

persity less than 1.5, with polystyrene (PS) being an exception
to this. PS has a different𝑀

𝑤
by 100,000 g/mol compared to

the other polymers and a lightly higher dispersion. However,
by calculating the polymerization degree (PD), we notice that
PS and 4ClPS have almost the same value (1,790), followed
by 4MePS with approximately 2,000 repetitive units and
finally 4BrPS with only 1,400 units, approximately. If these
results had a relevant incidence on the percolation threshold,
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we could anticipate that PS and 4BrPS would have the
lowest percolation threshold because 4BrPS has the smallest
polymer chains and PS has both, the smallest and the largest
chains, as indicated by its dispersion.

To avoid the side effects on the percolation threshold,
one initial solution viscosity for each polymer (2.3 ± 0.05)
was established for preparing the respective composites using
THF as a solvent and 23∘C temperature. Such viscosity
requires preparing polymer solutions with the following con-
centrations: PS: 6 g/mL, 4MePS: 8 g/mL, 4BrPS: 5 g/mL, and
4ClPS: 4 g/mL. Obviously, this viscosity is lightly modified
by the CB incorporation, but it was compensated with the
shaking time. For preparing the polymer composites at the
volume fraction of CB, it was necessary to evaluate the
polymer density. The average results of the two mentioned
methods are PS: 1.048 g/cm3, 4MePS: 1.015 g/cm3, 4BrPS:
1.53 g/cm3, and 4ClPS: 1.22 g/cm3 and are according to the
values published in other sources [63–65].

Pauli electronegativity of the 4-bonded atoms is shown
in Table 1, calculus of the magnitude of the dipole moment
was made numerically using MOPAC PM3 software, and the
dielectric constant is taken at 17∘C. As it is shown, the dipole
moment is 0.25D for PS due to the ethyl group regarded
as the equivalent of the polymer’s backbone. This group is
an inductor electronic donor, meaning that the electronic
density is displaced from the backbone chain to the aromatic
ring, producing a small dipole moment. When the hydrogen
in position 4 from the main chain is replaced by a methyl
(CH
3
) group, the dipole moment decreases almost to zero.

This dipole moment reduction is produced because both
groups on the benzene ring (ethyl and methyl) have the same
inductor electronic effect in such a way that the vector of
dipole moment is almost canceled (0.084D). The opposite
and higher change in dipole moment is observed when a
halogen atom is sited in the same 4-aromatic ring position.
From a microscopic point of view, the dipole moment
(Table 1) has no direct correlation with the electronegativity
of those atoms. We expected that 4ClPS had a higher dipole
moment than 4BrPs due to its higher electronegativity, even
though this is not the only factor that affects it. From a
macroscopic view, the dielectric constant (𝜅) at 17∘C and
850MHz only reflects a partial dipole orientation of the polar
repetitive units due to the dipole movement that is restricted
by the glassy state, whose temperature (17∘C) is lower than the
corresponding 𝑇

𝑔
. However, it shows a difference in polarity

at this temperature, the least polar polymer being the 4MePS
(𝜅 = 2.44) and the most one the 4BrPS (𝜅 = 2.82) and very
close one the 4ClPS (𝜅 = 2.77).

The dielectric properties of a polymer are determined by
the charge distribution and also by statistical thermal motion
of its polar groups.The dipole units cannot orient themselves
below the 𝑇

𝑔
; however, as the temperature increases, the

orientation of dipoles is ameliorated, increasing the dielectric
constant. Dielectric constant was also evaluated at some
predetermined temperatures: 17∘C (as the initial), 70∘C,
90∘C, and 100∘C, for PS. However, 4MePS was increased to
105∘C, 4ClPS to 120∘C and 125∘C, and 4BrPS to 130∘C. The
upper limit for those temperatures was five degrees below
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Figure 2: Dielectric behavior of polymers related to temperature.

the corresponding 𝑇
𝑔
’s.The dielectric constant behavior with

respect to temperature is plotted in Figure 2. As we can
see, the dielectric constant of PS and 4MePS increases with
temperature. At 100∘C, PS and 4ClPS have the same dielectric
constant, but PS has reached its maximum (an increase of
7%). 4MePS increases by 6.5% from its initial value. Although
4ClPS shows the same tendency of increasing the dielectric
constant with temperature, the increasing percentage is not as
high as that for PS; it only increases by 4.2% reaching 4BrPS
at itsmaximum. 4BrPS presents the less important increase of
dielectric constant; it remains almost constant with changing
temperature (3.2%). 4BrPS resulted to be the less “orientable”
polymer maybe due to the heavy repetitive unit.

The polymer composites were prepared as described;
polymer and CB aforesaid densities were taken into account
for the composition calculus. Results of electrical resistivity
depending on CB in wt% and fraction volume, v/v, for each
composite are plotted in Figure 3. The corresponding values
of the percolation threshold and the dielectric constant are
listed in Table 2. A critical exponent of 𝛽 = 2 (Figure 3)
was obtained for resistivity as a function of the volumetric
fraction, while the numerical fit of the percolation curves
in terms of the wt% CB rendered a 𝛽 = 2.3 value. These
values indicate that percolation networks are interconnected
giving a 3D-fractal structure, which is consistent with the
used percolation model (1).

On the other hand, a decrease of the percolation threshold
is an evidence that it is linked to the polymer polar nature. A
decrease in the percolation thresholdmeans the construction
of conductive networks with low concentration of carbon
particles due to their good disaggregation and distribution
through the entire polymermatrix.The carbon black agglom-
eration renders an increase in the percolation threshold and
a secondary effect as follows: at concentrations higher than
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Table 2: Analysis of the percolation threshold related to the dielectric constant measured between 17∘C and 5∘C below the corresponding
polymer 𝑇

𝑔
.

Polymer Percolation threshold Percolation threshold Dielectric constant Dielectric constant
v/v CB wt% CB (17∘C, 850MHz) (𝑇

𝑔
−5∘C, 850MHz)

4MePS 0.058 9.4 2.43 2.64
PS 0.054 8.9 2.60 2.80
4ClPS 0.047 6.9 2.77 2.89
4BrPS 0.051 5.9 2.82 2.92
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Figure 3: Electrical resistivity of composites as a function of carbon
black volume fraction.

percolation threshold, it could be noticed that the changes
in resistivity related to the CB concentration (Figure 3) also
depend on the chemical nature of the polymer matrix.

As the carbon particles used for composite preparation
were the same, it should be expected that the resistivity of
each compound converges in the same limit value indepen-
dent of the polymer matrix at CB concentrations higher than
percolation threshold. However, the maximum resistivity
reached has different value for each composite, as it is shown
in Figure 3. For 4MePS, the maximum resistivity is in the
order of 106Ω⋅cm, whereas, for 4ClPS composites, it is barely
103Ω⋅cm, which is a difference of 3 orders of magnitude.
Above the percolation threshold, the conductive networks
are interconnected among them. This interconnection could
be modified if the CB disaggregation and dispersion are not
homogeneous, producing agglomeration of the particles. A
better distribution of the carbon black particles could allow
a superior interconnection between the different chains of
the same CB filler fraction in such a way that the composite
reaches a lower electrical resistivity. The polymer matrix
role is relevant because, for the same carbon black particle

composition, there is a great difference in the resistivity
values, as shown in Figure 3.Therefore, the critical parameter
values suggest the three-dimensional conductive chains in all
the studied polymer matrixes due to the dipolar moment of
the lateral groups on the backbone, in such a way that the
presence of polar groups facilitates the CB dispersion, the
building of electrical networks, and the faster achievement of
the percolation threshold.These results match the qualitative
observations made by [39], in which the polar side groups
have an influence on the preferential construction of conduc-
tive networks.

The behavior of percolation threshold related to the
polymer dielectric constant in weight percent and volume
fraction is shown in Figure 4. The difference in dielectric
constant at 17∘C is very subtle between PS-4MePS and 4ClPS-
4BrPS.However, we can appreciate that a real difference in the
percolation threshold exists. A clear tendency in diminishing
the percolation threshold as the dielectric constant of the
polymer increases is shown in the wt% CB curves. However,
when the CB volume fraction is calculated, the 4BrPS did
not render the lowest percolation. Maybe the high density
of this polymer makes CB particles get more volume than
4ClPS.Despite this unpredicted behavior, the tendency seems
to be the same: both polymers with the highest dielectric
constant also produce the formation of CB composites with
less percolation concentration.

Those behaviors are the evidence that an asymmetric
electronic density has an important effect on favoring the
dispersion and distribution of the CB particles, having as
a consequence a lower percolation threshold. An increase
in the polymer dielectric constant results in a decrease of
the percolation threshold. Curves of 𝑀

𝑤
, PD, and 𝐼 versus

percolation threshold do not show a similar behavior as
the dielectric constant versus percolation threshold. In the
extreme cases, for 4MePS, the percolation concentration,𝑋

𝑐
,

was calculated at 9.4 wt% CB (0.0584 v/v) and, for 4BrPS, it
was 5.9 wt%CB (0.051 v/vCB).This is an important difference
since, at molecular level, the chemical structure of both
polymers is different only by the presence of a halogen atom
or a methyl group into the 4-position of the aromatic ring.
For each repetitive unit in 4MePS, the dipole moment is
only 0.084D, whereas, for 4BrPS, it is 1.45D, the substantial
difference which is reflected in the percolation threshold. At
a macroscopic scale, the dielectric constant also increases
by the presence of the halogen atom being only 2.42 for
4MePS and 2.82 for 4BrPS. The dielectric constant measured
below𝑇

𝑔
, at which no orientation order is achieved and being

only the atomic polarization that contributes to this dielectric
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Figure 4: Dielectric constant versus percolation threshold in (a) wt% CB and (b) volume fraction CB.

constant, evidences the effect of the substituent atom nature
on the aromatic ring.

For explaining such results, the fact that the presence of a
dipole moment generated by the presence of electronegative
atoms or acceptor functional groups on the polymer is
important in order to achieve a good dispersion of the
CB particles by creating a better interaction between the
groups of the carbon particles and the polar moieties of the
main polymer chain could be considered. Then, electrostatic
interaction between total electronegative species and carbon
black particles is very important while sonication procedure
is carried out. Composites were obtained by dissolution
method. In this stage, interactions between chains can be
depreciated and the mobility is higher than that in the
rubber state. Consequently, interaction among CB particles
and the repetitive units produce a better disaggregation
and distribution of carbon particles. In others words, an
appropriate growth of the interconnection of the percolation
paths by preferential distribution of the carbon particles in
that type of polymers is possible. According to the numerical
approximations of CB polymer composites based on PS,
4MePS, 4ClPS, and 4BrPS, high structure percolation chains
are built. However, clear effects on percolation threshold are
evident for the chemical modified polymer matrix. This is an
evidence that there are electrostatic interactions between CB
particles and the polar groups on the main polymer chain
that promote a much better setting up of the conduction
networks as the polarity (dielectric constant) of the polar
matrix increases, having as a result a low electric percolation
threshold.

4. Conclusions

According to the results, it was proved that a polymer with
a dipole moment in the repetitive units has a determinant
effect on the percolation threshold. It produces a decrease
of the percolation threshold since an asymmetric electronic

density produces a disaggregation and preferential dispersion
of the CB particles in order to achieve the network conductive
paths with less CB particles. At amacroscopic level, the subtle
differences of the dielectric constant at room temperature by
the presence of atoms with different electronegativity on the
aromatic ring encourage the hypothesis that an increase in
the dielectric constant results in a decrease of the percolation
threshold. This demonstrates the relevance of the electronic
nature of both, polymer and conductive particles, if we want
to control the percolation threshold. Electronic nature of
polymer, evaluated as dielectric constant, offers the possibility
to use this property in the new design of conductive polymer
composites. Of course, there is an implication between the
chemical nature of the polymer and other properties like the
mechanical and thermal ones, which is important to take into
account for a potential application.
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Diacetylene-functionalized epoxidized linseed oil (DAELO) matrix was synthesized in order to improve the dispersion of
multiwalled carbon nanotubes (MWCNTs) without the necessity of some chemical or physical modification of them.That fact was
evidenced by the low critical concentration of DAELO-based composites in comparison (1.0 wt% MWCNTs) with the epoxidized
linseed oil- (ELO-) based composites (5 wt% MWCNTs). For this, both series of composites were prepared by the ultrasonic
dispersion method using the same conditions of solvent, dilution, and sonication time. It was shown that, tailoring the polymer
matrix with groups rich in nonpolar electric density, as diacetylene, and capable of interacting by van derWaals forces, it is possible
to improve the dispersion of carbon nanotubes (CNTs) without necessity of some modification knowing that those treatments
usually affect lowering their electrical properties.

1. Introduction

Carbon nanotubes (CNTs) have excellent electrical and
mechanical properties [1, 2], which makes them ideal can-
didates for several applications, for example, as nanofiller
material in conductive polymeric compounds [3]; CNTs are
quite effective compared to carbon black microparticles,
due to the large aspect ratio. Incorporation of CNTs into
polymeric compounds gives rise to new opportunities for
electronic applications, for example, in conductive films [4,
5], photovoltaic devices [6], or sensors [7–9]. Their advan-
tages are that they may be flexible, easy to mold, and cheap;
nonetheless they have the drawbacks of the polymers from
fossil sources. In this context, polymers from natural sources,
for example, from vegetable oils, represent a good alternative
for the cost, environment, and chemical transformation,
making them tailored structures [10–12]. As an example,
linseed oil is a triglyceride consisting of three fatty acids
condensed onto a glycerol unit; its composition is mainly of

linolenic acid (56.6%), linoleic acid (15.3%), and oleic acid
(19.1%)moieties [13] (Figure 1), so it has on average 6.4 double
bonds per triglyceride unit [14]; this feature makes it easy to
modify by chemical conversion to other functional groups as
epoxides. After the epoxidation, these groups could be used as
cross-linker site or could be chemically modified in order to
have a specific group in their structure [15, 16]. For an effective
and reproducible utilization of CNTs in these composites, it is
very important to have a good and homogeneous dispersion
of the conductive particles throughout the polymer matrix.
However, this is likely the main drawback owing to van der
Waals forces between them along with their structure; they
form clusters or tight long bundles and these might form a
dense and entangled network; therefore in order to improve
their dispersion, surface modifications have been made [17,
18]; one of them is the noncovalent attachment of molecules
although their disadvantage is that the forces between the
molecules and the CNTs might be weak; another one is the
covalent attachment of functional groups to the walls of
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Figure 1: Chemical structure and main composition of linseed oil (LO).

CNTs; however this decreases the conductivity because the
groups might introduce defects on the graphitic structure
[19, 20]. Functionalization with divalent adducts represents
an option which alters less the electrical transport owing
to unaltered sp2 conjugation [21]. Other options have been
the dispersion by shear mixing, using surfactants [22], or
by sonication in different solvents [23, 24]. In order to
avoid any modification to the CNT and some loss of the
electrical properties, we thought in synthesizing amatrixwith
functional groups rich in electrical density without dipole
moment, as the diacetylenes, but that it may interact with
the electrical density of the CNTs via van der Waals forces,
assisting the dispersion.

The proposal was the functionalization of the epoxidized
linseed oil with propargyl alcohol by a catalytic ring open-
ing reaction in order to have terminal acetylenes groups
(APELO), followed by an oxidative coupling reaction C–
C to form diacetylene groups which also serve as cross-
linkers of the oil. Finally, solutions of DAELO andMWCNTs
at different loads were mixed using an ultrasonic bath, the
percolation curve was built, and the critical concentration for
diacetylene linseed oil was lower than ELO, demonstrating
that rich electron groups have a positive effect on the
dispersion of MWCNTs as compared with ELO.

2. Materials and Methods

Lipase acrylic resin from Candida antarctica, MWCNTs 𝐷 ×
𝐿 110–170 nm × 5–9𝜇m, density 1.7–2.1 g/cm3, linseed oil
(LO), hydrogen peroxide, alumina, anhydrous zinc chlorine,
propargyl alcohol (PA), copper chlorine, and tetramethyl
ethylene diamine (TMEDA) were obtained from Sigma
Aldrich Co.; sodium carbonate and magnesium sulphate
anhydrous were obtained from J. T. Baker, Mexico. All the
reactants were used as received. SEM images were obtained
in a JEOL JSM-6510LV microscope at acceleration voltage
of 30 kV, at 5000, 10000, and 20000x, with backscattered
electrons detector. 1H NMR spectra were recorded at room
temperature using CDCl

3
as solvent on a Bruker Avance

300MHz NMR. Chemical shifts are relative to (CH
3
)
4
Si

and are given in ppm. FTIR-ATR spectra were recorded
on an Avatar FTIR-ATR spectrophotometer, into a range
between 550 and 4000 cm−1 and spectra were acquired at
4 cm−1 resolution and signals averaged over 32 scans. DSC
and TGA analysis were recorded under nitrogen atmosphere
(100mL/min) using a SDT-Q600 TA Instruments modulus
from 20 to 600∘C and heating rate of 20∘C/min. Electrical
resistance was measured on a digital multimeter ASYC II
5390.

ELO was synthesized using the chemoenzymatic method
described in previous report [25]; a toluene solution, 100 g
of LO, 8 g of oleic acid, and 10 g of lipase were put into a
precipitate glass using 120mL of solvent; the reactionmixture
was warmed at 42∘C and mixed by stirring at 355 rpm; then
160mL of hydrogen peroxide at 30% drop by drop was
added. After 24 hours, the reaction was filtered to recover the
enzyme.Theproductwas purified by successive extractions of
3 × 20mL of Na

2
CO
3
solution at 10% and 1 × 20mL of water;

finally ELO was dried using MgSO
4
anhydrous. The product

was characterized by FTIR-ATR, 1H NMR, DSC, and TGA.
For synthesis of functionalized ELO with propargyl alco-

hol (PAELO), a mixture of 0.5 g of ELO, ZnCl
2
at different

percentages (5–20%), and 0.5mL of propargyl alcohol was
heated at different temperatures (60–90∘C) and times (3–
20 h); a change of color was observed from white to amber
or red. PA and ZnCl

2
were extracted with water; the product

was filtered and solved in acetone; finally it was dried by a
rotary evaporator and by a vacuum line. These conditions
were carried out in order to found those that render the
maximal functionalization without side reactions. Products
were characterized by FTIR-ATR, 1H NMR, DSC, and TGA.

In order to form the diacetylene groups, a coupling C–C
of terminal acetylenes was carried out at room temperature
by the Hay reaction [26, 27]. PAELO was dissolved in
chloroform, while an aqueous solution of CuCl and TMEDA
in stoichiometric ratio 1 : 1 was prepared; both solutions were
placed together and mixed by magnetic stirring under an air
flow. After 40min the reaction was stopped and a solid was
observed; the organic solvent was evaporated. The catalyst
obtained in situ Cu(TMEDA) [28] was extracted with water
many times as necessary until the characteristic blue color
was not observed.The final product was a yellow solid which
was dried and characterized by FTIR-ATR, DSC, TGA, and
UV-Vis spectroscopy.

The diacetylene-polymer composites (DAELO-
MWCNTs) were prepared in three steps: first a polymer
solution of 10mg/mL in chloroformwasmade andMWCNTs
at concentrations between 0.1 and 1.2mg/mL were dispersed
in chloroform by an ultrasonic bath for 30 minutes at
35MHz and 70W. On the second step, equal volumes were
mixed and sonicated for 30 minutes more; finally 1mL of the
final solution was placed inside stainless steel cylinders of
14mm diameter mounted on glass plates. Once the solvent
was evaporated slowly (casting technique), the films were
placed in an oven at 70∘C; once the samples were dried,
two parallel lines of silver contacts on the surface were
placed using conductive silver paint. In order to compare
the effect of diacetylenes in the polymeric structure, ELO-
polymer composites were made under the same conditions,
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Figure 2: Simplified scheme for the synthesis of the polymeric matrix.

but because ELO is a liquid monomer, films of the mixture
on glass substrates were cured at 220∘C for 2 h.

For electrical characterization, 𝐼-𝑉 relationship was mea-
sured by the two-point technique with an electrometer
Keithley 6717A. Samples with 1, 3, 4, 5, 8, 10, and 12% (W/W)
of MWCNTs were measured; for this polymer’s MWC-
NTs composites, an 𝐼-𝑉 lineal correlation was observed at
potentials between 10 and 100mV. The electrical resistance
and the resistivity of the films were calculated and plotted
against MWCNTs percentage (W/W). The thicknesses of
the layers were measured using a profilometer Sloan Dektak
IIA. Four samples were averaged for each point of the
electrical resistance. The percolation theory was applied in
order to calculate the percolation threshold, at the onset of the
network; electrical resistivity obeys the power law relation:

𝜎 = 𝜎
𝑚
(𝜙 − 𝜙

𝑐
)
𝛽

, (1)

where 𝜎 is the electrical resistivity of the polymeric com-
pound, 𝜙 is the filler concentration, 𝜙

𝑐
is the critical filler

concentration or percolation threshold, and 𝛽 and 𝜎
𝑚

are
fitting constant. The adjustment was made using Origin
6.0 software. Three free parameters 𝜎

𝑚
, 𝜙
𝑐
, and 𝛽 were

considered, where 𝜎
𝑚
is the proportionality constant. Best

fitting curves were obtained for 𝛽 very close to −1.65; then
𝛽was fixed to this value and numerical interactions were run
again until reaching 0.99 of data correlation.

3. Results and Discussion

ELO was synthesized by a chemoenzymatic reaction
(Figure 2). The epoxy rings formation was confirmed by
FTIR-ATR, 1H NMR, and DCS. By FTIR-ATR, the band at
821 cm−1 corresponding to the ](C–O) from epoxy groups
was observed (Figure 3(b)), whereas those corresponding
to the double bonds at 1650 and 3008 do not (Figure 3(a)).
The 1H NMR spectrum also showed the signals from epoxy
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Figure 3: FTIR-ATR spectra of (a) LO, (b) ELO, (c) APELO, and (d)
DAELO.

rings between 2.90 and 3.21 ppm, integrating 11.5 hydrogens
(Figure 4(b)); these signals allowed calculating the epoxy
groups percentage; it was 96% with respect to the signals
from the double bonds between 5.23 and 5.42 ppm in the 1H
NMR spectrum of LO integrating 12 hydrogens (Figure 4(a)).
The signal of hydrogens from double bonds in the ELO
spectrum integrates only 0.56. Molecular weight of LO and
ELOwas calculated by integration of their respective spectra;
for the first one it was 879 g/mol and for the second one it
was 970 g/mol. In DSC an exothermic peak between 205 and
275∘C was observed which corresponds to the ring opening
of epoxy groups (Figure 5(a)) [29].
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Figure 4: 1H NMR 300MHz, CDCl
3
of (a) LO, (b) ELO, and (c) APELO.
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Figure 5: DSC and TGA runs of (a) ELO and (b) APELO (solid lines) and DAELO (dashed lines). Heating rate of 20∘C/min under nitrogen
atmosphere.

ELO was functionalized with PA by an epoxy ring
opening reaction catalyzed by ZnCl

2
; PAwas used as reactant

and solvent in order to obtain better results. The higher
percent of functionalization (27%) was obtained when the
reaction was carried out at 80∘C, 20 h, and 20mol percent of
catalyst. The products were characterized by FTIR-ATR and
1H NMR. In the FTIR-ATR spectra the bands of ](C≡C–H)
at 3271 cm−1 and ](C≡C) at 2121 cm−1 were observed as well
as the characteristic band centered around 3450 cm−1 from
hydroxyl groups (Figure 3(c)); the band from epoxy groups
was not observed. On the other hand, in the 1H NMR spec-
trum of APELO, the signal of methylene from PA appeared as
a doublet at 4.68 ppm; 𝐽 = 3Hz (Figure 4(c)); the integration

allowed calculating the percent of functionalization with
respect to the epoxy groups; for the highest functionalization
(28%) the integral had a value of 3.20, corresponding to
1.6 acetylene groups. When the reaction was carried out for
only 5 h, the functionalization was of 26%; therefore, these
conditions were used for the APELO synthesis. Results for
other conditions are shown in Table 1. Low values should be
due to hydroxyl group formation which attack epoxy rings
to form ethers. This is evidenced by IR (Figure 3), where the
band of ](C–O) at 1037 cm−1 is more intense than in ELO and
LO spectra.

Cross-linking of acetylenes of PAELO was carried out
by the Hay reaction. The product obtained (DAELO) was
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Figure 6: SEM micrographs of polymeric composites with (a) 5% and (b) 10% of MWCNTs, 30 kV, and 5000x.

Table 1: Results of the functionalization of ELO with PA at different
conditions.

Catalyst
(%)

Reaction
time

Temperature
(∘C)

Functionalization
(%)

10 5 80 8
20 3 80 19
20 5 80 26
20 20 80 27
20 5 70 22
20 8 70 20
30 5 70 20

a yellow solid which was characterized by FTIR-ATR, DSC,
and TGA. In FTIR, the band of ](C≡C–H) at 3270 cm−1
diminished with respect to PAELO which confirm the C–
C coupling (Figure 3(d)). This coupling improves thermal
stability as shown by TGA (Figure 5(b)). The 𝑇

10
for DAELO

was 216∘C, whereas for PAELO it was 154∘C. In DSC an
exothermic peak starts at 176 and 187∘C for PAELO and
DAELO, respectively, owing to their corresponding decom-
position.

Once the resin is obtained, the polymeric compounds
were prepared according to the experimental section. Chlo-
roform was chosen as solvent due to the fact that it has been
used at high MWCNTs concentrations [30]. Interestingly,
only one hour of ultrasound was enough to disperse the
MWCNTs inasmuch as longer timesmight cause fractures on
CNTs [24]. Dispersion was confirmed by images from SEM
(Figure 6) for samples with 5 and 10% at 5000x.

The electrical resistance of DAELO-MWCNTs com-
poundswasmeasured for samples with 1, 3, 4, 5, 8, 10, and 12%
(W/W) of MWCNTs at potentials between 10 and 100mV;
in all cases a lineal relation was obtained, indicating an
adequate electric contact between the network of MWCNTs
and a very good distribution of them in the matrix. It is
also noted that a good tendency of resistivity is obtained
in the limits of the percolation theory; this is difficult to
reach for other particles if the synthesis conditions are not
optimized. Resistivity values are shown in Figure 7; these

MWCNT (% W/W)

107
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103

102

0 2 4 6 8 10 12

𝜎 = 4799.77(𝜙 − 0.986)−1.65

𝜌
(k

Ω
·m

)

Figure 7: Resistivity as a function of MWCNTs percentage (W/W),
mean value ± SD (𝑛 = 4), and their adjusted curve.

were adjusted by percolation threshold equation finding
the critical concentration at 0.99% (W/W) which is similar
to other polymer MWCNTs compounds; for example, the
percolation threshold for polystyrene-single walled carbon
nanotubes composites was at 1.5% (W/W) [31], whereas
for polyvinylidene fluoride MWCNTs it was at 0.95% [32].
Although the density of DAELO was slightly lower than
ELO, the volumetric fraction of MWCNTs was similar in
both compounds. In comparison, themeasured compositions
of ELO-composites always had a higher value of resistivity
and a higher error, indicating a major problem of dispersion
of CNTs in that molecule; even if it is true, the resistivity
of ELO without CNTs is higher than DAELO; results are
given in Table 2. This result could be explained in terms of
𝜋 interactions between the electrical density of diacetylenes
groups (1 per molecule in average) and electrical density of
MWCNTs allowing a better dispersion [33]. By tailoring the
polymer matrix, it is possible to improve the interactions
between the electronic density of the functional groups in the
polymers and the CNTs reaching a low critical concentration
in the electrical conductive composites.
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Table 2: Comparison of resistivity of composites at different
percentage of MWCNTs.

MWCNTs
(W/W)

𝜌 (kΩ⋅m)
DAELO-MWCNTs

𝜌 (kΩ⋅m)
ELO-MWCNTs

0 7.1 × 107 1.7 × 109

1 9.08 × 106 ± 4.9 × 106 —
3 1559 ± 1143 —
4 686 ± 196 —
5 408 ± 19 4697 ± 1642
8 170 ± 31 5711 ± 3658
10 99.7 ± 27.5 3160 ± 944
12 81.6 ± 5.7 3101 ± 1392
Densities of ELO, DAELO, and MWCNTs were 0.99, 0.89, and 1.9 g/cm3,
respectively.

4. Conclusions

In this work, the functionalization of ELO with PA was only
27%; however it was possible to make a resin by oxidative
coupling of the terminal alkynes; this resinwas used asmatrix
for the polymer MWCNTs composites formation where
the introduction of a few diacetylenes groups allows the
dispersion of MWCNTs with a short time of sonication. The
percolation threshold was at low concentration of conductive
particles; these decreased the electrical resistivity in five
orders of magnitude from 1% to 10% in weight of MWCNTs.
Because the combination of CNTs and polymers with 𝜋
electrons had been of interest for electronic devices, we think
that these composites may have potential application, for
example, in vapor sensors.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The authors are grateful to the Universidad Autónoma del
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and S. Hernández-López, “Chemical functionalization of car-
bon nanotubes and its effects on electrical conductivity,” Journal
of Nano Research, vol. 28, pp. 51–61, 2014.
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First principle calculations based on density functional theory with the generalized gradient approximation were carried out to
investigate the energetic and electronic properties of carbon and boron nitride double-wall hetero-nanotubes (C/BN-DWHNTs)
with different chirality and size, including an armchair (𝑛, 𝑛) carbon nanotube (CNT) enclosed in (𝑚, 𝑚) boron nitride nanotube
(BNNT) and a zigzag (𝑛, 0) CNT enclosed in (𝑚, 0) BNNT.The electronic structure of these DWHNTs under a transverse electric
field was also investigated. The ability to tune the band gap with changing the intertube distance (𝑑

𝑖
) and imposing an external

electric field (𝐹) of zigzag DWHNTs provides the possibility for future electronic and electrooptic nanodevice applications.

1. Introduction

Carbon nanotubes (CNTs) play a very important role in
nanodevice applications due to their novel properties. by
comparison with CNTs, boron nitride nanotubes (BNNTs)
are formed with similar structures, however, of very distinc-
tive properties [1]. Of similar crystalline structure, hexagonal
boron nitride (h-BN) has been considered as a potential
substrate material for graphene [1, 2]. Recently, the structures
of bilayer and trilayer graphene/h-BN have been reported
with tunable band gaps for electronic device applications [3–
5].

Hexagonal boron nitride shares similar crystalline struc-
ture with graphene, and it is slightly lattice-mismatched from
graphene by about 1.5%, which implies that it is possible to
form hetero-nanostructures. BNNTs’ growth on CNT has
successfully been applied to nanowires [6]. Several studies
have also been conducted on BN-coated CNTs [7, 8]. The
BNNT around the CNTs effectively helps to protect them and
makes them more stable; for example, oxidation degradation
of CNTs is reduced by coating with BNNTs, and the thermal
stability of CNT@BNNTs is far superior to CNTs [9].

An efficient way to modify the band gap of nanotubes is
to apply an external electric field 𝐹 [10]. The response of the
nanotube to 𝐹 is of interest for studying its future application,
such as that in logic gates, static memory cells, and sensor

devices [11–13]. Ab initio calculation showed that band gaps of
both CNTs and BNNTs can be greatly reduced by a transverse
electric filed [14, 15]. An intriguing question to answer is
whether external electric fields can also be an efficient way
to modulate the electronic properties of C/BN-DWHNTs.

However, a first-principles study on the stability as well
as the electronic properties modulated with 𝑑

𝑖
and 𝐹 of

C/BN-DWHNTs is not available. To fill the deficiency, in this
work, we performed a series of first-principles calculations
to study the coaxial CNT@BNNT and to examine the
electric field shielding effect of BNNT on the inside CNT.
We calculated the band structures of coaxial CNT@BNNT
consisting of armchair and zigzag CNT cores and BNNT
sheaths, focusing on the band structure variations with 𝑑

𝑖
and

𝐹. The relative insensitivity of armchair CNT@BNNT to 𝐹, at
least for the few cases considered here, suggests that zigzag
CNT@BNNT would be a suitable candidate for double-wall
hetero-nanotubes devices.

2. Calculation Methods

The geometric structure optimization and calculation of the
related electrical properties of the CNT@BNNT with no 𝐹
were conducted using SIESTA [16, 17] and adopted norm-
conserving nonlocal pseudopotentials for the atomic core.

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 326294, 9 pages
http://dx.doi.org/10.1155/2015/326294

http://dx.doi.org/10.1155/2015/326294


2 Journal of Nanomaterials

(A) (B)

(a)

2 3 4 5 6

En
er

gy
 (k

J/m
ol

)

12

8

4

0

−4

di (Å)

Zigzag C(n, 0)@BN(m, 0)
Armchair C(n, n)@BN(m, m)

(b)

Figure 1: Structure of the optimized CNT(5, 5)@BNNT(10, 10): (a) top view (A) and side view (B). (b) The formation energy 𝐸
𝑓
variation

versus intertube distance 𝑑
𝑖
. I and ◻ are the formation energy of calculated armchair and zigzag DWHNTs, respectively. The solid line was
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The Perdew, Burke, and Ernzerhof (PBE) form generalized
gradient approximation (GGA) corrections were employed
for the exchange-correlation potential energy [18]. The
atomic orbital basis set employed throughout was double-𝜁
plus polarization functions (DZP). Periodic boundary con-
dition along the axis was employed for nanotubes. Brillouin
zones were sampled by a set of 𝑘-points grid (1 × 1 × 8)
according to the Monkhorst-Pack approximation [19].

When electric field was imposed, the calculation was
using density functional theory available in DMol3 code [20,
21]. The PBE function [22] of GGA was used to calculate
the exchange-correlation potential energy, the all electron
approach was used, and the orbit population parameter
smearing was set at 0.0005 a.u.

Our models were constructed within a tetragonal super
cell with lattice constants of 𝑎 and 𝑏 equaling 40 Å to avoid
the interaction between two adjacent nanotubes and 𝑐, the
lattice constant in 𝑧 direction along the tube axis, equaling
one-dimensional (1D) lattice parameter of the nanotubes.

The tube was taken along the 𝑧 direction and the circular
cross section was lying in the (𝑥, 𝑦) plane. Both the CNT and
BNNTs structureswere fully optimized until the force on each
atom was less than 0.005 eV Å−1 during relaxation.

The van derWaals interactions are very important in two-
dimensional materials [23], especially in layered structures.
The van der Waals force has obvious effect on the adsorption
energy and adsorption position and height [24–26]. In this
paper, the distances of the CNT and BNNT are fixed,
and the optimization does not change the C/BN-DWHNTs
structures. The van der Waals interactions could increase
the value of 𝐸

𝑓
, but they should not affect the electronic

properties of C/BN-DWHNTs [10].

3. Results and Discussion

Two types of C/BN-DWHNTs were investigated, zigzag
and armchair. The zigzag C/BN-DWHNTs are studies that
include CNT(𝑛, 0)@BNNT(𝑚, 0) (𝑛 = 6–10, 𝑚 = 14–20).
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Figure 2: Band structures of (a) armchair CNT(5, 5)@BNNT(10, 10), (b) armchair CNT(6, 6)@BNNT(11, 11), (c) armchair CNT(7,
7)@BNNT(12, 12), (d) zigzag CNT(6, 0)@BNNT(15, 0), (e) zigzag CNT(7, 0)@BNNT(16, 0), (f) zigzag CNT(8, 0)@BNNT(17, 0), (g) zigzag
CNT(9, 0)@BNNT(18, 0), (h) zigzag CNT(10, 0)@BNNT(19, 0), and (i) zigzag CNT(11, 0)@BNNT(20, 0).
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and (C) density of state of single-wall CNT (7, 0). The Fermi level lies at 0 eV (dash line). (b) Density of state of CNT(7, 0)@BNNT(14, 0) and
CNT(7, 0)@BNNT(16, 0) DWHNTs.

The armchair C/BN-DWHNTs considered are CNT(𝑛,
𝑛)@BNNT(𝑚, 𝑚) (𝑛 = 5–7, 𝑚 = 8–13). Figure 1(a) gives an
illustration of the coaxial armchair CNT(5, 5) inside armchair
BNNT(10, 10), the left (right) panel for the top (lateral) view
of the initial structure.

The calculated covalent bond lengths of the various
C/BN-DWHNTs in the fully optimized structures are listed
in Table 1. For any C/BN-DWHNTs, we define the binding
energy per atom as 𝐸

𝑏
= [𝐸
@

𝑡
− 𝑥𝐸

C
− 𝑦(𝐸

B
+ 𝐸

N
)]/(𝑥 + 𝑦),

where 𝐸C, 𝐸B, and 𝐸N are the energy of isolated carbon,
boron, and nitride atoms, respectively. 𝐸@

𝑡
is the total energy

of a C/BN-DWHNT, 𝑥 is the number of C atoms, and 𝑦 is the
number of B and N atoms. The formation energy 𝐸

𝑓
(𝐸
𝑓
=

𝐸
@

𝑏
− 𝐸

C
𝑏
− 𝐸

BN
𝑏
) of each C/BN-DWHNT is also calculated, in

which the 𝐸C
𝑏
and 𝐸BN

𝑏
are the binding energy of free standing

CNT and BNNT, respectively.
The stability of C/BN-DWHNTs is determined by the

interaction force between the inner and outer nanotubes,
as shown in Table 1. The formation energy 𝐸

𝑓
varying with

𝑑
𝑖
was plotted in Figure 1(b). When 𝑑

𝑖
= ∼2.60 Å, 𝐸

𝑓
is

positive, which means the free standing CNT and BNNT are
favorite in energy. When 𝑑

𝑖
= ∼3.5 Å, the armchair C/BN-

DWHNTs have the lowest binding energy and formation
energy, meaning that the armchair C/BN-DWHNTs at 𝑑

𝑖
=

∼3.5 Å are more possible to exist. This result is in agreement
with the literature [27], in which Yuan and Liew have studied
the coaxial CNT@BNNT nanocables and found that the
optimal intertube distances between inner C tube and the
outer BN are about 3.5 Å for armchair nanocables.

The distance 𝑑
𝑖
of the armchair C/BN-DWHNTs can be

approximately evaluated by the expression as 𝑑
𝑖
= 3(𝑚𝑎B-N −

𝑛𝑎C-C)/2𝜋; here 𝑎B-N and 𝑎C-C are the bond lengths of
outer BNNT and inner CNT, respectively. Let 𝑑

𝑖
= 3.5 Å;

the possible stable structures are CNT(𝑛, 𝑛)@BNNT(𝑚, 𝑚)
(𝑚 − 𝑛 = 5), for example, CNT(5, 5)@BNNT(10, 10), CNT(6,
6)@BNNT(11, 11), and CNT(7, 7)@BNNT(12, 12) DWHNTs
(see Table 1(a)). Taking the armchair CNT(5, 5)@BNNT(𝑚,
𝑚) (𝑚 = 8–13) nanotubes as examples, the covalent bond
lengths in the fully optimized CNT and BNNT are 1.43 and
1.45 Å, respectively. When 𝑑

𝑖
= ∼2.60 Å, the bond length of

inner CNT was suppressed to 1.385 Å and the bond length of
outer BNNT was extended to 1.540 Å in the perpendicular
direction. This result indicates the occurrence of greater
repulsive interactions between the inner CNT and the outer
BNNT.

The calculated covalent bond lengths of the various
zigzag DWHNTs in fully optimized structures are listed in
Table 1(b). When 𝑑

𝑖
= ∼3.6 Å, the zigzag C/BN-DWHNTs

have the lowest binding energy and formation energy. It
means that the C/BN-DWHNTs at 𝑑

𝑖
= ∼3.6 Å are more

possible to exist. For zigzag configurations, the distance 𝑑
𝑖
is

as follows: 𝑑 = √3 (𝑚𝑎B-N − 𝑛𝑎C-C)/2𝜋; letting 𝑑 = 3.6 Å,
the possible stable structures are CNT(𝑛, 0)@BNNT(𝑚, 0)
(𝑚 − 𝑛 = 9), for example, CNT(6, 0)@BNNT(15, 0), CNT(7,
0)@BNNT(16, 0) DWHNTs.

The calculated band structures of C/BN-DWHNTs are
shown in Figure 2.The armchair C/BN-DWHNTs are metal-
lic, with the lowest conduction band and the highest valence
band crossing over the Fermi level at∼2/3 along Γ-𝑍 direction
in reciprocal space.The electric band structure near the Femi
level is very similar to the CNTs because the lowest conduc-
tion band and the highest valence band are determined by
the carbon atoms. We also found that changing 𝑑

𝑖
cannot be

an efficient way to open the band gap for armchair C/BN-
DWHNTs.

The calculated band gaps (𝐸
𝑔
) of the single-wall CNT(𝑛,

0) are 0.19, 0.58, 0.04, 0.78, and 0.87 eV for 𝑛 = 7–11,
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Figure 4: (a) Band structures of CNT(5, 5) under an external electric field of (A) 𝐹 = 0V/Å, (B) 𝐹 = 0.1V/Å, and (C) 𝐹 = 0.15V/Å along
𝑦-axis, respectively. (b) Band structures for CNT(5, 5)@BNNT(10, 10) under (A) 𝐹 = 0V/Å, (B) 𝐹 = 0.1V/Å, and (C) 𝐹 = 0.15V/Å along
𝑦-axis, respectively.

respectively, which are consistent with results of similar
studies [28]. For the zigzag DWHNTs, 𝑑

𝑖
affects the band

gap of C/BN-DWHNTs. A different size CNT(7, 0) was
considered as the inner tube of the zigzag C/BN-DWHNTs.
The calculated band gaps are listed in Table 1(b). All the
zigzag CNT(7, 0)@BNNT structures are found to be direct
gap semiconductors with both the valence band top and
conduction band bottom at the Γ point. In Figure 3(a),
analysis of the PDOS of CNT(7, 0)@BNNT indicated that p
orbitals of the carbon atoms dominate the band near Femi
level. However, for CNT(7, 0)@BNNT(14, 0), the p orbitals
of the nitrogen atoms have a contribution to the bands near

the Femi level, which also proved the stronger interaction
when the 𝑑

𝑖
strayed from ∼3.6 Å. Figure 3(b) shows the DOS

of CNT(7, 0)@BNNT(14, 0) and CNT(7, 0)@BNNT(16, 0)
DWHNTs.The band gap of CNT(7, 0)@BNNT(14, 0) became
small when comparing with the CNT(7, 0)@BNNT(16, 0)
during the stronger intertube interactions.

After the CNTs were encapsulated into the BNNT, for
the stable structure such as CNT(5, 5)@BNNT(10, 10), their
geometries changed little. To study the effect of the transverse
electric field on the electronic structure of the nanotubes,
F along y direction (perpendicular to the tube axis) was
imposed. We first examined the electronic properties of
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Table 1: (a) Calculated bond lengths (𝑎C-C and 𝑎B-N) in the direction of the tube axis (𝑧) and in the perpendicular direction (𝑟), intertube
spacing (𝑑

𝑖
), the unit being Å, the binding energy (𝐸

𝑏
), and the forming energy (𝐸

𝑓
) in kJ/mol of different geometrically optimized armchair

double-wall hetero-nanotube optimizations. (b) Calculated bond lengths (𝑎C-C and 𝑎B-N) in the perpendicular direction (𝑟), intertube spacing
(𝑑
𝑖
), the unit being Å, the binding energy (𝐸

𝑏
kJ/mol) and the forming energy (𝐸

𝑓
kJ/mol) kJmol−1, and GGA band gap (𝐸

𝑔
eV) of different

geometrically optimized zigzag double-wall hetero-nanotube optimizations. (c)The calculated bond lengths (𝑎C-C and 𝑎B-N) of various double-
wall hetero-nanotubes, in the direction of the tube axis (𝑧) and in the perpendicular direction (𝑟), and intertube spacing (𝑑

𝑖
) of different

geometrically optimized double-wall hetero-nanotube optimizations; the unit is Å.

(a)

𝑎C-C 𝑎B-N
𝑑
𝑖

𝐸
𝑏

𝐸
𝑓

𝑟 𝑧 𝑟 𝑧

CNT(5, 5)@BNNT(8, 8) 1.385 1.418 1.540 1.471 2.60 −761.89 12.537
CNT(5, 5)@BNNT(9, 9) 1.420 1.434 1.473 1.453 2.97 −773.74 −0.493
CNT(5, 5)@BNNT(10, 10) 1.435 1.441 1.439 1.441 3.45 −774.41 −2.450
CNT(5, 5)@BNNT(11, 11) 1.441 1.443 1.438 1.441 4.08 −772.29 −1.455
CNT(5, 5)@BNNT(12, 12) 1.436 1.440 1.444 1.442 4.83 −769.60 −0.023
CNT(5, 5)@BNNT(13, 13) 1.434 1.440 1.448 1.444 5.54 −768.83 −0.013
CNT(6, 6)@BNNT(10, 10) 1.416 1.431 1.473 1.453 3.03 −777.50 −0.641
CNT(6, 6)@BNNT(11, 11) 1.433 1.440 1.446 1.445 3.49 −778.17 −2.689
CNT(6, 6)@BNNT(12, 12) 1.440 1.444 1.439 1.441 4.15 −775.66 −1.376
CNT(7, 7)@BNNT(12, 12) 1.431 1.438 1.448 1.445 3.50 −780.77 −2.657

(b)

𝑎C-C 𝑎B-N
𝑑
𝑖

𝐸
𝑏

𝐸
𝑓

𝐸
𝑔

𝑟 𝑟

CNT(6, 0)@BNNT(13, 0) 1.439 1.466 2.947 −763.81 −0.173 Metallic
CNT(6, 0)@BNNT(14, 0) 1.450 1.452 3.260 −765.74 −2.488 Metallic
CNT(6, 0)@BNNT(15, 0) 1.450 1.447 3.601 −765.55 −2.678 Metallic
CNT(6, 0)@BNNT(16, 0) 1.458 1.445 4.043 −764.40 −1.919 Metallic
CNT(6, 0)@BNNT(17, 0) 1.458 1.443 4.412 −762.85 −0.705 Metallic
CNT(7, 0)@BNNT(14, 0) 1.431 1.466 2.987 −768.25 −0.271 0.146
CNT(7, 0)@BNNT(15, 0) 1.440 1.453 3.240 −769.60 −2.457 0.247
CNT(7, 0)@BNNT(16, 0) 1.446 1.446 3.670 −769.50 −2.685 0.302
CNT(7, 0)@BNNT(17, 0) 1.449 1.443 3.979 −768.25 −1.829 0.281
CNT(7, 0)@BNNT(18, 0) 1.449 1.442 4.444 −766.51 −0.731 0.262
CNT(8, 0)@BNNT(16, 0) 1.439 1.453 3.288 −773.45 −2.467 0.492
CNT(8, 0)@BNNT(17, 0) 1.444 1.446 3.636 −772.49 −2.581 0.558
CNT(9, 0)@BNNT(17, 0) 1.436 1.453 3.305 −775.66 −2.395 0.034
CNT(9, 0)@BNNT(18, 0) 1.443 1.445 3.627 −775.09 −2.608 0.027
CNT(10, 0)@BNNT(18, 0) 1.434 1.452 3.368 −777.78 −2.471 0.805
CNT(10, 0)@BNNT(19, 0) 1.441 1.444 3.603 −777.11 −2.571 0.811
CNT(11, 0)@BNNT(20, 0) 1.442 1.444 3.610 −776.15 −2.558 0.814
CNT(11, 0)@BNNT(21, 0) 1.441 1.442 3.976 −777.30 −1.799 0.808

(c)

CNT(5, 5)@BNNT(10, 10)
𝐸 (V/Å) 0 0.1 0.25
𝑎C-C
𝑧 1.435 1.433–1.437 1.439–1.431

𝑎C-C
𝑟 1.435 1.434–1.436 1.433–1.440

𝑎B-N
𝑧 1.439 1.434–1.440 1.429–1.447

𝑎B-N
𝑟 1.441 1.447–1.472 1.438–1.508

𝑑
𝑖𝑥

3.592 3.614 3.697
𝑑
𝑖𝑦

3.602 3.597 3.581
CNT(5, 5)

𝐸 (V/Å) 0 0.1 0.25 (distortion)
𝑎C-C
𝑧 1.425 1.424–1.428 1.421–1.437

𝑎C-C
𝑟 1.426 1.426–1.431 1.392–1.476

BNNT(10, 10)
𝐸 (V/Å) 0 0.1 0.25
𝑎C-C
𝑧 1.436 1.435–1.437 1.436–1.444

𝑎C-C
𝑟 1.452 1.447–1.452 1.432–1.457
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Figure 5: PDOS of CNT(5, 5) and BNNT(10, 10) under an external electric field of (a) 𝐹 = 0V/Å and (b) 𝐹 = 0.25V/Å, respectively. PDOS
of CNT(5, 5)@BNNT(10, 10) under an external electric field of (c) 𝐹 = 0V/Å and (d) 𝐹 = 0.25V/Å, respectively. The Fermi level lies at 0 eV
(dotted line). The solid line corresponds to p-state of C, B, and N at pristine CNT(5, 5) and BNNT(10, 10), respectively.

the CNT(5, 5) under an electronic field (see Figure 4(a)).
The CNT(5, 5) remains semimetallic with an enhancement
of density of states around the Fermi level with increasing the
eternal electrical field. Two linear bands became flat (local-
ized) around the Femi level in CNT(5, 5) with increasing field
strengths. It can therefore be inferred that the conductance
will be greatly enhanced. And the results were well consistent
with the literature [29]. The calculated values of the band
structures for the armchair CNT(5, 5)@BNNT(10, 10) at
𝐹 = 0, 0.1 and 0.15 V/Å are presented in Figure 4(b). There
is no distinct difference between the electronic structures
of the CNT(5, 5)@BNNT(10, 10) under different transverse
electric fields. It shows that the transverse field does not
affect the electric structures evidently. Whereas the band
structures for CNT(5, 5) under 𝐹 = 0 and 𝐹 = 0.25V/Å
show a striking contrast, the band structures for the CNT(5,
5)@BNNT(10, 10) under 𝐹 = 0 and 𝐹 = 0.25V/Å are
quite similar. The same phenomenon has been found for
CNT (6, 6)@BNNT(10, 10) and CNT (7, 7)@BNNT(12, 12)
DWHNTs when 𝐹 is smaller than critical 𝐹

𝑐
(here 𝐹

𝑐
is a

boundary when 𝐹 > 𝐹
𝑐
, the band structure of armchair

CNT@BNNT would change abruptly, when 𝐹 < 𝐹
𝑐
, and the

band structure of armchairCNT@BNNTwould keep original
shape). See the results in Table 1(c); both CNT and BNNT
single-walled nanotubes experience large structural changes
after geometric optimization with increasing 𝐹. When 𝐹 =
0.25V/Å, optimized CNT(5, 5) was distortion.

However, with increasing𝐹, theDOS of the CNT@BNNT
is not a simple superposition of the DOS for the individual
CNT and pristine BNNT under 𝐹. The peak heights for sev-
eral particular states on theDOS aremoderately strengthened
or weakened due to the tube-tube interaction. To explore the
origin of this phenomenon, the PDOS for C, B, and N in
pristine CNT(5, 5), BNNT(10, 10), and CNT(5, 5)@BNNT(10,
10) under electric fields 𝐹 = 0 and 0.25V/Å was plotted,
respectively, as shown in Figure 5. The calculated PDOS
indicates that the 𝑝-states of carbon atoms contribute mainly
to the energy levels near the Femi level. The 𝑝-states of
boron and nitrogen in pristine BNNT are very sensitive to
the 𝐹. However, the change is not obvious in the heterostruc-
ture, which maybe caused by the effect of the tube-tube
interaction.
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We also examined the electronic properties of the zigzag
CNT (7, 0)@BNNT(16, 0) and CNT(10, 0)@BNNT(18, 0)
under an electronic field. We found that with increasing 𝐹
the band gap of zigzag CNT (7, 0)@BNNT(16, 0) decreases
gradually, and the phenomena are similar to the single-
wall CNT (7, 0) under an electronic field. Though the band
structure of zigzag CNT(10, 0)@BNNT(18, 0) also decreases
gradually with increasing𝐹, it is different from the single-wall
CNT(10, 0), because of the increasing intertube interactions.

4. Conclusions

The electronic structures of the double-wall hetero-
nanotubes near the Fermi level are dominated by the
𝑝-electrons of carbon atoms; the band structure of the
armchair DWHNTs is difficult to modulate with changing
intertube distance. However, either changing intertube
distance or imposing electric field is the efficient way to
modulated the band structure of zigzag DWHNTs. Our
results suggest an interesting avenue of exploring novel
heterostructure of CNT@BNNT for potentially important
applications in CNT@BNNT-based nanodevices.
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Graphene, a material composed of one-atom-thick planar sheets of sp2-bonded carbon atoms with a two-dimensional honeycomb
structure, has been proposed for many applications due to its remarkable electronic, optical, thermal, and mechanical properties.
Its high transparency, conductivity, flexibility, and abundance make it an excellent material to be applied in the field of
organic photovoltaic cells, especially as a replacement for transparent conducting oxide electrodes. However, graphene has been
demonstrated to be useful not only as substitute for indium tin oxide electrodes, but also as cathode, electron acceptor, hole
transport, and electron extraction material. Thus, in this work, we summarize and discuss the efficiency of bulk heterojunction
devices using graphene as a main constituent.

1. Introduction

Organic solar cells (OSCs) belong to the class of photovoltaic
devices known as excitonic solar cells, which are char-
acterized by strongly bound electron-hole pairs (excitons)
that are formed after excitation with light. Strongly bound
excitons exist in these materials as a consequence of the
low dielectric constants in the organic components, which
are insufficient to affect direct electron-hole dissociation, as
it is found in their high dielectric inorganic counterparts.
In excitonic solar cells, exciton dissociation occurs almost
exclusively at the interface between two materials of different
electron affinities (and/or ionization potentials): the electron
donor and the electron acceptor. To generate an effective
photocurrent in these organic solar cells, an appropriate
donor-acceptor pair and device architecturemust be selected.
Two main approaches have been explored in the effort to

develop viable devices: the donor-acceptor bilayer and the so-
called bulk heterojunction (BHJ), which is represented in the
ideal case as a bicontinuous composite of donor and acceptor
phases, thereby not only maximizing the donor/acceptor
interface for efficient exciton dissociation, but also forming
a nanoscale interpenetrating network for charge transport to
the electrodes [1, 2] (Figure 1). Organic solar cell research and
device development still have a long way to go to compete
with inorganic solar cells. The efficiency of inorganic devices
can top 20% and the development of inorganic thin-layer and
multijunction instruments will likely lead to even better per-
formance. In contrast, the best OSCs, based on the BHJ con-
cept, operate at amaximumof∼8.0% efficiency.However, due
to its low cost, lightweight, high availability of materials, and
easy manufacturing, the OSCs technology turns very appeal-
ing as it could theoretically produce highly efficient devices
[3–5].
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Figure 1: BHJ cell operation mechanism. (a) Exciton generation, (b) exciton dissociation, (c) charge formation, and (d) charge transport and
collection.

Based on the simple consideration that low band gap
materials have the possibility to improve the efficiency of
photovoltaic devices due to a better overlap with the solar
spectrum, it is expected that, for amaximumphoton harvest-
ing in the OSCs, low band gap materials will be employed.
The use of this type ofmaterials results in higher currents that
can lead to higher power conversion efficiency (PCE). Poly-
3-hexylthiophene (P3HT), one of the most used materials as
donor in a BHJ device, exhibits a band gap of 650 nm (1.9 eV)
and thus only has the possibility to harvest up to 22.4% of
the available photons giving a maximum theoretical current
density of 14.3mAcm−2. If P3HT is applied in a BHJ device,
coupled with the most commonly used acceptor (i.e., phenyl-
C
61
-butyric acid methyl ester, PCBM), the band gap extends

to 1000 nm allowing for absorption of 53% of the available
photons giving a maximum current density of 33.9mAcm−2.
However, in practical terms these values cannot be achieved
and the real performance of a P3HT : PCBM system is around
its optimal of about 5% which is lower than a quarter of a
silicon solar cell’s optimal [6, 7].

Graphene, a zero-band-gap semiconductor is a rising star
in materials science (Figure 2). It shows a two-dimensional
(2D) structure consisting of sp2-hybridized carbon and it
is also the thinnest known material in the universe and
the strongest ever measured [8–11]. It exhibits remarkable
electronic and mechanical properties and a considerable
number of new optical effects that have not been observed in
other materials [12, 13]. Its remarkably high carrier mobility,
wide absorption spectral range, andhigh optical transparency
indicate graphene as a cost-effective and abundant material
that qualifies for application in optoelectronic devices such
as displays, light-emitting diodes, and solar cells [14–17].

Different routes are available for the preparation of
graphene [12, 18, 19]. The first involves chemical vapor depo-
sition (CVD) of monolayer of graphite on transition metal
surfaces [20, 21]. The second route is the micromechanical
exfoliation of graphite and involves peeling of the graphene
from graphite using “Scotch” tape [22]. The “Scotch” tape
is then dipped in acetone to release the graphene, which
is subsequently captured on a silicon wafer with a SiO

2

Figure 2: Representation of graphene structure.

(silicon dioxide) layer on top. The third route involves
the epitaxial growth of graphene on electrically insulating
substrates like silicon carbide [23]. However, the second and
third methods are unsuitable for large-scale preparation of
graphene for the fabrication of polymer nanocomposites [19].
Thus, it appears that the only routes to prepare bulk quantities
of graphene and chemically modified graphene (CMG) are
from graphene oxide (GO) and graphite intercalation com-
pounds (GICs).The presence of hydroxyl and epoxide groups
on the graphitic basal planes and carboxyl and carbonyl
groups on the edges of layers makes GO water dispersible
[24]. Thus, on sonication in aqueous media, GO exfoliates
readily into colloidal suspensions of single graphene oxide
layers. Chemical reduction of GO present in the colloidal
suspension with reducing agents is necessary to convert the
electrically insulatingGO layers back to conducting graphene
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suitable for composite applications. The final route by which
bulk quantities of graphene can be prepared is by thermally
reducing GO. This technique involves rapidly heating GO in
inert (argon or nitrogen) environment to produce thermally
reduced expanded graphene oxide (TRGO) [25, 26]. Due
to its wrinkled nature, TRGO do not collapse back to GO
but remain highly agglomerated. However, McAllister et al.
[27] observed that, after TRGO was dispersed by ultrasoni-
cation in appropriate solvents, 80% of the flakes were single
graphene sheets.

Derivatives of graphene, such as GO and reduced
graphene oxide (rGO), are also being widely investigated
from the point of view of primary and practical applications
[16]. rGO can be easily prepared by wet processes such as
spin-, dip-, and spray-coating to give large-area GO films
and by hydrazine vapor treatment to reduce the GO films.
Secondary treatments, such as thermal annealing, have been
indicated to increase the photocurrent and device efficiency
by removing defects and optimizing the morphology of
graphene-based cell constituents [2, 16].

Regarding the PCE in BHJ devices, the highest value was
observed to be ∼7.4% for the device with ITO/PEDOT : PSS/
PBTTT-3 : PC

70
BM/Ca/Al (indium tin oxide/poly(3,4-ethyl-

enedioxythiophene) : poly(styrenesulfonate)/poly(2,5-bis(3 :
tetradecylthiophen-2-yl)thieno(3,2-b)thiophene)/3 : phenyl-
C
70
-butyric acid methyl ester/calcium/aluminum) structure

[16]. Photovoltaic devices based on graphene are still not
as efficient as, for example, devices with ITO electrodes
or organic acceptors mainly because the conductivities of
graphene are relatively low [9, 28]. Theoretical PCEs as high
as 12% have been calculated for graphene-based organic
devices [29], and it has also been proposed that graphene
may favor charge carrier multiplication [30]. Graphene has
proved to be useful not only as substitute for ITO electrodes,
but also as cathode, electron acceptor, hole transport, and
electroextraction material (Figure 3) [15, 31, 32]. Therefore,
this review is intended to examine the efficiency of different
graphene-based devices and the newest trends in order to
maximize their efficiencies.

2. Electrode Material

In BHJ devices, the conventional transparent conductive
electrode used to couple photons into the active layer is exten-
sively the ITO-based electrode that shows a sheet resistance
of less than 100Ω/sq and an optical transparency of ∼90%
[2, 33]. ITO electrodes consume as much as 30% of the fabri-
cation cost in solar cells and their use seems to be increasingly
problematic due to the limited indium source, susceptibility
to ion diffusion into polymer layers, instability in acid or base,
and the brittle nature of metal oxide [34–36]. Additionally,
Krebs et al. reported that the energy involved in processing
the ITO electrode accounts for 87% in roll-to-roll based
OSCs fabrication [37].Thus, a substitute for ITO with similar
performance but lower cost is clearly needed. In this regard,
graphene has risen as a promising electrode material due to
its high theoretical surface area of 2630m2/g and ability to
facilitate electron or hole transfer along its two-dimensional

Substrate

Anode
Hole transport layer
Active layer
Electron extraction layer
Cathode

Acceptor material

Donor material

Figure 3: Configuration of a typical BHJ solar cell.

surface [13, 22, 35]. The high transparency, conductivity,
flexibility, and elemental abundance of graphene indicate that
it is an excellent replacement for transparent conducting
oxide electrodes [38–40]. Graphene transparent electrodes
can be expected to be applied not only for the substitution
of ITO that is usually used as anode but also for cathode for
which low work function metals are used [41, 42].

However, for chemically processed graphene, mainly the
contact resistance of the small graphene flakes and the
insulating property of the graphene chemically reduced from
graphene oxide limit the device performance. The structural
defects and lateral disorder of such chemically exfoliated
graphite affect the carrier mobility of the film negatively
[43]. Therefore, although graphene could provide a low-
cost alternative for ITO, there is still tremendous room
for improvement in terms of enlarging the lateral scale of
graphene in these devices [44].

2.1. Anode. Xu et al. [45] reported on polymer organic photo-
voltaic cells using pure graphene films as the transparent
anode directly fabricated from graphene solutions by spin-
coating, with P3HT as the electron donor and PCBM as
the acceptor. The graphene films reduced with hydrazine
and annealed at temperatures of 300, 500, and 700∘C had
transmittance of 75%, 73%, and 69% at a wavelength of
550 nm, respectively. Under these experimental conditions,
the reduced graphene films could have a sheet resistance
of 17.9 kΩ/sq and a conductivity of 22.3 S/cm which is
comparable with that obtained using more complicated
graphene composites. The current density-voltage (𝐽-𝑉)
characteristic of the device (hydrazine + 700∘C) under
illumination of simulated solar light shows a short-circuit
photocurrent density (𝐽sc) of 1.18mA/cm2 with an open
circuit voltage (𝑉oc) of 0.46V, a calculated filling factor (FF)
of 24.58%, and an overall PCE of 0.13%. The ITO device
used as a reference was fabricated under the same conditions
and had a PCE of 3.59%. The low PCE of the graphene-
based device is likely due to the hydrophobic graphene
film surface which makes it rather hard to get a uniform
poly(3,4-ethylenedioxythiophene) : poly(styrenesulfonate)
(PEDOT : PSS) layer. So, it is highly possible that, with
optimized graphene-electrode conductivity and graphene
film surface wetting property, the performance of these
graphene-electrodes cells could be improved significantly
[45]. Although this approach provides a cost-effective, simple
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solution-based process, the overall PCE of the graphene-
based device is lower than that reported for the best OSCs
based on the BHJ concept (∼8.0%).

Yin et al. [34] indicated that the performance of the
organic devices mainly depends on the charge transport
efficiency through rGO electrodes when the optical transmit-
tance of rGO is above 65%. However, if the transmittance
of rGO is less than 65%, the performance of the device is
dominated by the light transmission efficiency, that is, the
transparency of rGO films. In this work, highly conductive
rGO film was transferred onto a polyethylene terephthalate
(PET) substrate, which was used as the transparent electrode.
The authors reported that lowering the rGO sheet resistance
via increasing the rGO thickness notably enhanced the
current density of devices and thus the overall PCE. In order
to study the effect of rGO thickness on the performance of
the devices, rGO films with different thickness were prepared
(4 nm, 10 nm, 16 nm, and 21 nm). The highest optical trans-
mittance, 88%, was obtained in the 4 nm thick rGO films, but
the sheet resistance dramatically increased to 16.0 kΩ/sq.The
highest PCE obtained in the flexible rGO/PET devices was
0.78% and corresponded to the 16 nm thick rGO cells, which
showed the highest 𝐽sc and 𝑉oc. These devices showed an
excellent stability after applying the bending-induced tension
stress, and their performance was well maintained even after
bending a thousand times [34].

Wang et al. [46] described the fabrication and characteri-
zation of transparent graphene-constructed films (TGFs) to
be used as hole collecting electrodes in organic solar cells.
The transparency of TGFs on quartz was tuned by controlling
the film thickness by varying the solution concentration.
Different thicknesses (30, 22, 12, and 4 nm) had transmittance
of 55, 66, 80, and 90, respectively, at a wavelength of 500 nm.
The electrical characteristics of the as-prepared 30 nm thick
TGFs were evaluated by a four-point probe measurement,
which showed resistance of 1.6 kΩ/sq and a conductivity
of 206 Scm−1. To demonstrate how the TGFs performed as
anodes, organic solar cells were fabricated using a blend
of P3HT and PCBM. The photoactive composite layer was
sandwiched between TGFs/quartz and Ag electrode. The
TGFs on quartz had a sheet resistance of 18 kΩ/sq and a
transmittance of 85% at 500 nm.Thedeviceswere illuminated
with monochromatic light and the highest external quantum
efficiency (EQE) of around 43%was achieved at a wavelength
of 520 nm. This efficiency is comparable to the highest
EQE value of 47% for a reference device fabricated under
similar conditions but with ITO/glass as the anode. The
current-voltage (𝐼-𝑉) characteristics of the device showed a
distinct diode behavior under monochromatic light with a
wavelength of 510 nm. In this case, PCE was of 1.53%, and
under simulated solar light PCE was 0.29% [46].

Wang et al. [44] produced large area, continuous, trans-
parent, and highly conducting few-layered graphene films
(FLGFs) by chemical vapor deposition method to be used as
anode for application in photovoltaic devices. In the solution-
processed organic solar cells, the anode layer should possess
good hydrophilicity to allow the spreading of the hole trans-
port layer. In order to tune the surface wettability without

degrading the conductivity, the graphene film was noncova-
lent modified with pyrene buanoic acid succidymidyl ester
(PBASE) as a result; the PCE was of 1.71%. This performance
corresponds to ∼55.2% of the PCE of a control device based
on an ITO anode. The electronic energy levels of graphene
before and after modification with PBASE were investigated;
the results indicated that graphene maintained a nearly zero-
gap condition after the treatment.Thus, since the main draw-
back of graphene film is its poor hydrophilicity, which led to
a negative effect on the construction of solution-processed
devices, PBASE treatment resulted to be an effective method
to overcome this issue successfully [44].

Gómez De Arco et al. [47] reported on the implementa-
tion of continuous, highly flexible, and transparent graphene
films obtained by CVD and used as transparent conductive
electrodes. The thickness of CVD graphene was on the
order of 1–3 nm. According to the authors, the use of CVD
graphene is more attractive than the other graphene films,
for example, those that are formed by stacked micrometer
sized flakes that suffer from flake to flake contact resistance
and high roughness. In the case of CVD graphene, the
grain boundaries have the advantage of being formed in
situ during synthesis; such process is expected to minimize
contact resistance between neighboring graphene domains
and may result in smoother films with better conducting
properties. Solar cells made with CVD graphene exhibited
performance that compares to ITO device and surpasses that
of ITO devices under bending conditions, exhibiting PCE of
1.18%, which is nearly 93% of that shown by the ITO device.
Contrary to the conventional materials used in BHJ OSCs, in
this case, the multilayered configuration employed a copper
phthalocyanine (CuPc), fullerene (C

60
), and bathocuproine

(BCP) mixture as active layer [47].
Jung et al. [48] reported the characteristics of two dif-

ferent types of OSCs fabricated on HNO
3
- (nitric acid-)

treated and untreated multilayer graphene (MLG) transpar-
ent electrodes prepared using chemical vapor deposition
and a multitransfer process. MLG films were formed by
stacking graphene films three times on the same substrate
and were used as the device anodes. OSCs fabricated on
untreated transparent electrodes had a 𝑉oc of 0.575V, a 𝐽sc of
8.08mA/CM2, FF of 43.5%, and a PCE of 2.02%. In contrast,
application of HNO

3
-treated films as transparent electrodes

led to an improved performance with a 𝑉oc of 0.602V, a
𝐽sc of 8.26mA/cm2, FF of 5.75%, and a PCE of 2.68%. The
results suggested thatHNO

3
treatment is a promisingmethod

improving the performance of large-area OSCs [48].
Choe et al. [49] presented the results of applying mul-

tilayer graphene (MLG) films as transparent conductive
electrodes. The MLG films were synthesized into a CVD
chamber under a flow of H

2
in Ar gas mixture at different

growth temperatures. MLG films prepared at 800, 900, and
1000∘C showed the sheet resistances of 1730±600, 990±400,
and 610±140Ω/sq and the mobility of 660±270, 1030±440,
and 1180± 260 cm2/V s, respectively.The performance of the
devices with 1000∘C grown MLG films was found to be the
best with a PCE of ∼1.3%. The PCE was further enhanced
when a hole-blocking titanium suboxide (TiO

𝑥
) layer was
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Table 1: PCE of BHJ OSCs using graphene as anode.

Material Device conformation Highest PCE Reference
TGFs Quartz/TGFs/P3HT : PCBM/Ag 1.53% [46]
FLGFs FLGFs/PEDOT : PSS/P3HT : PCBM/LiF/Al 1.71% [44]
Graphene Quartz/graphene/PEDOT : PSS/P3HT : PCBM/LiF/Al 0.13% [45]
rGO PET : rGO : PEDOT : PSS/P3HT : PCBM/TiO

2
/Al 0.78% [34]

Graphene PET : CVD graphene/PEDOT : PSS/CuPc/C
60
/BCP/Al 1.18% [47]

MLG Glass/MLG/PEDOT : PSS/P3HT : PCBM/TiO
𝑥
/Al 2.6% [49]

CCG CCG/PEDOT : PSS/P3HT : PCBM/Al 1.01% [51]
MLG MLG/MoO

3
+ PEDOT : PSS/P3HT : PCBM/LiF/Al 2.5% [36]

MLG MLG/PEDOT : PSS/P3HT : PCBM/Ca/Al 2.68% [48]
MLG Glass/MLG/PEDOT : PSS/P3HT : PCBM/Ca/Al 1.17% [50]

inserted in the device structure, resulting in a PCE of ∼2.6%
which is a significantly higher efficiency compared to the
other graphene-based photovoltaic cells [49].

Choi et al. [50] fabricatedOSCs based onMLGelectrodes,
which were prepared using the CVD method and a mul-
titransfer process on a glass substrate. The MLG electrode
transferred onto a glass substrate showed a sheet resistance
of 374 ± 3Ω/sq and an optical transparency of 84.2%. The
sheet resistance of the MLG (4 layers) film was higher than
those reported elsewhere because in this case no chemical
treatment was performed on the film.The transparency of the
MLGfilmwas fairly constant regardless of wavelength, unlike
the conventional ITO film showing transparencymodulation
in the blue wavelength region. To prepare the MLG electrode
on glass, a thin layer of graphene was grown on Cu foils
using CVD; the transfer process was repeated four times
on the transparent glass substrate until the MLG film was
obtained. The PCE of the BHJ device was 1.17%, indicating
that MLG films are a promising indium-free transparent
electrode substitute for the conventional ITO electrode for
use in cost-efficient OSCs [50].

Wang et al. [36] developed a direct layer-by-layer (LBL)
transfer method of graphene sheets to fabricate MLG films.
Stacking multilayers together and doping them rendered
higher extrinsic conductivity. HCl was used to dope the
individual layers during the transfer process, followed by
HNO

3
doping at the surface. Different types of devices were

fabricated to evaluate the effect of the various treatments
proposed in this work. To improve the hydrophilicity of
graphene, a thin layer of (∼20 Å) molybdenum oxide (MoO

3
)

was evaporated on the graphene. The as-grown graphene-
based devices showed a poor performance, yielding a low
PCE of 0.35%. After modifying the graphene with MoO3 +
PEDOT : PSS double interfacial layer, the PCE was dra-
matically increased and 1.23% was achieved. Finally, the
4-layer acid-doped graphene solar cell exhibited the best
performance in this work with PCE of 2.5%, which is about
83.3% that of the control device fabricated on ITO. The LBL,
acid-doped, four-layer graphene film has a sheet resistance of
∼80Ω/sq and a transmittance of ∼90% at 550 nm [36].

Geng et al. [51] reported a simple method for preparing
transparent conductive films using a chemically converted
graphene (CCG) suspension via controlled chemical

reduction of exfoliated GO in the absence of dispersant to be
used as transparent electrodes in BHJ devices. After vacuum
filtration of the reduction-controlled CCG suspension and
subsequent thermal annealing (optimal conditions were
15min at 800∘C) of the CCG films, high conductive films
with a low sheet resistance on the order of 103Ω/sq and high
transparency (80% at 550 nm) were obtained. Thermally
annealed CCG film showed a sheet resistance that was lower
than that of the thermally annealed GO films, apparently due
to the greater extent restoration of the sp2 carbon networks
during the two-step reduction of the CCG films. Devices
prepared with the CCG films as transparent electrodes
exhibited PCE of 1.01 ± 0.05%, which correspond to half
the efficiency of solar cell devices in which the electrode was
made using ITO [51].

Table 1 summarizes the best PCE achieved by the different
research groups presented in the previous section as well as
the device conformation that rendered such PCE.

Although the overall PCE obtained by devices using
graphene-based materials as anode has not surpassed that of
cells using traditional materials, research groups around the
world have already identified the main aspects to improve
graphene-based materials performance. It has been pointed
out that lowering graphene sheet resistance will increase the
overall PCE of the BHJ devices. In order to lower the sheet
resistance, different strategies can be followed, for example,
increasing the thickness of the graphene film. This goal can
be achieved following a simple procedure that consists in the
modification of the solution concentration from which the
film is obtained.This route constitutes a very good option due
to its simplicity and to the fact that no additional chemicals
are needed, contrary to other techniques that require highly
dangerous chemical agents to dope graphene. Thickness
control also has an impact on the transparency of the film.
A higher transparency will originate a better light trans-
mission and a higher PCE. Thus, a proper balance between
transparency and sheet resistance needs to be achieved to
improve the performance of the device. Scientists have also
identified that the optimization of the graphene conductivity
and graphene films surface wetting has a positive effect on the
performance of graphene-based electrodes. Thermal treat-
ments (i.e., annealing) also play an important role regarding
final efficiency; by this simple procedure, notable increments



6 Journal of Nanomaterials

Table 2: PCE of BHJ OSCs using graphene as cathode.

Material Device conformation Highest PCE Reference
MLG MLG/WPF-6-oxy-F/P3HT : PCBM/PEDOT : PSS/Al 1.23% [14]
MLG Glass/ITO/ZnO/P3HT : PCBM/MLG 2.50% [52]
SLG ITO/PEDOT/CuPC : C

60
: TPBi/SLG 0.22% [53]

rGO PET : alkali + rGO-SWCNT/P3HT : PCBM/V
2
O
5
/Al 1.27% [55]

SLG Glass/ITO/ZnO/P3HT : PCBM/PEDOT : PSS/Au + SLG 2.7% [54]

have been achieved. In the specific case of anode-materials,
graphene constitutes a viable option to substitute traditional
materials, first due to its higher abundance compared to
indium and second to the considerable PCE reached so far.

2.2. Cathode. Although several studies have reported on
the graphene-based electrode for replacing the ITO bottom
electrode in organic photovoltaic devices, the use of the
graphene top electrode is still very limited [52].The following
section presents the researchworks related to this topic found
in the scientific literature. Table 2 summarizes the best PCE
achieved by devices using graphene as cathode.

Lee et al. [52] reported a simple lamination process for
depositing a graphene electrode on top of a polymer pho-
tovoltaic device replacing the conventional metal electrode,
resulting in a semitransparent inverted polymer solar cell
with a PCE of over 75% of that of the standard opaque
device using an Ag metal electrode, which was fabricated
for comparison. For the preparation of the graphene top
electrode, a graphene film was grown on copper foil using
CVD processes. Since a single layer of graphene does not
have sufficiently high sheet conductivity, multilayer stacking
of the graphene film was required to obtain higher sheet
conductance. The Ag-based device yielded a PCE of 3.30%
and in the best case (10-layers device) the semitransparent
device achieved a PCE of 2.50% when illuminated (AM1.5,
100mW/cm2) from the ITO side. By contrast, while illumi-
nated from the graphene side, the semitransparent device
consisting of 8 layers of graphene exhibited an optimal PCE
of 2.04% [52].

Jo et al. [14] fabricated inverted-structure OSCs with
graphene cathodes. The graphene film used in this work was
work function-engineered with an interfacial dipole layer to
reduce the work function of graphene, which resulted in
an increase in the built-in potential and enhancement of
the charge extraction, thereby enhancing the overall device
performance. MLG film was grown through CVD on nickel
films as reported elsewhere. The work function of the
untreated MLG film was 4.58 ± 0.08 eV, which is close to the
work function of highly ordered pyrolytic graphite (4.5 eV).
The work function of the MLG film was reduced by the
use of different interfacial layers made of poly-ethylene
oxide (PEO), poly[9,9-bis((6’(N,N,N-trimethylammonium)
hexyl)-2,7-fluorene)-alt-(9,9-bis(2-(2-(2-methoxyethoxy)
ethoxy)ethyl)-9-fluorene)] dibromide (denoted by WPF-
6-oxy-F), and Cs

2
CO
3
. These interfacial layers formed

interfacial dipoles that pointed away from the MLG surface,
thereby decreasing the MLG work function. WPF-6-oxy-F

was found as the best material because it reduces the effective
work function of MLG to a value that is close to the LUMO
of the acceptor material. Therefore, the best PCE (1.23%)
was obtained with WPF-6-oxy-F as the interfacial layer. The
performance of the OSCs with MLG electrodes is expected
to depend strongly on the quality and properties of the
MLG film. The CVD-synthesized MLG films exhibited high
sheet resistance in the range of 850 to 520Ω/sq, while the
transmittance changed from 90% to 85% at a wavelength of
450 nm [14].

Cox et al. [53] demonstrated that a laminated single-
layer graphene (SLG) grown through chemical vapor depo-
sition can be used as a cathode for organic photovoltaic
devices. The PCE of graphene devices was limited by their
series resistance, indicating that the preparation of graphene
samples with lower sheet resistance could improve device
performance. In this work, aluminum control devices were
used to evaluate the performance of the graphene OSCs. The
graphene devices exhibited a PCEof 0.02%and the aluminum
controls showed a PCE of 0.41%. The 𝑉oc for both types of
instruments was approximately 0.45V. This large efficiency
disparity in conjunction with similar 𝑉oc’s indicated that
parasitic series resistance dominated the characteristics of
the graphene devices. To minimize the influence of the par-
asitic series resistance, the devices were studied under low-
intensity monochromatic illumination. At incident power of
4.6mW/cm2, the graphene device exhibits a PCE of 0.22%
[53].

Liu et al. [54] reported the fabrication of a semitrans-
parent device with a SLG synthesized on copper foils with
CVD method used as top electrode. The device was opti-
mized by tuning the active layer thickness and changing the
conductance and the work function of single-layer graphene
by doping Au nanoparticles and PEDOT : PSS. For each syn-
thesis condition, three identical cells were fabricated and the
average PCE was calculated.The devices were illuminated on
each side under an AM1.5 solar simulator with the intensity
of 100mW/cm2. The maximum PCE of the semitransparent
cell was 2.7% for an active area of 20mm2 when illuminated
from the graphene side, which is much higher than the value
from the ITO side (2.2%). It was also found that the PCE of
the device decreased from 3% to 2.3% with the increase of
the size from 6 to 50mm2, which was attributed to both the
increased series resistance and the decreased edge effect of the
device [54].

Huang et al. [55] found that the work functions (𝜙
𝑤
) of

solution-processable, functional graphene/carbon nanotube-
based transparent conductors were readily manipulated,
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Table 3: PCE of BHJ OSCs using graphene as acceptor material.

Material Device conformation Highest PCE Reference
SPFGraphene ITO/PEDOT : PSS/P3OT : SPFGraphene/LiF/Al 1.40% [56]
SPFGraphene Glass/ITO/PEDOT : PSS/P3HT : SPFGraphene/LiF/Al 0.69% [58]
SPFGraphene ITO/PEDOT : PSS/P3HT : SPFGraphene/LIF/Al 1.10% [64]
SPFGraphene Glass/ITO/PEDOT : PSS/P3HT : SPFGraphene/LiF/Al 0.88% [61]
Graphene Glass/ITO/PEDOT : PSS/P3HT : PDI-G hybrid/LiF/Al 1.04% [63]
SPFGraphene Glass/ITO/PEDOT : PSS/P3HT : SPFGraphene/LiF/Al 1.046% [66]
SPFGraphene ITO/PEDOT : PSS/P3HT : PCBM : SPFGraphene/Al 1.40% [67]
Graphene Glass/ITO/PEDOT : PSS/C

60
-G : P3HT/Al 1.22% [62]

BCFG-F Glass/ITO/PEDOT : PSS/P3HT : BCFG-F/LiF/Al 1.10% [60]
SPFGraphene Glass/ITO/PEDOT : PSS/P3HT :MDMO-PPV : SPFGraphene/LiF/Al 1.506% [65]
Graphene Glass/ITO/PEDOT : PSS/P3HT : PCBM : graphene/LiF/Al 0.70% [59]

varying between 5.1 and 3.4 eV, depending on the nature of
the doping alkali carbonate salt used. Highly conductive and
transparent graphene-based electrodes with tunable work
functions were prepared by combining single walled carbon
nanotubes (SWCNTs) with chemically reduced graphene
(rGO). Composite films were doped with alkali carbonates,
which were decomposed into alkali oxides by means of
thermal annealing that covered the carbon-based materi-
als. Graphene-based electrodes possessing lower values of
𝜙

𝑤
were used as cathodes in inverted-architecture poly-

mer photovoltaic devices to effectively collect electrons. As
expected, increasing the number of spin-layers from one
to five provided thicker carbon composite films, thereby
decreasing the optical transmittance at 550 nm from 88.8 (1
layer) to 58.7% (5 layers).Therefore, an optimal rGO-SWCNT
thickness exists for optimal PV performance. The best
PCE of the P3HT : PCBM photovoltaic device was achieved
when incorporating the four-layer rGO-SWCNT (1.27%)
[55].

According to the results presented in the previous section,
the control of the work function of graphene layers consti-
tutes the main strategy to improve the conductivity and the
overall power conversion efficiency of BHJ solar cells using
graphene as cathode material. This goal may be achieved
following different procedures, for example, using interfacial
layers or doping graphene films with different kind of agents.
Other strategies to enhance the PCE include the tuning of
the active layer thickness to maximize light absorption and
charge transport. Regarding the preparation of the graphene
electrode, CVD is the most used route, while lamination is
the most commonly method used to deposit the electrode.
However, the high processing temperature required for CVD
limits the growth of graphene to a restricted number of
substrates, which could have a negative impact on the
performance of the BHJ device. Thus, it is clear that further
enhancement in the conductivity of the graphene electrode is
needed and constitutes the next step in order to increase the
overall performance of the cathode-graphene-based devices.
In the same way, the development of alternative methods for
preparing large-area graphene films is required, sincemassive
preparation of graphene films would be needed to satisfy
global demand.

3. Active Layer Material

The active layer of an ideal BHJ solar cell is defined as a
bicontinuous interpenetrating network of donor and accep-
tor at the nanometer scale with maximum interfacial area.
In this case, excitons can always reach the D/A interface
within their limited diffusion length and charge separation
can occur efficiently. So far, the most successful active layer
with BHJ architecture is based on either soluble P3HT or
poly-3-octylthiophene (P3OT) as the donor and PCBM or
PC
70
BM (6,6-phenyl-C

70
-butyric acid methyl ester) as the

acceptor. Solar cells based on P3HT have exhibited PCE
values approaching 5%, depending on the architecture of the
device. On the other hand, it is known that PCBM is not
the optimum acceptor material and limits the efficiency of
the organic devices. Thus, new materials for both donor and
acceptor with better HOMO/LUMOmatching, stronger light
absorption, and higher charge mobility with good stability
are much needed [6, 56, 57]. In this section, the use of
graphene as acceptor material is described, and the PCE
and the conformation of BHJ devices using graphene are
summarized in Table 3.

Liu et al. [58] used graphene as the acceptor material in
BHJ organic photovoltaic cells. To achieve good dispersion
of graphene, a solution-processable functionalized graphene
(SPFGraphene) was prepared by a two-step method con-
sisting of an oxidation step followed by an organic func-
tionalization step. The oxidation treatment using a modified
Hummers’ method of the flake gave out graphene oxide
sheets having a thickness of ∼0.7 nm and a dimension of
several hundreds of nanometers. Then, a phenyl isocyanate
treatment gave out SPFGraphene that could be dissolved in
organic solvent.The active layer was prepared by spin-coating
using a P3HT/SPFGraphene solution in 1,2-dichlorobenzene
(SPFGraphene content: 0%, 2.5%, 5%, 10%, and 15%). The
current-voltage (𝐽-𝑉) curves of the photovoltaic devices were
determined using an AM1.5G standard operating with an
illumination intensity of 100mW/cm2. Under illumination,
the device based on pristine P3HT gave PCE of 0.005%, while
the P3HT/10%-SPFGraphene based device gave a maximum
PCE value of 0.15%, which is much higher than that of
the control device based on pristine P3HT. The authors
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also reported that after annealing at 160∘C for 10min a top
PCE of 0.69% for the P3HT/5%-SPFGraphene was registered
[58].

Yu and Kuppa [59] investigated BHJ devices employing
graphene nanosheets in the active layer. Solar cells based on
P3HT : PCBM : graphene showed device physics significantly
different from traditional BHJs and displayed a monotonic
increase in performance with graphene concentration. The
PCE of a device based on a P3HT : PCBM blend at a 20 : 2
concentration ratiowas about 0.2%,while the addition of only
small amounts of graphene (concentration ratio 20 : 2 : 0.01
for P3HT : PCBM : graphene) led to a better performance of
about 0.7%. Hence, although the introduction of graphene
sheets may have had a slightly negative effect on the 𝑉oc
and FF, the subsequent improvement in charge mobility and
increase in 𝐽sc compensatedmore for these drawbacks and led
to an increase in efficiency [59].

Ye et al. [60] grafted a benzoic acid group onto pristine
graphene (BCFG, graphene functionalized with benzoic
acid) to improve its solubility and open a band gap of the
resultant graphene. BCFG was esterified with 1H,1H,2H,2H-
perfluoro-1-octanol to obtain BCFG-F, which was blended
with P3HT to be used as the active layer in BHJ devices.
Solar cells of P3HT/BCFG-F with functionalized graphene
content of 5 wt%, 7.5 wt%, 10wt%, and 12.5 wt% (ratio to
P3HT) were fabricated. PCEs of 0.24, 0.46, 1.1, and 0.48 were
obtained for these devices, respectively. In order to realize the
dependence of the photovoltaic performance on the BCFG-F
content, the surface morphology of the composites used as
active layer was investigated. It was found that, in composite
films containing 5wt% of BCFG-F, only a few functionalized
graphene sheets could be seen embedded in the P3HTmatrix.
Therefore, for low BCFG-F content, it cannot form enough
P3HT/BCFG-F interfaces, at which the separation of excitons
occurs, and continuous pathways in the P3HT matrix for the
effective electron transport. In the composite filmwith 10wt%
BCFG-F, there were more graphene sheets than in the film
with 5wt% and they were well dispersed in the P3HTmatrix,
to form abundant P3HT/BCFG-F interfaces for charge
generation and interpenetrating networks. Finally, for the
film of the composite with a 15 wt% content, the morphology
of the film demonstrated great agglomerated forms by
aggregated graphene sheets, which had a deleterious effect
on exciton separation and charge transport in the active layer
[60].

Liu et al. [61] designed an organic photovoltaic device
based on an acceptor of solution-processable functionalized
graphene (SPFGraphene). The tested devices were based
on heterostructure polymer- (P3HT-) graphene composite
layers as active layer. Different active layers were synthetized
by means of spin-coating from a solution of 15mg/mL
P3HT in chlorobenzene with SPFGraphene content of 0wt%,
1 wt%, 2.5 wt%, 5wt%, 10wt%, 12.5 wt%, and 15wt%. Doping
of graphene into P3HT resulted in appropriate energetic
distance between HOMO and LUMO of the donor/acceptor
for a high open circuit voltage and provided higher exciton
dissociation volume mobility of carrier transport for a large
short-circuit current density. The device containing only
10wt% of graphene showed the best PCE (0.88%), an open

circuit voltage of 0.77V, and a short-circuit current density
of 3.72mA/cm2. SPFGraphene content was the main factor
improving PCE. For smaller concentrations, such as 1 wt%
and 2.5 wt%, the SPFGraphene film was too small to form a
continuous donor/acceptor interface and the transport path-
way for the active layer P3HT matrix. Therefore, the electron
cannot effectively meet the donor/acceptor interface and
transport smoothly through the active layer. However, if SPF-
Graphene is further increased to a concentration of 10 wt%,
the SPFGraphene film can form a continuous donor/acceptor
interface and produce a better way to be transported
smoothly through P3HT matrix, improving the electronic
transport. However, if there is a further increase in the
concentration of SPFGraphene, such as 12.5 wt% and 15wt%,
then the aggregation of SPFGraphene occurred, reducing
holemobility and decreasing the number of extracted carriers
[61].

Yu et al. [62] developed a lithiation reaction to covalently
attach monosubstituted fullerene (C

60
) onto graphene (G)

nanosheets to be used as electron acceptors in P3HT-based
BHJ solar cells. Graphene nanosheets were produced through
reduction of GO in pure hydrazine and purified with toluene
and methanol. Using C

60
-G : P3HT (1 : 1 wt/wt), C

60
: P3HT

(1 : 1 wt/wt), and C
60
/G mixture (i.e., 12 wt% graphene,

physical blend without chemical functionalization) : P3HT
(1 : 1 wt/wt) as a control, the device performance of a series of
BHJ solar cells using such materials as active layer was tested
under AM1.5 illumination. A PCE of 0.47% was obtained
for the C

60
: P3HT system, while the C

60
-G : P3HT system

showed a PCE of 1.22%. The observed enhancement could
be attributed to the improved electron transport due to
the presence of the C

60
-grafted graphene. In the case of

the C
60
: graphene device, the simple blending of C

60
with

the graphene cannot ensure a good interfacial contact to
facilitate strong electronic interactions for efficient electron
transport between the two components. To make it even
worse, graphene sheets easily aggregated in the composite
film, due to poor miscibility, to show a detrimental effect on
the charge separation/transport.Therefore, the overall device
efficiency was not improved (0.44%) [62].

Liu et al. [56] reported the fabrication and performance of
devices with BHJ structure using an organic SPFGraphene as
electron-acceptormaterial and P3OT (poly(3-octylthiophene
2,5 diyl)) and P3HT as donor material. Devices with SPF-
Graphene content of 1 wt%, 5wt%, and 15wt% (ratio to
P3OT) were fabricated. The authors indicated that the
functionalized graphene material could be dispersed into
organic solvent to form a homogeneous solution. Controlled
annealing improved the device performance, and the best
PCE of 1.4% (5wt% SPFGraphene) was obtained using
simulated 100mW/cm2 AM1.5G illumination after annealing
during 20min at 160∘C. Although the reported PCE is
moderate, it is comparable with most of the best devices
using materials other than fullerenes as electron acceptors.
Furthermore, there is much room for improvement, such as
optimizing the graphene content, annealing temperature, and
time further controlling the size and functionalized degree
of graphene sheets and the device fabrication and structure
[56].
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Wang et al. [63] studied the role of graphene (rGO) as
atomic and structural scaffold in the nucleation and assembly
of organic nanostructures. The photovoltaic properties of
the PDI (N,N-dioctyl-3,4,9,10-perylenedicarboximide) and
graphene hybrids were investigated to determine whether
they offer enhanced performances over those of the indi-
vidual constituents like PDI and G. PDI-G hybrids were
prepared by the hydrothermal treatment of GO and PDI
in DMF. The authors also investigated the performance of
physically mixed PDI + G composites made of PDI and G;
this system was used as a control to compare with the PDI-G
hybridwires in order to find out if the coating of G around the
PDI wires offers any enhanced performance. Using BHJ cells
tested under 100mW/cm2 AM1.5 illumination, it was found
that PDI-G hybrid wires based cells showed a PCE of 1.04%,
while PDI cells presented a PCE of only 0.064% [63].

Liu et al. [64] studied a BHJ device with an active
layer consisting of P3HT and SPFGraphene. According to
their results, adding graphene to the P3HT induced a great
quenching of the photoluminescence of the P3HT, indicating
a strong electron/energy transfer from the P3HT to the
graphene. The device containing only 10 wt% of graphene
showed the best performance with a PCE of 1.1% under sim-
ulated AM1.5G conditions at 100mW/cm2 after an annealing
treatment at 160∘C for 10min. The annealing treatment at
160∘C greatly improved the device performance. However,
overgenerous conditions such as those at 210∘C resulted in a
decrease in the device efficiency (0.57%) [64].

Wang et al. [65] reported on the fabrication of BHJ
devices based on P3HT : SPFGraphene doped with poly-2-
methoxy-5-(30,70-dimethyloctyloxy)-1,4-phenyleneviny-
lene (MDMO-PPV) and P3OT. In this work, the amount
of MDMO-PPV incorporated to the P3HT : SPFGraphene
active layer was varied from 0 to 2mg, while the amount of
P3OT varied in the range from 0 to 3mg. For further charac-
terization, the solar cells were illuminated through the side
of the ITO-coated glass plate. AM1.5G standard operating
with an illuminated intensity of 100 mW xenon lamp was
used as a broadband light source. The authors pointed out
that nondoped P3HT : SPFGraphene showed an efficiency
of 1.046%. By incorporating different amounts of P3OT, the
best efficiency obtained was of 1.12% when 1mg of P3OT
was added. On the other hand, a top efficiency of 1.506% was
registered when 1.5mg of MDMO-PPV was used [65].

Wang et al. [66] fabricated solar cell devices based on
SPFGraphene oxide and P3HT with different contents of
SPFGraphene oxide (0%, 2.5%, 5%, 7.5%, 10%, 12.5%, and
15%).The 𝜋-conjugation of graphene enables the polymers to
be used as an active material for various functional devices,
including photovoltaic devices. The pure P3HT thin film
showed strong photoluminescence between 600 and 800 nm
with excitation at 450 nm; however, the photoluminescence
is remarkably reduced after doping of SPFGraphene oxide,
showing that efficient energy transfer occurred along the
P3HT/SPFGraphene oxide interface. The overall perfor-
mance of the P3HT/SPFGraphene oxide based devices was
much higher than that of the pristine P3HT-based one.
The improved photovoltaic performance was attributed to

the addition of the SPFGraphene oxide, stating that there is
an obvious charge transfer from the P3HT donor to the SPF-
Graphene oxide acceptor. To recover the conjugated structure
and conductivity of the graphene sheet through removing
the organic functional groups from the SPFGraphene oxide
sheet, a thermal annealing process was carried out at 160∘C
at different times. The best PCE was obtained for a device
containing 10wt% of SPFGraphene annealed during 10min
(1.046%) [66].

Liu et al. [67] tested a SPFGraphene in P3HT/PCBM
photovoltaic devices. Tested devices took advantage of the
electron-accepting feature of fullerenes and the high electron
transport capability of graphene. The photovoltaic perfor-
mance was investigated for devices containing 0%, 1%, 2.5%,
5%, 10%, 12.5%, and 15% of graphene. The best results were
obtained with P3HT : PCBM (1 : 1) mixture with 10wt% of
graphene with a PCE of 1.4% at illumination at 100mW/cm2
AM1.5. Results indicated that the addition of graphene
enhanced the performance of polymer photovoltaic devices
[67].

Different methods to obtain graphene-based materials
have been developed (e.g., adhesive tape, epitaxial growth,
and micromechanical cleavage). However, most of these
methods are not suitable for low-cost, large-area optoelec-
tronics. In this tenor, organic solution-processable materials
are preferred for electronic applications due to their solubility
using common solvents, which allow them to be used in
polymer-composite based materials preparation. Solution-
processable functionalized graphene (SPFGraphene) is by
far the most used functionalized graphene-based (Figure 4)
material employed in the development of BHJ devices.
Although the performance of the cells using this material
is lower than the most efficient BHJ cells tested, it is clear
that the use of graphene significantly increases the efficiency
compared to the reference devices (i.e., without graphene)
reported in each experiment. The key to improve the PCE
of SPFGraphene based materials seems to be related to the
improvement of its miscibility, which will assure a good
dispersion of the graphene in the polymer matrix. A better
miscibility will also avoid agglomeration and its detrimental
effects on charge separation/transport. Thus, in this way, the
hole mobility and the number of extracted carriers will be
increased. An improved solubility will also ensure a good
interfacial contact to facilitate strong electronic interactions
for a better charge generation. Another important factor
to be considered is the graphene content that needs to be
enough to form a continuous donor/acceptor interface and
an efficient transport pathway for the active layer. Finally,
annealing has proved to be an efficient treatment to increase
power conversion efficiency since it considerably increases
the 𝑉oc of the device.

4. Transport/Extraction Layer Material

The interfaces between active layer and anode and cathode
play an essential role in determining the overall device
performance of organic electronics [68]. In a simple BHJ
device, both the donor and acceptor phases are in direct
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Table 4: PCE of BHJ OSCs using graphene as HTLs and EELs.

Material Function Device conformation Highest PCE Reference
GO HTLs ITO/GO/P3HT : PCBM/Al 3.50% [78]
GO HTLs ITO/PEDOT : PSS : GO/P3HT : PCBM/LiF/Al 3.80% [86]
GO HTLs ITO/GO :NiO

𝑥
/P3HT : PCBM/LiF/Al 3.48% [79]

FLGs HTLs Glass/ITO/FLGs-PEDOT : PSS/P3HT : PCBM/Ca/Al 3.70% [85]
mrGO HTLs Glass/ITO/mrGO/P3HT : PCBM/LiF/Al 3.98% [81]
GO-OSO

3
H HTLs ITO/GO-OSO

3
H/P3HT : PCBM/Ca/Al 4.37% [82]

GO HTLs ITO/GO/P3HT : PCBM/LiF/Al 3.25%
[83]GO-Cs EELs ITO/PEDOT : PSS/P3HT : PCBM/GO-Cs/Al 3.08%

GO/GO-Cs HTLs/EELs ITO/GO/P3HT : PCBM/GO-Cs/Al 3.67%
UV/ozone-G HTLs ITO/UV/ozone-G/P3HT : PCBM/LiF/Al 3.00% [80]
rGO EELs Glass/ITO/PEDOT : PSS/P3HT : PCBM/rGO-pyrene : PCBM/Al 3.89% [84]

2𝜇m

Figure 4: SEM micrograph of SPFGraphene.

electrical contact with the cathode and anode electrodes,
leading to recombination of carriers and current leakage.
To minimize such detrimental effects, hole transport layers
(HTLs) and electron extraction layers (EELs) are used.
HTLs must be wide band gap p-type materials; in this
respect, several inorganic transition metal oxides such as
molybdenum, nickel, rhenium, vanadium, or tungsten oxides
(V
2
O
5
, ReO

3
, WO

3
, and MoO

3
with NiO being the most

effective) have been reported yielding efficiencies greater than
5%. In a detrimental manner, inorganic HTLs are deposited
using vacuumdepositionmethods that are incompatible with
solution-processable printable electronic techniques used to
fabricate photovoltaic devices [69–71].

The most commonly employed material used as HTLs
in polymer solar cells is semiconducting PEDOT : PSS,
which is used between the ITO anode and the active layer.
PEDOT : PSS has the advantages of being deposited from
solution and serve tominimize the detrimental effects of ITO
roughness and to align the work function of P3HT and ITO
for more efficient collection of holes. However, it is usually
deposited from highly acidic aqueous suspensions that are
known to corrode ITO at elevated temperatures and can also
introduce water into the active layer, degrading the device
performance [68, 72, 73].

On the other hand, certain metal fluorides, n-type semi-
conductors (e.g., TiO

2
, TiO

𝑥
, and ZnO), n-type organic

semiconductors (e.g., 2,9-dimethyl-4,7-diphenyl-1,10-phe-
nanthroline, BCP), and conjugated polymer electrolytes have
been used as the EELs [74–77]. Materials used as EELs need
to have a low work function for electrons to be efficiently
transported to the cathode.

Thus, several research groups, motivated by the need to
overcome the limitations of PEDOT : PSS as the conventional
HTLs by finding a suitable solution-processable alternative
that is compatible with OSCs materials and fabrication
techniques and by the need to find new materials to serve
as both HTLs and EELs that could not only simplify the
materials design and device fabrication but also allow for a
precise control of the energy barrier for electron and hole
extraction by tuning its work function via, for example,
controlled functionalization, have reported their findings,
which are summarized in the following section and inTable 4.

Li et al. [78] used graphene oxide thin films as the
hole transport and electron extraction layer in OSCs. To
evaluate the performance of GO devices, a set of two other
devices was fabricated for comparison. One set was ITO-
only control devices, and the other was the conventional
OSCs incorporating PEDOT : PSS as the hole transport layer.
The photovoltaic characteristics of the fabricated devices
were characterized under simulated AM1.5 illumination at
100mW/cm2. ITO-only device exhibited an average PCE of
1.8%. The insertion of a 2 nm thick GO thin film between
ITO and P3HT : PCBM led to an enhancement in the PCE to
3.5%,while the typical PEDOT : PSS typical device had shown
a 3.6% PCE. Thus, the incorporation of GO deposited from
neutral solutions between the photoactive P3HT : PCBM
layer and the transparent and conducting ITO led to a
decrease in recombination of electrons and holes and leakage
currents, resulting in a dramatic increase in the device PCE
to values that are comparable to devices fabricated with
PEDOT : PSS as the hole transport layer. [78].

Ryu and Jang [79] reported a solution processed GO,
NiO
𝑥
, andGO/NiO

𝑥
bilayer used as an anode interfacial layer

in a BHJ device. In order to obtain the optimized thickness
of GO layer, cells with different numbers of GO layers were
fabricated by spin-coating. The best cell performance was
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achieved for the cell with 3 GO layers, exhibiting a PCE
of 2.75%, which was superior to that of the cell without
HTL (2.33%). On the other hand, the device with a solution
processed NiO

𝑥
layer showed an improved PCE of 3.10%. To

further enhance cell performance of the device with GO and
NiO
𝑥
, devices with GO/NiO

𝑥
andNiO

𝑥
/GOwere fabricated.

Cell performance of the OSC with NiO
𝑥
/GO as HTLs was

similar to the device with a NiO
𝑥
. However, the device with

a GO/NiO
𝑥
layer showed an enhanced cell performance,

indicating a 15% increase in PCE, compared to the cell
without HTL.These results indicated that the NiO

𝑥
functions

both as a hole transport and an electron extraction layer. The
device with a GO/NiO

𝑥
showed a PCE of 3.48%. The cell

efficiency is correlated with the matching of energy levels
between ITO, hole transport layer, and P3HT and thus a well-
matched GO/NiO

𝑥
showed the best PCE [79].

Kwon et al. [80] fabricated organic devices using UV/
ozone-treated graphene sheets as HTLs. A PEDOT : PSS-
coated ITO device was used as reference and, in the case of
the UV/ozone-treated graphene devices, the graphene was
transferred onto the ITO glass following exposure to UV-
ozone with a power of 30mW/cm2 for 1, 3, 5, 7, and 9min.
Cells were tested under AM1.5G 100mW/cm2 illumination.
In the best case (UV-ozone treated device for 9min), the
sheet resistance increased from 1.1 kΩ/sq to infinity and the
transmittance at 550 nm decreased from 95.2% to 93.8%
due to the formation of carbon-oxygen functionalization
layers. Although the device with 9min treated graphene was
expected to show the best efficiency (PCE of 1.46%) due
to its highest work function (4.85 eV), the best PCE was
obtained from the cell with 5min treated graphene (3.00%)
probably because the graphene sheet was damaged by UV-
ozone exposure after 7min, which roughened the surface
creating defects [80].

Jeon et al. [81] used moderately reduced graphene oxide
(mrGO) as an alternative to the PEDOT : PSS HTL in BHJ
OSCs.mrGOfilmswere fabricated by simple and fast thermal
treatment of solution processed mrGO. Spin-coated mrGO
layers were thermally treated at 150, 250, and 350∘C for 10min
in air. Devices without and with thermal treatment at 150 and
250∘C showed a well-formed 2-dimensional nanosheet. On
the other hand, in the case of mrGO films thermally treated
at 350∘C, some aggregation of nanosheets and relatively
nonuniform morphologies were observed. The thicknesses
of nanosheets of mrGO without and with thermal treatment
at 150, 250, and 350∘C were estimated to 1.18, 1.07, 0.87, and
0.85 nm, respectively. The decrease in the thickness of single
sheet resulted from the removal of oxygen groups, indicating
that solution processed mfGO films were reduced by simple
thermal treatment. Devices with thermally treated mrGO at
250∘C exhibited the best PCE (3.98%) compared to devices
containing conventional PEDOT : PSS HTLs, which showed
3.85%. Furthermore, mrGO-based cells showed superior
stability compared to conventional devices under atmosphere
condition without any encapsulation process [81].

Liu et al. [82] developed a sulfated graphene oxide (GO-
OSO
3
H) with –OSO

3
H groups attached to the carbon basal

plane of reduced GO surrounded with edge-functionalized

–COOH groups to be used as HTLs. Different devices
based on GO and GO-OSO

3
H were fabricated varying the

thickness of the HTLs from 2 to 6 nm. The best results were
obtained when using 2 nm thick HTLs. Because of the poor
conductivity of GO, an increase in the GO thickness from
2 to 6 nm increased the series from 3.1 to 6.4Ω cm2 and
hence decreased the PCE. By contrast, the performance of
the GO-OSO

3
H-based devices is nearly independent of the

HTLs thickness over the range from 2 to 6 nm. Compared
to that of GO, the better conductivity of GO-OSO

3
H led to

an improved PCE of 4.37% versus 3.34% of GO. The control
devices based on PEDOT : PSS exhibited a PCE of 4.39%.The
relatively poor photovoltaic performance observed for the
GO device can be attributed to high series resistance associ-
ated with the insulating GO. Compared with the GO-based
devices, their GO-OSO

3
H counterparts exhibited a much

lower series resistance and hence a significantly improved
PCE [82].

Liu et al. [83] reported on the functionalization of GO to
produce both hole and electron extraction materials for BHJ
solar cells. GO was tested as HTLs and GO-Cs, in which the
periphery –COOH groups in GOwere replaced by –COOCs,
as EELs. GO itself has a work function of 4.7 eV, which
matches the HOMO level of P3HT for hole extraction. By
replacing the periphery –COOH with the –COOCs groups
through charge neutralization, the work function of the GO-
Cs can be reduced to 4.0 eV, which matches the LUMO level
of PCBM for efficient electron extraction. To investigate the
hole extraction ability of GO, three different devices with the
same active layer, cathode, and EELs were compared. The
device with GO as HTLs showed a PCE of 3.25%, which was
superior to that of the device using PEDOT : PSS (3.15%),
implying that GO is an excellent hole extraction material for
BHJ solar cells. Similarly, to evaluate the ability of GO-Cs
as the electron extraction layer, four devices were fabricated
with the same anode, hole extraction layer, active layer, and
cathode. In this case, the device using LiF showed the best
PCE (3.15%). However, the cell based on GO-Cs exhibited a
fairly comparable PCE (3.08%) showing the great capability
of GO-Cs as electron extraction material in BHJ solar cells.
Finally, based on the excellent capabilities demonstrated for
GO andGO-Cs, a pair of BHJ devices with bothmaterials was
fabricated. For this purpose, both the normal and inverted
configurations were investigated. In both cases, the devices
exhibited a better performance (3.67% and 2.97%, resp.) than
that of the control device (1.20%) based on Cs

2
CO
3
and

PEDOT : PSS [83].
Qu et al. [84] reported a graphene fullerene compos-

ite (rGO-pyrene-PCBM), in which PCBM was attached
onto rGO via the noncovalent functionalization approach.
rGO-pyrene-PCBM was successfully applied as EELs for
P3HT : PCBM BHJ devices, affording a PCE of 3.89%, which
is enhanced by ∼15% compared to that of the reference
device without EELs (3.39%). Additionally, the comparative
devices incorporating the rGO or pyrene-PCBM component
as EELs showed dramatically decreased PCE, 2.53% and
2.18%, respectively, which are much lower than that of the
reference device, indicating the importance of composite
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formation between rGO and pyrene-PCBM components for
its electron extraction property [84].

Nguyen et al. [85] demonstrated the use of a few-layered
graphene nanosheets- (FLGs-) PEDOT : PSS composite as
an effective HTL that improves the hole transporting ability
in an organic device, with which the PCE was enhanced
from 3.10% to 3.70%. FLGs are considered to be a class
of graphene materials, namely, 2D graphitic crystals, with
extraordinary electronic transport properties varied sys-
tematically by the number of graphene layers. FLGs were
synthetized via exfoliation from expanded graphite, since this
method produces a low defects material with an excellent
conductivity. To demonstrate the application of the FLGs-
PEDOT : PSS composite as HTLs, FLGs and PEDOT : PSS
were mixed at different volume ratios (1/1, 2/1,) as a part
of a BHJ device based on P3HT : PCBM. All samples were
measured under light illumination of AM1.5 (100mW/cm2).
By increasing the v/v ratio of FLGs and PEDOT : PSS, PCE
increased to 3.47% (1/1) and 3.70% (2/1). Due to partially
containing oxygen groups on the graphene edges of FLGs,
it was expected that the work function of the FLGs was
in the range of 4.4 eV (graphite) to 5.1 eV (acid-oxidized
MWCNTs), therefore possessing an energy level close to
that of P3HT. Furthermore, no significant differences were
found in surface roughness between the pure PEDOT : PSS
and the FLGs-PEDOT : PSS composite films, indicating that
the contact resistance between the active layer and the hole
transport layer was unchanged in all devices. As a result, the
significant improvement of current density is attributed to
higher hole mobility of FLGs as compared with PEDOT : PSS
[85].

Yin et al. [86] reported a high-efficiency devicemadewith
hydrophilic GO doped in PEDOT : PSS composites used as
HTLs.The PCE of the nondoped composites was of 2.1% and
increased to 3.8% for the doped composites under AM1.5G
100mW/cm2 illumination in air. Preannealing of GO made
PCE 1.8 times that of the device based on PEDOT : PSS. The
low price and ease of preparation make soluble graphene
a promising layer to be used in photovoltaic applications
[86].

GO-based materials are the most used replacement
for PEDOT : PSS, which is the most commonly used hole
transport layer material despite its highly acidic nature and
hygroscopic properties which leads to a poor long term
stability of the device. A major advantage of GO-based
materials relies on the fact that they can be deposited from
neutral aqueous suspensions and yield efficiency values that
are comparable to devices fabricated with PEDOT : PSS,
not to mention that the term stability of the device is not
compromised using this type of suspensions. On the other
hand, the removal of oxygen from the structure of GO
induces the transition of GO from an electrical insulator to
a semiconductor. Thus, strategies to obtain functionalized
GO using reagents with low toxicity constitute one of the
main trends in this field research. Regarding EELs materials,
the main goal seems to be to obtain low work function
highly conductive materials to improve electrons mobility,
which can achieve doping graphene with different chemical
agents.

5. Conclusions

In this report, the various applications of graphene as a
constituent of BHJ OSCs were discussed focusing on the PCE
achieved by the graphene-based devices. Results indicate that
there is a great room and need for the improvement of BHJ
devices to competewith inorganic cells.However, there is also
evidence that graphene and its derivatives can be successfully
used as a main component of the different layers that consti-
tute OSCs, giving the possibility to reduce the dependence on
the materials traditionally employed. As for transparent elec-
trode material, graphene has demonstrated great potential
without the detrimental aspects of its traditional analogues;
the main key to achieve a better performance relies on
increasing the transparency and decreasing the sheet resis-
tance of the graphene films. As for cathodematerial, themain
aim is to control the work function mainly using interfacial
layers or doping graphene films. Furthermore, its outstanding
properties such as its band structure and dispersion ability
havemade it also adequate to be used as an acceptor material.
The improvement of graphene miscibility to assure a good
dispersion represents an important issue in order to increase
the performance of the devices using graphene as a main
constituent of the active layer. Additionally, its excellent
charge extraction performance has made it viable to be used
as transport/extraction material in BHJ cells. The main goal
in this area is to obtain HTL-materials that can be deposited
from neutral aqueous suspensions and highly conductive
EEL-materials using different functionalization agents.
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Core–shell nanostructures of carbon encapsulated iron nanoparticles (CEINPs) show unique properties and technological
applications, because carbon shell provides extreme chemical stability and protects pure iron core against oxidation without
impairing the possibility of functionalization of the carbon surface. Enhancing iron core magnetic properties and, in parallel,
improving carbon shell sealing are the two major challenges in the synthesis of CEINPs. Here, we present the synthesis of both
CEINPs and a new carbon encapsulated multi-iron nanoparticle by a new modified arc discharge reactor. The nanoparticle size,
composition, and crystallinity and the magnetic properties have been studied. The morphological properties were observed by
scanning electron microscopy and transmission electron microscopy. In order to evaluate carbon shell protection, the iron cores
were characterized by selected area diffraction and fast Fourier transform techniques as well as by electron energy loss and
energy dispersive X-ray spectroscopies. Afterward, the magnetic properties were investigated using a superconducting quantum
interference device. As main results, spherical, oval, and multi-iron cores were controllably synthesized by this new modified arc
discharge method. The carbon shell with high crystallinity exhibited sufficient protection against oxidation of pure iron cores. The
presented results also provided new elements for understanding the growth mechanism of iron core and carbon shell.

1. Introduction

There has been an increasing interest in fabrication of
magnetic based nanomaterials due to their potential appli-
cations in data storage [1], Li-ion battery [2], highly sensitive
magnetic sensors [3], and spintronics devices [4]. Moreover,
magnetic nanoparticles are attracting attention in both the
medical and biological fields for applications including mag-
netic separation of biological entities [5], tissue engineering
[6], food analysis [7], therapeutic drug delivery [8], hyper-
thermia for tumor therapy [9], contrast enhancement agents
for magnetic resonance imaging applications [10, 11], water
purification [12], and catalysis [13, 14]. Most of the studies in
these areas focus on particles based on oxides since magnetic
nanoparticles which are based on pure metallic materials are
very sensitive to oxidation given their high specific surface
area and reactivity [15].

The key point of using magnetic nanoparticles is the pos-
sibility and capability to control them by external magnetic
field. Naked metallic nanoparticles are chemically highly
active and are easily oxidized in air, resulting in negative
effects on magnetic properties. To avoid such consequences,
well developed graphitic carbon layers can provide an effec-
tive barrier tomaintainmagnetic properties. Coatingmetallic
cores by silica [16], carbon [17–20], and precious-metal [21]
is an example of popular inorganic coating approaches.
Compared to the polymer, silica, or Au layer, the carbon layer
has many advantages, such as higher chemical and thermal
stability, better conductivity, and higher biocompatibility
[22–24]. Moreover, carbon-coated nanoparticles are usually
in the metallic state, and, compared to the corresponding
oxides, they have a higher magnetic moment [25]. In partic-
ular, at present, a hot topic is magnetic carbon-coated metal
(such as Fe, Co, Ni, and Mn) composites that are always
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metal phase as the nucleus of core–shell structural composite
nanomaterials [26].

In this research study, carbon encapsulated iron nanopar-
ticles (CEINPs) were designed and produced in a way to
make them suitable nanocarriers for biomedical applications.
So far, different methods including arc discharge [27–29],
hydrothermal reaction [30], chemical vapor deposition [31],
detonation synthesis [32], chemical vapor condensation [33],
magnetron and iron-beam cosputtering [34], laser abla-
tion [35], and cocarbonization [36] are used to synthesize
core–shell structures in which metallic nanoparticles are
encapsulated by precious metals, polymers, silica, or carbon.
However, each of these methods has particular advantages
and disadvantages comparing to our method for synthesis of
CEINPs. Until now, all reported studies have been only on
monoiron nanoparticles and the synthesis of multi-iron core
at carbon shell has not yet been reported [37–47].

In current nanoparticle fabrication processes, control of
the particle size and composition is still empirical, which
means that a large number of experimental trials are required
to optimize any given process [48]. Plasma properties such as
size, gradient temperature, thermal conductivity, and cooling
rate mainly depend on the used inert gases. Consequently, all
parameters are kept constant to study the influences of helium
and nitrogen onmorphologies properties as well as magnetic
properties. Here, we present the synthesis of both CEINPs
and carbon encapsulated multi-iron nanoparticles. The mor-
phological properties were studied by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). In order to verify the absence of iron oxide, the sam-
ples were analyzed by selected area diffraction (SAED), elec-
tron energy loss spectroscopy (EELS), and energy-dispersive
X-ray spectroscopy (EDX) techniques as well as fast Fourier
transform (FFT). In addition, carbon shell crystallinity was
investigated by Raman spectroscopy. Afterward, the mag-
netic properties were obtained from superconducting quan-
tum interference device (SQUID) characterization technique.

2. Experimental Details

Amodified arc discharge reactor was utilized [49–51]. Nitro-
gen, helium, and their mixtures were used to synthesize each
sample, from 0% to 100% of N

2
. Accordingly, each nanoparti-

cle sample was named based on the nitrogen content; that is,
75% N + 25% H is N75. Two carbon graphite rods (99.99%)
with mm thickness were prepared as cathode and anode.The
cathode electrode was sharpening at an angle near to 20∘.
Both electrodes were placed in perpendicular position, in
order to generate plasma between them. A needle was placed
on top of them to deliver the precursor droplets. A spherical
glass covered the whole reactor. Then, the precursor was
prepared by dissolving ferrocene (0.5 wt %) in isooctane. Ini-
tially, rotary vane pump was used for making vacuum inside
the glass chamber up to a pressure of 1 Pa. Afterward, the
gases were introduced inside the glass chamber (continuous
flow, 1.6 l/min). The pressure was kept at near atmospheric
pressure condition by a micro valve. An arc was generated
between anode and cathode by a programmable constant
power supply which was set at 40A for each production run

of 5min. A syringe pump along with an injector regulates
the droplets flow of precursor to the plasma zone (droplet
flow rate 1mL/min). Consequently, the synthesis process
took place inside the glass chamber. Afterwards, by using
ethanol, the nanoparticles were collected from the glass walls.
Finally, nanoparticles were separated from ethanol through a
magnetic filtration.

3. Results and Discussion

Influences of nitrogen and helium mixtures on CEINPs
morphologies and magnetic properties were studied. As it
is shown in Figure 1(a), SEM image reflects the CEINPs
in spherical and agglomeration form. TEM images in
Figures 1(b), 1(c), 1(d), 1(e), and 1(f) show geometry of
each individual nanoparticle from N0, N25, N50, N75, and
N100 samples, respectively. Spherical iron nanoparticles were
observed with mean diameter of 7.5 nm in N0 samples.
By adding 25% and 50% nitrogen, mainly oval shape iron
nanoparticles with mean dimensions of 7.6 × 6.5 nm and
8 nm × 5.6 nm were obtained in N25 and N50 samples,
respectively. Afterwards, by adding 25% more nitrogen, iron
nanoparticles tended to form comparatively smaller oval iron
corewithmean dimensions of 7.8 nm× 4.7 nm inN75 sample.
Using only nitrogen led to the formation of carbon encap-
sulated multi-iron nanoparticles (CEMINPs). Consequently,
in case of N100 sample, the majority of nanoparticles have
small multi-iron cores. CEMINPs mainly consisted of 1 nm
and 2 nm spherical iron and one or two oval shaped 4.3 nm
× 2.5 nm iron nanoparticles. Figures 2(a) and 2(b) represent
TEM images from N100 samples. However, as it is shown in
Figure 2(c), iron particles with single oval shape and dimen-
sions of 3 nm× 9 nmwere observed inN100 sample as well. In
general, according to the TEM observations as we increased
nitrogen gas percentage versus helium to generate plasma,
the iron cores were forming oval shape. Based on TEM
observations extremely small iron particles of 1 to 3 nm do
not form a bigger single iron core and instead formed multi-
iron core at carbon shell nanoparticle. Gutsch et al. discussed
coalescence effect, which merges nanoparticles to form a
bigger one in gas phase production of nanoparticles [52].The
condition of nucleation occurs in iron supersaturation vapor,
which permits obtaining the particles with stable growth.
Afterwards, coalescence occurs when the concentration is
high enough. Once the carbon shell formation begins, the
iron cores growth and coalescence are finished. Obtained
results highlighted the coalescence effects on formation of
iron nanoparticles from sample N100 to N0. The presence of
oval iron nanoparticles and multi-iron cores shows the coa-
lescence of the nucleus before starting carbon shell formation.
The coalescence of only two iron particles was observed.This
can be probably due to surpassing of the critical radius of
carbon shell for the growth after the first iron coalescence.

The effect of nitrogen and helium in growth formation
can be attributed to their differences in thermal conductivity
and plasma temperature. Thermal conductivity of nitrogen
is about 9 times smaller than helium. Thermal conductivity
regulates the cooling rate and gradient of temperature.
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Figure 1: (a) SEM image shows agglomeration of CEINPs produced under nitrogen. (b), (c), (d), (e), and (f) TEM images of CEINPs and
CEMINPs are shown from N0, N25, N50, N75, and N100 samples, respectively. It is evident that the morphologies of carbon and iron were
changed by increasing nitrogen ratio over helium.The increasing trend in carbon shell formation and the decreasing trend in iron formation
are remarkable. Merge and formation of iron nanoparticles from N100 to N0 revealed the role and effect of coalescence in formation of
CEINPs and CEMINPs.

Thus comparatively nitrogen exhibits lower cooling rate and
longer gradient of temperature over highly supersaturated
vapor. Supersaturated vapor results in rapid production of
numerous nanoparticles. In addition, relatively more carbon
species are available in supersaturated vapor for carbon
shell formation at higher temperature generated by nitrogen
plasma rather than helium plasma. Accordingly, a decrease
trend in carbon shell formation is obvious from sample N100
to N0 in Figure 1. It should be noted that the carbon shell
formation limits the critical radius of iron. According to our
observation when iron particles are small enough (1–3 nm)
they are trapped into a single carbon shell.

Since nitrogen is diatomic gas, its plasma has higher
energy contents for a given temperature than the atomic
gases such as helium [53]. Because of high electronegativ-
ity of nitrogen, more energetic electrons are necessary to

produce self-sustained arc discharge. Consequently, when
nitrogen is used due to the high temperature the car-
bon electrodes were deformed during the experiment
(Figure S1 in Supplementary Material available online at
http://dx.doi.org/10.1155/2015/450183). Regardless of inert gas
type, in this arc discharge reactor the electron bombardment
begins from cathode to anode and therefore the carbon
from the anode electrode was consumed and deformed.
This deformation caused changes in plasma shape, made it
unstable and prevented continuous synthesis. Moreover, it
has negative effect on formation and size distributions of
CEINPs and CEMINPs.The size distributions of each sample
are shown in Figure S2. N0 sample reveals the best iron
size distribution comparing to the other samples, because
by using only helium the carbon electrodes show smaller
deformation. In spite of usefulness of presented method
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Figure 2: (a) Illustration of CEMINPs; the iron cores are located very close to each other. (b) Close observation of a few individual multi-
iron cores at carbon shell nanoparticles. (c) Appearance of single oval shape iron nanoparticle in N100 samples; this is probably due to the
coalescence between two particles.

for CEINPs and CEMINPs synthesis, plasma instability and
discontinuous synthesis are the chief drawbacks. A brief
investigation on the deformed carbon electrode by SEM has
been done. SEM image from carbon piece taken from anode
electrode is presented in Figure 3 and it revealed formation
and deposition of spherical carbon particles on top of each
other. Spaces between particles are visible clearly; therefore
possibly this technique can be used for the synthesis and for-
mation of carbon porous materials. Structure of carbon piece
on anode suggests a mechanism of growth, which is large
cross section of nanoparticles that facilitates the attachment
of free electrons to the nanoparticles in the plasma region,
therefore becoming attracted by anode due to the electrostatic
forces. This contributes to forming very structured carbon
deposition on anode electrode in Figure 3. Thinner carbon
deposition on cathode was observed probably due to the neu-
tral nanoparticles and negative radicals of carbon. Moreover,
the cathode suffers a significant ion bombardment (e.g., CH

3

+

[54]). In addition, according to the given growth mechanism
of CEINPs, the nitrogen plasma has higher temperature
compared to heliumplasma, which results in higher availabil-
ity of carbon species. According to our observation, higher
contribution of nitrogen shows an increase in deposition of
carbon related structure on the electrodes.

Due to the importance of iron core sufficient protection
and in order to show the efficiency of carbon shells against the
oxidation of core, samples were evaluated by SAED and FFT
techniques. SAED is shown in Figure 4(a); diffraction points
of iron are indexed to 𝛼-Fe crystal structure as identified
by diffraction rings corresponding to the (−1, 0, 1) and

200𝜇m

Figure 3: SEM image of CEINPs deposited on anode electrode
when nitrogen plasma is used. The inset image is the carbon piece
in question. Carbon spherical formation and the pores between
them are clearly visible. Possibly nanopores also exist but cannot be
observed at this resolution.

(0, −1, 1) planes. However, as it is shown in Figure 4(b) from
FFT analysis, trace of iron carbide was detected in interface
between core and shell. Most importantly, diffraction points
of iron oxides were not detected in any of our samples. In
addition, nanoparticles were analyzed by EELS and EDX
analysis along with chemical mapping. Figure 5 represents
an example of EELS analysis at nanoscale and EDX together
with chemical mapping at micro scale. As a result, absences
of oxygen are confirmed in iron cores; therefore carbon shell
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Figure 4: (a) SAED image reveals diffuse rings due to the presence of both nanocrystalline and amorphous phases. (b) FFT analysis shows
trace of iron carbide.
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Figure 5: (a) Spectra of EELS analysis at nanoscale and associated TEM image are in the inset; EELS analysis shows no oxygen peak. (b) EDX
analysis at microscale shows only Fe peak without oxygen peak as well (Cu peak is due to the grid). EDX associated TEM image is in (b1)
inset, and associated chemical mapping is in (b2) inset; Red spots represent Fe.

properly sealed the iron cores in all samples. In addition,
the fewer defects in carbon shell provide higher protection
efficiency. Accordingly, carbon shells order/disorder struc-
ture was analyzed by RAMAN spectroscopy. The D-band of
metal/C nanoparticles is considered to be a disorder-induced
feature owing to lattice distortion or amorphous carbon
background signal [55].The peak intensity ratio 𝐼

𝐷
/𝐼
𝐺
is often

used to determine the extent of structural disorder in graphite
and/or the size of the graphitic domains [56]. Thus, the
decoupled 𝐼

𝐷
/𝐼
𝐺
are considered. 𝐷 and 𝐺 peaks are located

near ∼1350 and ∼1600 cm−1, respectively. RAMAN spectra
peak−height ratios 𝐼

𝐷
/𝐼
𝐺
were determined from Lorentzian

fittings as the example spectra shown in Figure 6(a). The
carbon shells crystallinities degree (𝐼

𝐷
/𝐼
𝐺
) was obtained

for each sample accordingly and was less than one for all
samples, indicating high carbon crystallinity. Comparison of
𝐼
𝐷
/𝐼
𝐺
of each sample in Figure 6(b) reveals slight decrease

in 𝐼
𝐷
/𝐼
𝐺
ratio as more nitrogen is used. This means that the

graphitization degree of the samples increases slightly with
increasing nitrogen gas concentration. Zhao et al. studied car-
bon nanostructures production by AC arc discharge plasma
process at atmospheric pressure and concluded that the value
of 𝐼
𝐷
/𝐼
𝐺
decreases from 1.2 to 0.6 with the increasing arc

discharge current [57]. In their study, the temperature has
been increased by increasing arc discharge electric current,
while in our study the electric current was kept constant and
the temperature was regulated according to the gasmixture of
N2/He at near atmospheric pressure.Nitrogen exhibits higher
plasma temperature in comparison with helium plasma; the
lowest 𝐼

𝐷
/𝐼
𝐺
corresponds to N100 sample (𝐼

𝐷
/𝐼
𝐺
∼ 0.81),

when only nitrogen is used.
Afterwards, the magnetic properties were characterized

by superconducting quantum interference device (SQUID).
CEINPs and CEMINPsmagnetic behaviors were investigated
at 300K. Figure 7(a) represents comparison of normalized
hysteresis curve for N100, N75, N50, N25, and N0 samples.
The saturation magnetization for the nanocrystalline ferrites,
in general, is found to be lower compared to their bulk value,
which is attributed to surface spin effects [58]. Saturation
magnetization largely depends on size, shape, metal compo-
sition, and crystalline magnetic anisotropy energy, as well
as coating by nonmagnetic materials [52, 59]. N0 sample
exhibits higher saturationmagnetization than samples gener-
ated in presence of nitrogen. Therefore, from morphological
point of view, as the iron cores are reforming from spherical
shape to smaller oval shape, the saturation magnetization is
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Figure 6: (a) Micro-Raman spectra of N100 sample fitted to Lorentzian function; 𝐷 and 𝐺 peaks are located near ∼1350 and ∼1600 cm1. (b)
This graph shows comparison between 𝐼

𝐷
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ratios for each sample. By using only helium (N0), the number of defects is always higher than

samples that were obtained by using nitrogen and/or its mixture with helium.

decreasing. Size dependency of saturation magnetization is
reported in the literature [60–62]. Interestingly, in spite of
smaller iron cores, the multi-iron cores nanoparticles (N100
sample) exhibit higher saturation magnetization than single
oval shape nanoparticles in N75 sample. Jafari et al. studied
the effect of carbon shell on the structural and magnetic
properties of Fe

3
O
4
and concluded that the magnetization of

Fe
3
O
4
nanoparticles was reduced after coating with carbon

[63]. Bittova et al. carried out a research study on the effects
of coating on dipolar interparticle interactions and showed
the reduction of saturation magnetization after coating as
well [64]. In our samples, the single iron cores are mainly
located in the center of a large carbon shell while the multi-
iron cores are distributed in a carbon shell; therefore probably
carbon shell has less negative magnetic effect to multi-iron
cores comparatively due to higher average distance between
center iron cores. Increasing the saturation magnetization of
magnetic nanoparticles may permit more effective develop-
ment of multifunctional agents for simultaneous targeted cell
delivery, magnetic resonance imaging contrast enhancement,
and targeted cancer therapy in the formof local hyperthermia
[65]. Zero-field-cooling (ZFC) and field-cooling (FC) curves
exhibit the main attribute of superparamagnetic system. ZFC
and FC magnetization from N100 sample are plotted in
Figure 7(b). All the samples were in superparamagnetic state
at room temperature. Multi-iron cores nanoparticles block-
ing temperature (𝑇

𝐵
) value (30K) is lowest among the others,

followed by N75, N50 43K, N25, and N0 with 36K, 43K,
45K, and 55K, respectively. The 𝑇

𝐵
values versus median

size from size distribution analysis are plotted in Figure 7(c).
The finding that 𝑇

𝐵
decreases as the size of the nanoparticles

decreases is consistent with conventional Stoner-Wohlfarth
theory [66]: the energy barrier, over which themagnetization
of the nanoparticles should be thermally activated, increases
as the size of the nanoparticles increases. Consequently,
the lowest 𝑇

𝐵
value of CEMINPs confirms the existence of

smaller iron nanoparticles comparing to other samples. The
sum of multi-iron cores in each carbon shell is greater than a
single oval shape in N75 sample but its 𝑇

𝐵
value is lower.This

is an interesting characteristic of CEMINPs.The result of low
𝑇
𝐵
value opens the possibility of using superparamagnetic

particles in applications that required high standard and
needs to operate at very low temperatures such as sensors
in aerospace industry. Moreover, magnetic properties results
of presented CEMINPs and CEINPs are important because
in principle interests in magnetic particles are all due to
the possibility to governing, heating, and detecting them by
external magnetic field for biomedical applications.

4. Conclusion

Mono- and multi-iron nanoparticles encapsulated in carbon
shell were controllably synthesized using a new modified arc
discharge reactor. Influence of nitrogen on plasma evidenced
higher concentration of carbon species and changes the mor-
phologies of CEINPs and CEMINPs. Moreover, the nature
of gas has influences on yield of nanoparticles; in particular,
nitrogen plasma provided highest yield in our study. The
diffraction points of iron oxide were not detected from SAED
and FFT techniques. In addition, EELS analysis at nanoscale
and EDX analysis at microscale showed no trace of oxygen
in iron cores; hence samples were well protected by carbon
shells. Based on the Raman spectroscopy results, best carbon
crystallinity is observedwhen only nitrogen is used. Sufficient
iron core protection along with low defects of carbon shell
structure promotes very small pores and therefore minimizes
the possibility of iron oxidation, degradation, and/or possible
toxicity; hence both CEINPs and CEMINPs are suitable
for highly chemically active environment. All the particles
show a superparamagnetic behavior at room temperature as
determined by SQUIDmeasurements. Lowest blocking tem-
perature of 30K evidenced the synthesis of smallermulticores
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Figure 7: (a) Hysteresis curve comparison of N0, N25, N50, N75, and N100 samples and the saturation magnetization are 74, 67, 60, 35,
and 51 (emu/g), respectively. (b) Zero-field-cooled and field-cooled magnetization curve of multi-iron core nanoparticles measured in 50Oe.
This type of nanoparticles exhibited low blocking temperature (30K) and is in superparamagnetic state above 240K. (c) This graph shows
the changes between blocking temperature and iron median size for each sample.
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than monocore nanoparticles. Interestingly, although multi-
iron cores are smaller than iron core in CEINPs (N75),
they exhibit higher saturation magnetization; one of the
reasons can be the existence of a few iron cores in a single
carbon shell and therefore carbon shell has lower negative
effect on magnetic properties. Owing to the extremely close
distance (around 2 nm) between iron cores in CEMINPs,
there will be higher visibility comparing to CEINPs and
therefore this type of nanoparticles has more priority to be
used as contrast agent. On the other hand it is noteworthy to
mention that, due to the carbon shell spherical shape and iron
superparamagnetic behavior, their movement in body fluid
can be smooth and controllable and hence the CEINPs can be
potentially used in drug delivery. It is concluded that the gas
nature of the reactor plasma used in the research project has
significant effect on themorphological properties of CEINPs.
Accordingly, by this method, CEINPs and CEMINPs can be
synthesized based on the desired applications.
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Magnetic carbon nanocages (MCNCs) with multiform pore structure have been synthesized by a simple low temperature
carbonization process. Biorenewable lignin was used as a cheap and carbon-rich precursor for the first time. The products were
characterized by X-ray diffraction (XRD), nitrogen adsorption-desorption, energy dispersive X-ray spectroscopy (EDS), vibrating
samplemagnetometer (VSM), transmission electronmicroscopy (TEM), and Raman spectrum. XRD pattern and Raman spectrum
showed that the product has a high degree of graphitization crystallinity. TEMmicrograph indicated that the synthesized MCNCs
have the hierarchical pore and cage structure. Due to these characteristics, the obtained magnetic carbon nanocages can be used as
efficient and recycled adsorbents in the removal of dye staff from textile wastewater.

1. Introduction

Carbon materials, in their various forms such as carbon
nanocages [1], porous materials [2], graphene [3], nan-
otubes [4], fibers [5], and activated carbons [6], had good
adsorption, low density, high surface area, excellent electrical
conductivity, and efficient catalytic activity. Among them are
carbon nanocages (CNCs), an emerging engineered mate-
rial, generally used as catalyst supports [7–11], adsorbents
[12], electrode materials [13], lithium-ion batteries [14–19],
supercapacitors [20, 21], drug delivery [22, 23], and sensors
[24].

To date, various synthesis methods, for instance, chem-
ical vapor deposition (CVD) [25], arc discharge, template
approach [26], pyrolysis of organic precursors [27], and sol-
gel method [28], had been developed to fabricate carbon
nanocages. However, in most of these synthesis approaches,
acetylene, ethanol, and pyridine were used as carbon sources,
which are expensive and unsustainable fossil fuels; they may
not be sufficient in near future. Furthermore, energy and
environmental concerns have initiated and energized the
research on the development ofCNCs from renewable carbon

sources. As a result, it is crucial to switch over to the cheap and
biorenewable carbon source.

Lignin, a cheap, nontoxic, and carbon-rich renewable
resource, is the second most abundant biopolymer after cel-
lulose in the nature [29]. Lignin is usually a waste discharged
from paper and biomass bioethanol factories. However, the
molecular structure of lignin consists of repeating units of
the p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S)
(Figure 1) [30], which had a highly cross-linked structure
close to the network of phenol resin [31, 32]. Thus, the
reaction activity of lignin is similar to phenol. Phenol is
a kind of toxic chemical intermediates, which was used to
synthesize carbon materials [33–35]. Clearly, nontoxic and
carbon-rich renewable lignin could replace the phenol as the
precursor of carbonmaterials.Therefore, there are numerous
reports of the use of lignin for the preparation of carbon
fibers [36], activated carbons [37], carbon nanotube [38], and
porous carbon materials [39]. Nevertheless, to the best of our
knowledge, the carbon nanocages prepared by lignin have not
yet been reported.

Herein, in this paper, for the first time we report a simple,
low-cost, and environment-friendly method for preparing
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Figure 1: Lignin monomeric units.

magnetic carbon nanocages (MCNCs) by a low temperature
carbonization process using lignin as the precursor. The
structural properties of the obtained samples were charac-
terized by nitrogen adsorption-desorption, X-ray diffraction,
transmission electron microscopy, and Raman spectroscopy.
Furthermore, lignin-based multiform pore structure and
magnetic carbon nanocages used as the adsorbents of methyl
orange were investigated.

2. Experimental

2.1. Synthesis of Magnetic Carbon Nanocages. All the chem-
icals were used as received without further purification. In
a typical synthesis process: 1.0 g of lignin was added to
0.35 g of 20wt% NaOH solution under stirring at 50∘C, after
10min, 1.15 g of formalin solution (37wt% formalin) was
added dropwise, and the reaction mixture was stirred at
70∘C for 60min. Upon cooling the mixture to 30∘C, 0.21 g
Fe(NO

3
)
2
⋅9H
2
O was added to the mixture. After stirring for

30min, the dark-brown oligomer was further polymerized
at 100∘C for 12 h and then peeled off and pyrolyzed at
600∘C for 3 h with a ramping rate of 1∘C/min under argon
flow. Finally, the obtained material was washed with excess
amounts of 1MHNO

3
aqueous solution, deionizedwater and

ethanol until a neutral pH, and dried in air at 100∘C for 12 h.
The produced sample was denoted as MCNCs. Commercial
activated carbon (AC, Hebei Hua Jing activated Carbon Co.,
Ltd, SBET: 800m

2

⋅g−1) was used as the reference material.

2.2. Measurements and Characterizations. The structural
properties of the obtained MCNCs materials were identified
using a Rigaku D/Max2rB-II X-ray diffractometer (XRD,
CuK1 radiation, 𝜆 = 1.5406 Å), operated at 40 kV and 100mA
(scanning step 8∘/s). Transmission electron microscope
(TEM) images were recorded using a JEOL JEM-2010 elec-
tron microscope with an acceleration voltage of 200 kV. The
Raman spectrum was recorded on a Horiba XploRA Raman
microscope using a 532 nm argon ion laser. Nitrogen sorption
isotherms were measured at −196∘C on a Micromeritics
ASAP 2000 apparatuses.The Brunauer-Emmett-Teller (BET)
method was utilized to calculate the specific surface areas.
The pore size distributions were derived from the desorption
branches of the isotherms using the Barrett-Joyner-Halenda
(BJH)method. VSMmeasurements were performed by using
a vibrating sample magnetometer (Lake Shore 7410 VSM),
and the magnetic property of nanocomposite is measured
by a strong magnet. The absorbance of methyl orange was

measured by 752 type spectrophotometer whose operating
voltage was AC 220V/50Hz.

2.3. Adsorption of Methyl Orange. In order to investigate
the effect of important parameters (e.g., contact time and
initial dye concentration) for the removal of MO dye, batch
experiments were conducted. For each experimental run,
the adsorbent (50mg) and MO (50mL) stock solutions
were taken in a 250mL stopper conical flask. This mixture
was stirred at a constant speed for 4 hours at room tem-
perature and then the mixture was separated by magnetic
separation and the obtained supernatants were tested using
a spectrophotometer at wavelength 461.0 nm. Particularly,
the representative adsorbent (MCNCs) was withdrawn at
different time intervals (0–200min), separated, and analyzed
for remaining dye concentration.

According to the decolorization rate formula for calcu-
lation and analysis, the corresponding curve was drawn and
then the saturated adsorption capacity was calculated. The
removal percentage, defined as the ratio of difference in initial
MO concentration before and after adsorption (𝐶

0
− 𝐶) to

the initial MO concentration in the aqueous solution (𝐶
0
),

was calculated using the following equation, while𝐴
0
and𝐴,

respectively, represent the absorbance ofMO before and after
the adsorption [40, 41]:

𝑄 = (1− 𝐶
𝐶0
)× 100% = (1− 𝐴

𝐴0
)× 100%. (1)

Besides, the equilibrium adsorption capacities (𝑄
𝑒
) were

determined according to the following formula [42]:

𝑄

𝑒
=

(𝐶

𝑖
− 𝐶

𝑒
) 𝑉

𝑀

,

(2)

wherein 𝐶
𝑖
is the initial concentration, 𝐶

𝑒
is the residual

concentration, 𝑉 is the volume of the solution, and𝑀 is the
mass of the adsorbent.

In research on magnetic separability, 25mg of adsorbent
was added to 25mL of MO dye solution (50mg/L) in a
bottle.The resultingmixture was stirred at room temperature
for 60min to reach adsorption equilibrium. Subsequently, a
conventional laboratory magnet was placed near the glass
bottle, and the solid-liquid separation was achieved within
few minutes [41].

3. Results and Discussion

The magnetic carbon nanocages (MCNCs) with graphitic
framework were evidenced by TEM analysis as shown in
Figure 2. As can be seen, the sample consists of nanocages.
The size and shape of the nanocages were not uniform, and
the size of the nanocages was estimated to be 30–70 nm
(Figure 2(a)). After acid treatment, a great deal of iron
phase was eliminated, leaving a graphitic carbon nanocages
structure as shown in Figure 2(b), but a small part of iron
still residue in the graphitic carbon nanocages. Particularly,
the Fe

3
C particles remain within the cages as it is not in

an ionic form after the acid treatment of Fe
3
C by HNO

3
.
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Figure 2: (a) TEM and (c) HRTEM image of magnetic carbon nanocages before acid treatment; (b) TEM and (d) HRTEM image of magnetic
carbon nanocages after acid treatment.
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Figure 3: Energy dispersive X-ray spectroscopy (EDS) analysis of magnetic carbon nanocages before (a) and after (b) acid treatment,
respectively.

The magnetic carbon nanocages had an average size of about
50 nm and a shell thickness ranging from 5 to 10 nm.HRTEM
image illustrates that the nanocage shell was composed of
about 28 well-defined graphitic layers with a spacing of
0.34 nm (Figures 2(c) and 2(d)), which is consistent with the
(002) plane of graphite (Figure 4(a) JCPDS Card number
41-1487). The graphitization degree of the present MCNCs
(Figure 2(d)) corresponded well to the results of XRD pattern
and Raman spectrum (see below), which are similar to the
previous work [43].

The structure of the magnetic carbon nanocages was
studied using energy dispersive X-ray spectrometry (EDX).
The resulting spectrum is shown in Figure 3. As shown in
this figure, the iron particles are present at 0.69, 6.41, and
6.38 keV before and after acid treatment, respectively. The
peak at 6.38 keV (Figure 3(b)) can be attributed to the phase
of iron particles after acid treatment. Energy dispersive X-
ray spectroscopy (EDS) analysis (Figure 3(b)) confirmed the
TEM result of the few iron nanoparticles residue in MCNCs
(Figure 2(b)).
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Figure 4: (a) XRD pattern and (b) Raman spectrum of the magnetic carbon nanocages before (I) and after treatment (II).

Figure 4(a) shows thewide-angle X-ray diffraction (XRD)
pattern of magnetic carbon nanocages before and after acid
treatment; the peaks at around 26.3∘, 42.2∘, and 44.3∘ can
be indexed as (002), (100), and (101) diffraction planes of
the graphite (JCPDS Card number 41-1487), respectively.The
weak peaks located at about 37.4∘, 42.7∘, and 43.5∘ can be,
respectively, indexed to the (121), (211), and (102) reflections
of Fe
3
C phases (JCPDS Card number 65-0393), while the

other intense peaks at around 44.6∘, 65.1∘, and 82.3∘ can be
indexed as (110), (200), and (211) diffraction planes of Fe
(Figure 4(a), I, JCPDS Card number 65-4899). Compared
with the original sample without acid treatment, the peaks
of 44.6∘, 65.1∘, and 82.3∘ corresponding to Fe phases were no
longer observed in the acid-treated sample, suggesting that
the Fe was removed, but graphitic layers on the outer surface
remained after acid treatment. The reflections of graphitic
and Fe

3
C planes were still visible on the XRD pattern of the

after acid-treated sample; meanwhile, the peaks of 26.3∘ were
intense (Figure 4(a), II). Maybe the iron carbides in graphite
layers (Fe

3
C@C) are difficult to be acid-treated.

To further investigate the graphitization state of magnetic
carbon nanocages before and after acid treatment, Raman
spectroscopy test was carried out to define the vibration of
carbon species. As shown in Figure 4(b), themagnetic carbon
nanocages exhibited a D band at 1338 cm−1 and a G band at
1586 cm−1; the D band is attributed to an A1g vibration mode
of carbon atoms with dangling bonds in plane terminations
of disordered graphite [44]. The G band corresponds to the
E2g mode of hexagonal graphite and is related to the vibration
of sp2 hybridized carbon atoms in the graphite layer. The
relative intensity of these two bands (ID/IG) can be used to
reflect the degree of graphitization, which are calculated to be
1.72, 1.10 for before and after acid treatment, respectively. The
greater the ratio of ID/IG is, the higher the disorder degree for
graphite is. The relatively lower ID/IG value (1.10) combined

with a broad D band confirms that the after acid-treated
magnetic carbon nanocages had better graphitization degree
[45], which can be confirmed by its XRDpattern (Figure 4(a),
II).

Nitrogen sorption isotherms were recorded to investi-
gate the before and after acid treatment of the samples.
Figure 5 gives the N

2
adsorption-desorption isotherm and

corresponding pore size distribution curve of MCNCs. The
isotherms (Figure 5(a)) exhibit a clear H

1
-type hysteresis

loop at a relative pressure of 0.5–0.7, indicating mesoporous
characteristics with a capillary condensation phenomenon.
The pore size distribution obtained from an analysis of
desorption branch of the isotherms is shown in Figure 5(b).
It can be seen that the MCNCs sample has bimodal pore
size distributions centered at about 4.1, 30–65 nm and 0.57,
3.1, 30–65 nm of magnetic carbon nanocages before and
after acid treatment, respectively. These sizes are close to the
diameters of the nanocages observed by TEM (Figure 2).
Specifically, the pores size 0.57 nm may be produced by the
acid treatment for removal of the metallic iron nanoparticles.
These magnetic carbon nanocages generally have high BET
surface areas (307.9, 420.5m2⋅g−1) and large pore volumes
(0.69, 0.71 cm3⋅g−1); both are increasing with the removal of
iron nanoparticles by acid treatment.

The magnetic properties of the synthesized carbon
nanocages particles (Fe

3
C) were characterized by magnetic

hysteresis loops with varying magnetic field at room tem-
perature and the obtained magnetization hysteresis loop is
shown in Figure 6(a). The hysteresis loop of the carbon
nanocages particles (Fe

3
C) measured at 300K shows typical

soft magnetic behavior of the composite with a high satura-
tion magnetization up to 19.1 emu⋅g−1, low coercivity of 136.4
Oe, and low remanence of 2.5 emu⋅g−1. Figure 6(a) (inset)
shows the thermogravimetric analysis (TGA) of themagnetic
carbon nanocages materials under the air atmosphere. From
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Figure 6: (a) Magnetization curves of the MCNCs and (b) the adsorption kinetics of MO onto the representative AC andMCNCs.The inset
in (a) is the TGA curve of MCNCs. The inset in (b) is a photograph of dispersed MCNCs in MO solution after being attracted by an outer
magnet.

TGA results we obtained the iron oxide content which is
15.6% in MCNCs. Based on calculation, the Fe

3
C content is

17.5% in MCNCs.
Pollutants, especially textile dyestuffs, have caused over-

whelming environmental pollution worldwide, which have
triggered many studies’ attention. Recent studies showed
that magnetic materials with high surface area have a wide
potential application for the removal various pollutants in
wastewater, notably for textile dyestuffs [46–48]. In order
to evaluate the adsorption behavior of magnetic carbon
nanocages, we investigate their capacities by adsorbing MO
dye from its aqueous solutions. Figure 6(b) presents the
adsorption kinetics of MO dye onto the representative

magnetic carbon nanocages with a given initial MO dye
concentration of 50mg/L. MCNCs have obviously better
removal ability than that of the MCNs before acid, with
adsorption rates of 43.6%, 63.6% and 28.4%, 39.8% in the
first 3, 5min, respectively.Then the dye was rapidly adsorbed
in 15min (92.6%), and subsequently the adsorption rate
decreased gradually and reached equilibrium in about 60min
(97.7%). However, compared with commercial activated car-
bon, MCNCs adsorption rate is not fast enough, which the
adsorption rates of 98.8% in 10min.

Magnetic carbon nanocages (MCNCs) exhibit a higher
adsorption capacity, which may be attributed to the triple
synergy effect based on the special hierarchical pore and
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nanocages structure of MCNCs. Firstly, dye molecules are
easily adsorbed or condensed on the exterior surface of
MCNCs. Secondly, When the adsorption of the exterior
surface reached saturation, the dye molecules extended into
the microporous and were adsorbed by the interior surface of
MCNCs. Furthermore, it is conjectured that a certain amount
of dye molecules may be adsorbed partially or fully filled in
the hollow core of MCNCs.

As displayed in Figure 6(b) (inset), the magnetic carbon
nanocages can be well-dispersed in MO solution; there was a
change from black to colorless within few minutes by placing
a conventional laboratory magnet near the glass bottle. That
is to say, the black particles of magnetic carbon nanocages
were attracted towards the magnet, and the clear solution
could be easily decanted off or removed by pipette. It is proved
that magnetic carbon nanocages possessed magnetism and
could be potentially used as a magnetic adsorbent to remove
organic dyes in liquid phase.

4. Conclusion

In conclusion,we demonstrate a simple route for the synthesis
of magnetic carbon nanocages via a direct carbonization pro-
cess by using biorenewable lignin as a carbon source. XRD,N

2

adsorption-desorption, EDS, VSM, TEM, and Raman results
all consistently reveal that the synthesized magnetic carbon
nanocages have a multiform pore structure, relative high
specific surface area, and relative large pore volume, which
are beneficial for the dye molecules diffusion/transfer in the
absorbents and thereby result in the improvement of adsorp-
tion and separation properties. In addition, the experimental
results indicate that themagnetic carbon nanocages exhibited
a high capacity for methyl orange adsorption; the excellent
adsorption performance of MCNCs can be attributed to its
nanocage structure and hierarchical porosity.
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Layered materials, such as graphene, have attracted increasing interests since they can be extensively used in gas sensors, spintronic
devices, and transparent electrodes. Although larger size of graphene sheets has been fabricated, in reality, the existence of the
defects in layeredmaterials is almost inevitable during themanufacturing process. Here, we performed the state-of-the-art density-
functional theory calculations to study the interactions between CO molecule and the pristine and defective graphene layers, with
the aim of designing a CO gas sensor with higher sensitivity. The van der Waals interactions predominate the binding between the
CO gas and the sensor, and also significantly enhance the stability of the system.The defective graphene strongly interacts with CO,
and thus enhances the sensitivity of the graphene and further tunes the electronic and magnetic properties of the entire system.
Our computed results clearly demonstrate that the defective graphene could be a good sensor for gas molecules.

1. Introduction

Carbon-based materials, such as nanotubes and graphene,
are widely accepted as a good sensor to monitor small gas
molecules, such as CO, NO, NO

2
, and NH

3
molecules [1–

9]. In particular, the detection of the COmolecule to prevent
poisoning is of vital importance, due to the fact that CO is
colorless, tasteless, and odorless, but toxic and flammable.
Carbon nanotubes were often used as building blocks in gas
sensors, which is capable of effectively monitoring extremely
low concentrations of gases [10–13]. Since fabrication in 2004
byNovoselov et al. [14], graphene, the two-dimensionalmate-
rial, has attracted increasing interests as a gas sensor, thanks
to its huge specific surface area, good electrical conductivity,
stable chemical performance, high Young’s modulus, and
excellent optical performance [3, 8, 15–17]. In particular,
Zhang et al. [16] theoretically studied small gas molecules
(CO, NO, NO

2
, NH
3
) adsorption on four graphene layers

(pristine, B and N-doped, and defective graphene) using the
local-density approximation (LDA) method and exploited
their potential applications as gas sensors. Although efforts
are being undertaken to enhance the performance of gas

sensor, many challenges remain in the field, such as the low
binding energy, low sensitivity, and bad selectivity.

A prerequisite to design an effective sensor is the under-
standing of the interactions between the gas molecules and
the substrate. However, from the point of view of modelling,
the accurate description of their interactions remains a big
challenge, due to the well-known fact that the gas/substrate
binding arises from the dedicated balance between various
types of bonding: covalent bonding, van der Waals (vdW)
interactions, hydrogen bonding, charge transfer, and Pauli
repulsion [15, 18–20]. Thanks to the recent development
of vdW-inclusive methods in the framework of density-
functional theory (DFT) [21, 22], the role of vdW force
between smallmolecules in the gas phase has been reasonably
described and is well understood. Notably, the vdW energy
is of extreme importance in two-dimensional materials but
is often ignored in previous DFT calculations when studying
the gas sensors.

In this contribution, we performed various types of vdW-
inclusive DFT calculations to study the interactions between
CO molecule and graphene layers. Although larger size of
graphene sheets has been fabricated, in reality, the existence
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Table 1: Adsorption energy (𝐸ad in eV) and equilibrium molecule-substrate distance (𝑑 in Å) of the CO adsorbed on different sites.

Systems Structures LDA PBE PBE + vdW (TS)
𝐸ad 𝑑 𝐸ad 𝑑 𝐸ad 𝑑

CO on G

a −0.10 3.01 0.03 3.14 −0.05 2.84
b −0.04 2.72a 0.04 2.97a −0.03 2.68a

c −0.08 2.82 0.02 3.22 −0.03 2.77
d −0.03 2.71a 0.05 2.85a −0.04 2.71a

e −0.08 2.61 0.06 2.85 −0.03 2.76
f −0.06 2.63a 0.07 2.72a 0.03 2.47a

g −0.11 2.86 0.04 3.10 −0.10 2.79
h −0.12 2.69 0.04 2.97 −0.11 2.88
i −0.12 2.83 0.03 3.09 −0.09 2.85
j −0.12 2.82 0.03 3.14 −0.10 2.91

CO on defective G k −0.36 2.90 −0.25 3.09 −0.32 2.63
l −2.75 1.32b −2.05 1.33b −2.15 1.33b

a refers to the distance between the O atom in CO and the C atom in graphene.
b refers to the shortest bond length.

of the defects in layered materials is almost inevitable during
the manufacturing process. As such it is of fundamental
interests to study the interactions of gas molecules with
the defective graphene sheets. Our calculations showed that
by introducing defects, even a single point vacancy, in the
graphene layers, the sensitivity of the gas sensor can be
significantly enhanced. Moreover, the electric and magnetic
properties of the system are strongly perturbed upon inter-
action with the molecules. We demonstrate that the defective
graphene would be a highly sensitive sensor for monitoring
the CO gas.

2. Methods

DFT calculations were performed using the Vienna ab initio
simulation package (VASP) [23]. The interaction between
the valence electrons and ionic cores is described by the
projector augmented wave (PAW) method [24]. The LDA,
the Perdew-Burke-Ernzerhof (PBE) form of the generalized-
gradient approximation (GGA) [25], and the PBE + vdW
(or TS) [26] are employed to describe electron exchange and
correlation. The plane wave energy cut-off is set to 350 eV
and the Brillouin zone is sampled with 3 × 3 × 1 𝑘-point
mesh.The surfaces are modeled by periodic (5 × 5) supercell,
which is separated by 15 Å of vacuum. A threshold for the
convergence criteria of 0.001 eV/Å is used for the final force.
For the calculation of density of electronic states (DOS), the
𝑘-point is set to 19 × 19 × 1.

The adsorption energy of CO on graphene can be written
as

𝐸ads = 𝐸CO/Graphene −𝐸Graphene −𝐸CO, (1)

where𝐸CO/Graphene,𝐸Graphene, and𝐸CO are the total energies of
the relaxed CO on graphene system, free-standing graphene,
and the isolated CO molecule, respectively.

To find the most favorable adsorption configuration, a
CO molecule is initially placed at different positions above
the pristine graphene (G) and the defective graphene (DG)
with perpendicular or parallel orientation. We also use other

five vdW-inclusive methods, including DFT-D2 [27], DFT-
D3 [28], vdW-DF, optPBE-vdW, and optB88-vdW [29, 30], to
revisit the favorable adsorption configurations relaxed from
the PBE + vdW method, with the aim of deeply understand-
ing the role of vdW interactions in these adsorption systems.

3. Results and Discussion

Figure 1 shows the optimized configurations after full relax-
ation. The C–C bond length in graphene from our LDA,
PBE, and PBE + vdW calculations ranges from 1.41 to
1.43 Å, in excellent agreement with the experimental data
(1.42 Å) [31]. Also, the calculated atomic distance between
O and C in CO molecule agrees very well with those from
experiments (1.13 to 1.14 Å versus 1.13 Å [32]). The computed
adsorption energies (𝐸ad) and the equilibrium molecule-
substrate distances (𝑑) are listed in Table 1. The most stable
configurations of the CO molecule on pristine graphene and
defective graphene are configurations (h) and (l), respectively.
The adsorption energy of CO on G is found to be −0.12 eV,
along with the CO-substrate distance of 2.69 Å from the
LDA functional. We found that the 𝐸ad of configurations
(g) to (j) are almost identical, suggesting the flat potential-
energy surface for CO at the pristine graphene. Notably, our
computed adsorption energy at the favorable configuration
(h) agrees with that in [16].The LDA results are close to those
from the PBE + vdW method with an 𝐸ad of −0.11 eV. In
contrast, the PBE adsorption energies are positive, and the
adsorption distances are considerably larger than those from
LDA and PBE + vdW. Therefore, one could conclude that
the GGA-PBEmethod tends to underestimate the adsorption
energy and overestimate the adsorption distance, confirming
the essential role of vdW interactions in these systems.

For the defective graphene, the configuration (l) in
Figure 1 is found to be the most stable, where the CO tilts
to the defective graphene and carbon atom pointing towards
the vacancy. When using LDA, the adsorption energy of
CO on DG significantly increases to −2.75 eV, with a CO-
substrate distance of 1.32 Å.The 𝐸ad computed from PBE and



Journal of Nanomaterials 3
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Figure 1: Top and side views of the adsorption structures for CO on graphene and defective graphene. (a) to (j) are for graphene and (k) to
(l) are for defective graphene.

PBE + vdW are −2.05 and −2.15 eV, respectively, and the 𝑑
value dramatically decreases to 1.33 Å. The distance is close
to the bond length of a C=C double bond (1.34 Å), indicating
the formation of the covalent bonds upon CO adsorption.
As such, the CO molecule is chemisorbed at the defective
graphene, with a significantly larger adsorption energy than
for the pristine graphene sheet.

Table 2 shows the comparison of calculated adsorption
energy and equilibrium molecule-substrate distance at the
most stable sites h and l ofG andDG, respectively, between six
vdW functionals. For configuration h, the 𝐸ad from DFT-D2
(−0.09 eV) andDFT-D3 (−0.10 eV) are lower than that of PBE
+ vdW (−0.11 eV), and the vdW-DF (−0.14 eV) and optPBE-
vdW (−0.16 eV) are higher. The best agreement can be found
in the optB88-vdW functional, with an 𝐸ad = −0.11 eV.
A relatively wide range of 𝐸ad (−0.09 to −0.16 eV) can be
seen for the vdW-DF-type functionals, while the distance
is from 2.77 to 3.02 Å. For configuration l, the 𝐸ad values
of DFT-D2 (−2.25 eV) and DFT-D3 (−2.17 eV) are higher
than that of PBE + vdW (−2.15 eV), the vdW-DF (−1.80 eV),
optB88-vdW (−2.04 eV), and optPBE-vdW (−2.01 eV) which

Table 2: Comparison of the calculated adsorption energy (𝐸ad in
eV) and equilibrium molecule-substrate distance (𝑑 in Å) at sites
h and l of graphene and defective graphene, respectively, between
different vdW functionals.

Methods h l
𝐸ad 𝑑 𝐸ad 𝑑

PBE + vdW −0.11 2.88 −2.15 1.33
DFT-D2 −0.09 2.87 −2.25 1.33
DFT-D3 −0.10 2.92 −2.17 1.33
vdW-DF −0.14 3.02 −1.80 1.33
optB88-vdW −0.11 2.77 −2.04 1.33
optPBE-vdW −0.16 2.93 −2.01 1.33

are lower. Further analysis of the data in Table 2 shows that
different vdW-inclusive methods give a relatively wide range
in adsorption energies for the chemisorbed system. More
specifically, the PBE+ vdWandDFT-D3 give almost identical
binding energies, which are about 100meV larger than those
from the DFT-D2 method. This is presumably because the
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Figure 2:TheDOS for (a) CO on pristine graphene and (b) CO on defective graphene. Spin-polarized density of states (DOS) for (c) defective
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Figure 3: Top and side views of (a) the penta-graphene sheet, (b) to (d) CO adsorbed on the penta-graphene sheet at different sites. The
adsorption energies are also shown in the figure.

former methods utilized the environmental dependent vdW
parameters in DFT calculations. The vdW-DF functional
gives the highest binding energy due to the well-known
overly repulsive exchange part (revPBE) used in this approach
[18]. Although the 𝐸ad ranges from −1.80 to −2.25 eV, their
related distances for all functionals are the same (1.33 Å).This
indicates that the adsorption distance is determined by the
covalent bonding, rather than the vdW interactions, for the
chemisorbed systems.

To better understand the change in the electronic struc-
ture caused by CO adsorption, we computed the electronic
density of states (DOS) for CO on G and further compared
it with that of CO on DG. As shown in Figure 2(a), almost
no electron orbital overlaps between CO molecule and the
graphene in the CO on G system due to the physisorptive
nature of bonding in this case. On the contrary, theDOS plots
of CO and the defective graphene in the CO on DG system
are significantly hybridized (Figure 2(b)), clearly implying

the strong chemisorption between the CO molecule and the
defective graphene. It is inferred that the adsorption of CO
on DG brings apparent perturbation to electronic properties
of the defective graphene. Also, the spin-polarized DOS
analysis shows that the DG is magnetic (1.68 𝜇B) whilst the
magnetism vanishes upon the CO adsorption (see Figures
2(c) and 2(d)).

To obtain the charge redistribution after the adsorption
process, we further computed the differential charge densities
(DCD), which is defined as

Δ𝜌 = 𝜌CO/Graphene −𝜌Graphene −𝜌CO, (2)

where 𝜌CO/Graphene represents the total electronic density
for the CO/graphene system and 𝜌Graphene and 𝜌CO are the
densities for the isolated graphene (or defective graphene)
and CO molecule, respectively. In Figures 2(e) and 2(f), we
present the results of Δ𝜌 at the CO-G and CO-DG interfaces.
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Very weak charge transfer can be observed from graphene
(blue color, Δ𝜌 < 0) to the CO molecule (yellow color, Δ𝜌 >
0) in Figure 2(e). For CO-DG in Figure 2(f), a significant
charge transfer is observable from CO to defective graphene.

Finally, we made a comparison of graphene with the
newly proposed penta-graphene [33] to confirm the better
performance for the defective graphene as a CO gas sensor.
As shown in Figure 3(a), the penta-graphene possesses 54C
atoms, and the optimized lattice constants are 10.69 Å from
PBE + vdW method. The total thickness of the relaxed
structure is 1.26 Å and the buckling is 0.63 Å. There are
two kinds of C atoms, the 𝑠𝑝3- and the 𝑠𝑝2-hybridized
C atoms named C1 and C2, respectively. The C1–C2 is
1.53 Å and C2–C2 is 1.33 Å, while the bond angle of C2–
C1–C2 is 131.1∘. Three different configurations are shown
in Figures 3(b) to 3(d). The most favorable configuration
is site c with an 𝐸ad of −0.11 eV and a distance of 2.19 Å.
The remaining two configurations are both unstable due to
the positive 𝐸ad. Then we calculated the formation energy
of the graphene (−9.28 eV) and penta-graphene (−8.39 eV)
per atom, respectively. We found the formation energy of
graphene is lower than that of penta-graphene.

4. Conclusions

In summary, the interactions between CO molecule and the
pristine and defective graphene layers using different vdW-
inclusive functionals were investigated. CO is physisorbed on
the perfect graphene sheets, alongwith low adsorption energy
and almost no charge transfer. In contrast, the defective
graphene is reactive to bond with CO molecule, and their
interactions tune the electronic and magnetic properties
of the adsorption system. Our calculations demonstrate
the potential application of defective graphene as a highly
sensitive CO gas sensor.
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Hydrogenated amorphous carbon films codoped with Si and Al ((Si, Al)/a-C:H) were deposited through radio frequency (RF,
13.56MHz) magnetron sputtering on Si (100) substrate at different temperatures. The composition and structure of the films
were investigated by means of X-ray photoelectron spectroscopy (XPS), TEM, and Raman spectra, respectively. The substrate
temperature effect onmicrostructure andmechanical and tribological properties of the films was studied. A structural transition of
the films from nanoparticle containing to fullerene-like was observed. Correspondingly, the mechanical properties of the films also
had obvious transition.The tribological results in ambient air showed that high substrate temperature (>573K) was disadvantage of
wear resistance of the films albeit in favor of formation of ordering carbon clusters. Particularly, the film deposited at temperature
of 423K had an ultralow friction coefficient of about 0.01 and high wear resistance.

1. Introduction

Hydrogenated amorphous carbon (a-C:H) films have been
well known for their outstanding mechanical properties
such as super-hard (up to 80GPa) and excellent tribologi-
cal performance (friction coefficient lower than 0.01 under
vacuum) [1]. However, pure a-C:H films have some intrinsic
limitations in application as solid lubricant materials, such
as high internal stress, low toughness, and high sensitivity
of friction coefficient to humidity. In order to overcome
those limitations, doping additional elements has beenwidely
applied to fabricate nanocomposite amorphous carbon films.
Among those doped elements, silicon has attracted extensive
attention due to its effectiveness in improving thermal sta-
bility and enhancing corrosion resistance [2]. In particular,
the humidity sensitivity of friction coefficient films can be
suppressed by incorporating Si into a-C:H films based on the
forming silicon hydroxides or silicon oxide during friction
process [3]. Aluminum has been regarded as one of the most

effective elements in relaxing internal stress of a-C:H films
[4]. Besides, it was reported that the graphitization of a-C:H
films during friction would be enhanced by incorporation
of Al, so the friction coefficient can be further reduced [5].
Hence, Al would be a good candidate as a doping element of
a-C:Hfilms.However, incorporation of suchmetallic element
would inevitably cost some hardness of films.

Recently, a mode of duplex-doping was developed to
further comprehensively promote the mechanical and tribo-
logical properties of carbon-based solid lubricant films. An
optimum combination between mechanical and tribological
properties of films can be achieved by tailoring the content
ratio of codoped elements and the ratio C/Me [6] (Me
is the metal incorporated into amorphous carbon films).
Based on this mode, Wilhelmsson et al. [5] firstly proposed
a concept for design of low friction nanocomposite films
using Ti–Al–C films as a model system. The Ti–Al–C films
exhibited good toughness and low internal stress coupled
with low friction. Moreover, it was found in our previous
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Table 1: Deposition parameters of the films.

Parameters Value
Working pressure (Pa) 1.2
Radio frequency power (W) 700
Negative substrate bias (V) −200
Substrate current (mA) 100
Bias frequency (KHz) 40
Deposition duration (min) 90

works that Si and Al codoped amorphous carbon films ((Si,
Al)/a-C:H) showed superlow friction (<0.01) and superior
wear resistance in ambient air with relative humidity of
about 40% [7]. Also, both internal stress and the moisture
sensitivity of tribological properties of carbon-based films
can be significantly lowered by jointly doping Si andAl, which
was further validated by the works of Zhao et al. [8].

Furthermore, duplex-doping can be in favor of nanos-
tructure construction in amorphous carbon films. Until
the present, amorphous carbon films have been deposited
with many kinds of nanostructures including nanoparticle
containing structure [5, 9, 10], nanoscale multilayer [11,
12], nanoporous membranes [13], and dual nanostructure
[14]. In order to prepare amorphous carbon films with a
certain nanostructure through magnetron sputtering depo-
sition methods, there are lots of preparation parameters
taken into account, including sputtering power [15], substrate
bias voltage [16], and deposition atmosphere [7, 17], which
directly influence the growthmode, structure, and properties
of amorphous carbon films. In this study, the substrate
temperature effect on microstructure and mechanical and
tribological properties of the (Si, Al)/a-C:H filmswas studied.
The correlation between the structure and mechanical and
tribological properties was discussed.

2. Experimental Details

2.1. FilmsDeposition. The(Si, Al)/a-C:Hfilmswere deposited
on Si (100) substrates through sputtering a rectangular target
with dimension of 80 × 240mm2, consisting of silicon
(99.999wt.%) and aluminum (⩾99.5 wt.%) in argon (Ar) and
methane (CH

4
) mixture plasma. The exposure area ratio

of the Si and Al target is 6 : 1. Before the deposition, the
substrates were ultrasonically cleaned in alcohol and acetone
for 10min, respectively. The distance between the target and
substrate was about 95 ± 5mm. The residual pressure of the
deposition chamber was evacuated down to 3.0 × 10−4 Pa and
then the substrates were cleaned using Ar ion bombardment
at a pressure of 1.2 Pa and a negative bias voltage of 1000V
with 70% duty factor. Subsequently, the substrates were
heated to a scheduled temperature and then the (Si, Al)/a-
C:H film was deposited on them. The substrate temperature
was controlled at 423K, 473K, 573K, 673K, and 773K. The
gas flow of methane and argon was 27 sccm and 40 sccm,
respectively. Other deposition parameters of the films can be
found in Table 1.

Table 2: Parameters of tribotests.

Contact load (N) 2.0
Sliding speed (m/s) 0.10 (reciprocating mode)
Sliding time (s) 1800
Relative humidity (%) 30–40

Counter face Stainless steel ball (AISI 52100),
B = 3mm, HRC = 62, Ra = 0.02 𝜇m

2.2. Film Characterization. The thickness and morphology
of fractured cross section of the films were surveyed by
field emission scanning electron microscopy (FESEM, JSM
6701F). The compositions of the films were analyzed by
a PHI-5702 X-ray photoelectron spectroscope (XPS) with
monochromatic Al K𝛼 radiation at pass energy of 29.4 eV.The
residual pressure of the system was lower than 4 × 10−6 Pa.
Raman spectra of the films were obtained on a Jobin-Yvon
HR 800 Raman microscopy instrument with 532 nm Ar ion
laser and a resolution of 1 cm−1. High resolution transmission
electron microscopy was operated on FEI Tecnai G2 F20
FE-TEM at 200 kV. The samples for TEM observation were
obtained from the as-deposited films on the Si substrate,
which mechanically polished and then Ar ion-milled (Gatan
691) at a small angle with respect to the milled surface. The
hardness of the films was investigated by a nanoindenter
(Hysteron TI950, Hysitron TriboIndenter). The depth of
indentation was controlled to 10% of the film thickness
to exclude the influence of the substrate. Five indentation
tests were made at different locations of the films. The solid
lubricity of the films was evaluated by ball-on-diskmethod in
ambient air.The tribotest parameters can be found in Table 2.
The wear tracks were surveyed using noncontact method
on Micro XAM-3D Surface Profile (ADE Phase Shift, USA).
Surface morphology of transfer layer sliding against the films
was scrutinized by SEM (JSM-5600LV).

3. Result and Discussion

3.1. Composition and Microstructure. The composition of the
films was surveyed by XPS.The results showed that there was
no obvious difference in the composition among the films, as
shown in Figure 1. Specifically, oxygen should be concerned
with the surface oxidation when the samples were exposed to
the air.The composition of the films was almost independent
of the growth temperature. On the contrary, the thickness of
the films which was detected by FESEM, as shown in Figures
2(a)–2(c), decreasedwith the increase of growth temperature.
Specifically, the deposition rate of the films decreased in
contrast with increase of the substrate temperature. The
change of deposition rate is consistent with that reported
by Shinohara et al. [18]. This kind of phenomenon may
be concerned with decrease of sticking coefficient of the
chemical species generated in the methane plasma or the
increase of density caused by ion bombardment. However, we
think the latter is more likely since elemental composition of
the films, which depend on the sticking and resputtering of
the different chemical species, was almost unchanged with
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Figure 2: (a–c) FESEM images of fractured cross section and (d) total thickness as a function of the substrate temperatures.
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(a) (b)

(c) (d)

Figure 3: Plane-view TEM images taken from the bulk of the films deposited at different substrate temperatures (the insets of (a), (c), and
(d) are inversely filtered FFT local images of the area marked by white squares): (a) 423K, (b) 473K, (c) 673K, and (d) 773K.

the increase of substrate temperature, as shown in Figure 1.
Additionally, it also could be observed that all of the films are
very dense and the interface between the film and substrate
gradually became ambiguous, which could be caused by the
increase of diffusion of carbon into the silicon substrate with
the temperature increase.

The nanostructure evolution of the films as a function of
substrate temperatures was investigated by HRTEM. Obvi-
ously, the nanostructures of the films were distinct from each
other as different substrate temperatures were applied, as
shown in Figures 3(a)–3(d).Thefilmdeposited at low temper-
ature exhibited a kind of nanoparticle containing structure.
The particles mainly consisted of Si and Al, according to
the results of Energy Dispersive X-Ray Spectrum (EDS), and
exhibited a lattice space of about 0.282 nm, close to that of
Si (d
201

= 0.269 nm). However, the amount of particles was
small and they were distributed sparsely in the film, which
should be concerned with the low content of doped elements.
However, it should be noted that the entire film is amorphous,
as suggested by electron diffraction pattern shown in the
inset of Figure 3(a). As the substrate was heated up to 673K,
such particles almost did not form. On the other hand, the
amorphous carbon matrix of the films gradually graphitized
and became relatively ordered with the rising of substrate
temperature. As the temperature heightened up to 773K, as

shown in Figure 3(d), the ordering structure was gradually
obvious and the film exhibited a structure of parallel curved
fringes and the space of the fringes was about 0.431 nm,
which is close to the lattice space of the fullerene (d

112
=

0.428 nm). Commonly, this kind of structure is usually so
called fullerene-like structure [19]. Meanwhile, the film did
not contain nanoparticle.

The graphitization of amorphous carbon matrix can be
further evidenced by the Raman spectra of the films. As
well known, visible Raman spectroscopy is an efficient and
nondestructive tool for research of structure information
of amorphous carbon matrix in films materials based on
carbon. As given in Figures 4(a)–4(e), the Raman spectra of
the films mainly consisted of the G peak centered around
1560 cm−1 and D peak (shoulder peak) around 1340 cm−1,
which originate from the breathing modes of rings and the
bond stretching of all pairs of sp2 atoms in rings and chains
[20, 21], respectively. It was noted that the D peak became
more distinguishable and the “valley” located between the
D peak and G peak became deeper with the ascending
of the substrate temperature. Additionally, two important
parameters of G peak position and the intensity ratio ofD and
G peaks, 𝐼(D)/𝐼(G), were demonstrated in Figure 4(f) as a
function of substrate temperatures. As Ferrari and Robertson
suggested, the fluctuation of the ratio of sp3 bonded carbon
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Figure 4: (a–e) Raman spectra of the films deposited at different temperatures; (f) G band position and 𝐼(D)/𝐼(G) as a function of substrate
temperatures.

and sp2 bonded carbon can be indirectly deduced from
the shifting of G peak position and change of 𝐼(D)/𝐼(G) of
visible Raman spectra of amorphous carbon films: the ratio of
sp2/sp3 increases with increase of the two parameters [20, 22],
and the graphitization degree is proportional to the ratio.
Therefore, it was suggested from Figure 4(f) that the ratio
of sp2/sp3 increases with increase of substrate temperature.

In other words, the carbon matrix gradually graphitized as
the substrate temperature heightened, which was in good
agreement with the observation of the TEM.

3.2. Mechanical and Tribological Properties. The hardness of
the films was determined through an indentation method.
Figure 5 shows the hardness for films deposited at different
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Table 3: Duration of reaching the lowest friction coefficient (𝜇) of
the films.

Substrate temperature/K 423 473 573 673 773
Lowest 𝜇 0.01 0.03 0.06 0.035 0.04
Duration/second 1700 1300 190 166 30

substrate temperatures. All the films are relatively soft since
their hardness is not beyond 10GPa. As the temperature
rises from 423K to 573K, the hardness of the films did not
change significantly, slightly decreasing from 5.4GPa to 3.5.
With further increase of substrate temperature up to 773K,
the hardness obviously increased from 3.5GPa to 9.2GPa.
Such enhancement of hardness should be attributed to the
unique fullerene-like structure [23, 24]. However, the ratio
of H/E and elastic recovery rate (E, elastic modulus), which
are important prediction parameters of cracking resistance or
toughness of hard films or coatings [7, 25–27], degraded with
the increase of substrate temperature. Namely, high substrate
temperature should be disadvantage of the toughness and
wear resistance of the films.

The results of dry-sliding tribotest showed that the film
deposited at temperature of 423K had a very low and stable
friction coefficient of about 0.01 and it increased to about
0.034 as the substrate temperature ascended to 473K, as
given in Figure 6. As substrate temperature heightened up
to 573K and above, the friction coefficient of the films was
about 0.065, as shown in the inset of Figure 6, but it lasted
a short sliding duration. Meanwhile, it is noted that the
duration of reaching the lowest friction coefficient decreases
with increase of substrate temperature, as listed in Table 3.
Also, the wear resistance of the filmswas reflected by the wear
depth of the sliding tracks, as demonstrated in Figures 7(a)–
7(c). In comparison to the films deposited at 423K and 473K,
the depth of film at 623K was significantly larger than the
thickness of the film.Thismeant that the filmwas easily worn
through post-dry-sliding duration of about 900 seconds.
Thus, it can be found that the wear resistance of the films
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Figure 6: Friction curves of the films deposited at different substrate
temperatures (the inset displays three friction curves with duration
of 120 seconds).

degenerated with the increase of the substrate temperature.
Besides, the negative effect caused from increase of substrate
temperature on wear resistance was more significant than on
the friction coefficient of films.

Mechanically, the decrease of cracking resistance or
toughness was indicated by the H/E and elastic recovery
rate of the films, and transfer layers could be responsible
for the degeneration of tribological properties of the films
with increase of substrate temperature. Figures 7(d)–7(f)
show the SEM micrographs of transfer layers on counter
faces sliding against the films deposited at different substrate
temperatures. It has been proved that a continuous and dense
transfer layer has positive effects on the high lubrication
performance in the ambient air due to the much lower
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Figure 7: Cross-sectional profiles (a–c) of the wear tracks (after sliding time of 1800 s) and corresponding transfer layers (d–f) on the counter
faces produced from the dry sliding of the films deposited at different substrate temperatures.
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interfacial shear stress between the two carbon surfaces [8,
28], and triboinduced graphitization of sliding interface is
beneficial to the reduction of friction coefficient [5, 28, 29]. As
a result of increase of graphitization level which is previously
verified by the TEM and Raman spectra of the films, the
duration of reaching the lowest friction coefficient decreases
with increase of substrate temperature. However, because
of the low toughness which is indicated by the ratio H/E,
the films deposited at high temperature did not last a long
duration of low friction state and the films were easily worn
through, regardless of formation of transfer layer on counter
faces.

4. Conclusions

(Si, Al)/a-C:H filmswere deposited at different substrate tem-
peratures. The dependence of the microstructure, hardness,
and tribological properties of the films on growth tempera-
ture was studied. The results of HRTEM and Raman spectra
revealed that the films underwent significant microstructure
evolution from particle containing to fullerene-like structure
as the growth temperature increased from 423K to 773K.
The graphitization level of the films increased with the
substrate temperature, leading to shortening of the duration
of reaching the lowest friction coefficient. However, the wear
resistance of the films still significantly degenerated since the
reduction of toughness of the films, even though the lubricity
of the films was not seriously damaged when high substrate
temperature was applied.
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