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As we are facing increasing challenges of diminishing fossil
fuel and global warming in the new century, in the past
decades, increasing research efforts have been committed
to seek for clean and renewable energy sources as well as
develop renewable energy technologies. Searching for renew-
able energy with reduced carbon emissions is mandatory for
the sustainable development human civilization. Functional
nanomaterials are advanced nanotechnology materials with
internal or external dimensions on the order of nanometers.
These extremely small dimensions make them unique in
energy harvesting, conversion, and storage.

This special issue contributed original research articles
as well as review articles that will stimulate the continuing
efforts to explore the functional materials for energy appli-
cations, especially to develop new types of nanomaterials
based energy technologies for clean and renewable energy
harvesting/conversion/storage.

Relying on the coupling between triboelectrification and
electrostatic induction, the newly developed triboelectric
nanogenerators (TENGs) have been proven to be a cost-
effective, simple, and robust approach for ambient mechani-
cal energy harvesting. Z. Lin et al. presented a comprehensive
review of the recent progress in triboelectric nanogenerator
as a renewable and sustainable power source. Four working
modes of TENGs, vertical contact-separation mode, in-
plane slidingmode, single-electrodemode, and free-standing
triboelectric-layer mode, are, respectively, introduced. And
the capability of TENGs for harvesting various kinds of
mechanical energies such as vibration, rotation, wind, human
motion, and even large-scale water wave energy is system-
atically demonstrated. This review article will facilitate the

advancement of the field of triboelectric nanogenerators for
ambient mechanical energy harvesting.

S.-H. Cha also delivered a comprehensive review to this
special issue on the recent development of nanocomposite
membranes for vanadium redox flow batteries. They have
received considerable attentions owning to their long cycle
life, flexible design, fast response time, deep-discharge capa-
bility, and low pollution emissions in large-scale energy
storage. This review article systematically summarized the
recent progress in developing nanocomposite membranes
with reduced vanadium ion permeability and improved
proton conductivity in order to achieve high performance
and long life of vanadium redox flow battery systems.

Quantum dot (QD) sensitized hybrid solar cells were also
discussed in this special issue. A. Jamshidi et al. presented a
colloidal synthesis of a novel type II Mn-doped ZnSe/CdS
core/shell QD system as sensitizer with different Mn con-
centration (0–3%) and test its utilization in quantum dot
sensitized solar cells. To the best of their knowledge, this was
the first time that Mn-doped ZnSe/CdS core/shell QDs are
successfully synthesized by the method of hot injection and
used as a strategy to boost solar cell efficiency. The experi-
mental results suggest that band structure manipulation in
type II core/shell nanostructure offers an effective way to
improve light harvesting and control of charge transfer via
efficient charge separation in sensitized solar cells and that
Mn-doping opens a newwindow to increase device efficiency.

X. Ji et al. also contributed another story about dye-
sensitized solar cell (DSSC) to this special issue. In the work,
a simple two-step process was used to synthesize ZnO@TiO

2

core-shell nanorod thin films, which was demonstrated to
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be utilized as anode materials for dye-sensitized solar cells.
And an enhancement of performance was observed by the
core-shell structured DSSCs (the PEC of 4.85%), compared
to the bare ZnO nanorods DSSCs (3.3%), which was mainly
ascribed to a combination of the increasing of loading dye,
reduced recombination, and high electron mobility.

In order to enhance the stability of direct methanol fuel
cell (DMFC), J. Liu et al. designed a double-layered catalyst
cathode electrode containing Pt/CeO

2
-C as inner catalyst

layer and Pt/C as outer catalyst layer, which arises from the
free-radical scavenger ability of CeO

2
in fuel cell without

effecting proton conductivity of polymer electrolyte mem-
brane and the convenient preparation. The experimental
results show that the membrane electrode assembly with
double-layered catalyst cathode possesses high durability in
comparison with the conventional one.

The high piezoelectricity and high quality factor ferro-
electric thin films are important for electromechanical appli-
cations, especially the microelectromechanical system. T.
Zhang et al. gave a systematical study of the 0.06PMnN-
0.94PZT (45/55) thin films and nondoped PZT (45/55)
thin films on silicon substrates, which were deposited by
magnetron sputtering method. And they took a further step
to compare the thin film properties with each other as well
as the same composition thin films on MgO substrates. And
the crystal structures, piezoelectricity, ferroelectricity, and
the dielectricity were also extensively studied, which will be
greatly beneficial to future development of thin film based
self-power MEMS system.

H. Zhu et al. systematically investigated the miscibil-
ity, stability, intermolecular interaction, and nanostructure
of monolayer of DPPG/HD binary mixed system in two-
dimensional states by using the method of LB and AFM
technology. The results show that the two components in
the binary system are miscible and formed nonideal mono-
layers at the air/water interface from the analysis of surface
pressure-area isotherms.

The thin film bulk acoustic resonators (FBARs) are exten-
sively applied for filters, resonators, and sensors. In the paper
of T. Zhang et al., the input acoustic impedance equation with
transfer matric method was theoretically derived. And the
effect of thickness and density of electrode on the resonance
frequency of FBAR was investigated. In addition, the effects
of thickness, density, and acoustic velocity on the effective
electromechanical coupling factor were, respectively, studied.
The presented results in this paper indicate that the thickness,
density, and acoustic velocity of electrode are very important,
and they can be applied to optimize and design different kind
of FBARs.

The manuscripts in this issue are involved in diverse top-
ics but share a transversal common point: functional nano-
materials for sustainable energy technologies. We sincerely
hope that the works presented in this special issue will render
the readers useful information and facilitate the further
development of the research field.

Jun Chen
Guang Zhu

Weiqing Yang

Jin Yang
Long Lin

Yaqing Bie
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The newly developed triboelectric nanogenerators (TENGs) provide an excellent approach to convert mechanical energy into
electricity, which are mainly based on the coupling between triboelectrification and electrostatic induction. The TENG has the
potential of harvesting many kinds of mechanical energies such as vibration, rotation, wind, human motion, and even water
wave energy, which could be a new paradigm for scavenging large scale energy. It also demonstrates a possible route towards
practical applications for powering electronic devices. This paper presents a comprehensive review of the four modes of TENGs:
vertical contact-separation mode, in-plane sliding mode, single-electrode mode, and free-standing triboelectric-layer mode. The
performance enhancements of TENGs for harvesting energy as a sustainable power source are also discussed. In addition, recent
reports on the hybridized nanogenerator are introduced, which may enable fully self-powered electronic devices. Finally, the
practical applications of TENGs for energy harvesting are presented.

1. Introduction

Energy is one of the key factors which influences the quality
of our life and sustainable development of modern society. In
dealing with the increased energy consumption from limited
traditional fossil fuel sources on the earth, searching for sus-
tainable power sources with reduced carbon emissions and
studying renewable energy technologies are urgent for the
sustainable development of human civilization. The famil-
iar renewable energies such as wind and solar and thermal
energy are targeted to meet the need of megawatt to gigawatt
power scales as power sources.The requirements for harvest-
ing these energies are high power density, high efficiency, and
low cost.

Over the past decades, everything that hallmarks the
high-tech era, from handheld cell phones to portable and
even wearable electronic devices, depends on electricity,
which has become indispensable in people’s daily life. More-
over, the tremendous sensors for health monitoring, per-
sonal medical networks, military surveillance, environmen-
tal/infrastructuremonitoring, and security have been applied
and distributed in every corner of our life. And the massive

development of electronic devices is towards miniaturiza-
tion, light weight, and portability. They then require power
solutions that are sustainable, available, maintenance-free,
and even perpetual for every unit. Generally, the electronic
devices use batteries as the external power sources. Due to
the limited lifetime, the environmental pollution problem,
the replacement of batteries and the large number of devices,
and vast scope of distribution, it is thus desirable to replace
them by harvesting energy from the ambient environment
as sustainable self-sufficient power sources to maintain inde-
pendent and continuous operations of these electronics. In
this regard, energy harvesting techniques have been devel-
oped for supplying energy to electronic devices by converting
ambient energy into electrical energy.Mechanical energy, due
to its abundance, has been one of themajor energy sources for
energy harvesting systems [1–4]. To date, many mechanisms
of energy harvesting techniques have been developed that are
based on various mechanisms including piezoelectric effect,
electrostatic effect, and electromagnetic induction, which
have been extensively developed for a few decades [5–11].

Most recently, a new type of energy harvesting technology
named as triboelectric generator (TENG) has been invented
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Figure 1:The four fundamental modes of the TENG. (a)The vertical contact-separationmode. (b)The in-plane sliding mode. (c)The single-
electrode mode. (d) The free-standing triboelectric-layer mode.

as an alternativemethod for scavenging the ambientmechan-
ical energy in the environment to electricity [12–16]. The
TENG has a novel and unique mechanism which operates
by a conjunction of triboelectrification and electrostatic
induction through the contact-separation or relative sliding
between two materials that have opposite tribopolarity. After
the introduction of TENG in 2012, it has attracted increasing
interest for converting mechanical energy into electricity and
for meeting large scale energy demands. Fundamentals that
rely on the coupling between the triboelectric effect and elec-
trostatic induction have been reported, and various device
structures which can harness all kinds ofmechanical energies
such as vibration [17–20], human motion [21, 22], rotation
[23, 24], wind [25, 26], flowing water [27], and walking [28]
have been demonstrated. A variety of applications using this
technology for energy harvesting or sensing purposes have
been represented [29–34]. According to the existing reviews
on TENGs, this paper covers the recent progress in TENGs
as a renewable and sustainable power source.

2. Fundamentals

The triboelectric effect is a well-known phenomenon that
refers to the charge generation between two different mate-
rials with distinct surface electron affinities. When they are
brought into contact through friction, the different potential
is created by the separation of the twomaterial surfaces. Elec-
trostatic induction phenomenon is an electricity-generating
process such that electrons in one electrode would flow to
the other electrode through the external load in order to
balance the potential difference. As for TENGs, they realize

the conversion of mechanical energy into usable electricity
by the integration of triboelectrification with electrostatic
inductions [35, 36]. Four fundamental modes of the TENG
including vertical contact-separationmode [37–40], in-plane
sliding mode [41, 42], single-electrode mode [43–46], and
free-standing triboelectric-layer mode [47–52] have been
proposed and demonstrated, as shown in Figure 1.

2.1. Vertical Contact-SeparationMode. Theworking principle
of TENGs for the case of vertical contact-separation mode
can be depicted by the coupling between contact charging
and electrostatic induction. Zhu et al. are the first to report
an accurate and systematic description of the triboelec-
trification-driven energy conversion process in January 2012
[13]. A full cycle of the electricity generation process of
vertical contact-separation mode TENG is illustrated in
Figure 2. Polymethyl methacrylate (PMMA) and polyimide
(Kapton) are employed as the two contact materials.

Under open-circuit conditions, there is no charge gen-
erated or induced; therefore, no electric potential difference
(EPD) between the two electrodes emerges (Figure 2(a)(I)).
When two dielectric materials are applied by an external
force, the two materials are brought into contact with each
other. Surface charge transfer then occurs on these two con-
tacting surfaces due to triboelectric effect (Figure 2(a)(II)). As
determined by the triboelectric series, electrons are injected
from the surface of PMMA into that of Kapton, resulting
in the accumulation of net positive charges on the PMMA
side and net negative charges on the Kapton side. Once there
is a relative separation between two materials due to the
resilience, EPD is then established between the two electrodes
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Figure 2: Electricity generation process in a full cycle of the TENG for vertical contact-separation mode [13]. (a) Open-circuit. (b) Short-
circuit.

(Figure 2(a)(III)). In this case, EPD (equivalent to open-
circuit voltage) between the two electrodes will be induced.
If we define electric potential of the bottom electrode to be
zero, it can be expressed as

𝑉oc = −
𝜎𝑑

𝜀
0

, (1)

where 𝜎 is the triboelectric charge density, 𝜀
0
is the vacuum

permittivity, and 𝑑 is the gap between the two contact
materials. As the Kapton film is being released, the open-
circuit voltage increases and reaches the maximum value
when the Kapton film fully moves backward to the original
state (Figure 2(a)(V)). If the external force is applied again,
the electric potential difference begins to diminish when
the two materials get closer to each other. As a result, 𝑉oc
descends from themaximumvalue to zerowhen a full contact
is made again (Figure 2(a)(VI), (II)). This is a full cycle of the
electricity-generating process.

Under short-circuit conditions, any electric potential
difference as the Kapton film moves upward drives electrons
to flow from the top electrode to the bottom electrode (Fig-
ure 2(b)(III)) in order to balance the generated triboelectric
potential, resulting in an instantaneous positive current in
the releasing process (Figure 2(b)(IV)). The net effect is that
the induced charges accumulate with positive sign on the
top electrode and negative sign on the bottom electrode
(Figure 2(b)(V)). The induced charge density (𝜎) when the
Kapton film is fully released can be expressed as

𝜎

=

𝜎𝑑

𝜀
𝑟𝑘
𝜀
𝑟𝑝

𝑑
1
𝜀
𝑟𝑝
+ 𝑑𝜀
𝑟𝑘
𝜀
𝑟𝑝
+ 𝑑
2
𝜀
𝑟𝑘

, (2)

where 𝜀
𝑟𝑘
and 𝜀
𝑟𝑝
are the relative permittivity of Kapton and

PMMA, respectively, and 𝑑
1
and 𝑑

2
are the thickness of the

Kapton film and the PMMA layer, respectively. The maxi-
mum value of 𝜎max can be obtained by substituting 𝑑

3
, the
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Figure 3: Operating principle of the in-plane sliding mode TENG [42]. (a) Schematic illustrations showing the electricity generation within
a full cycle of the in-plane sliding mode. (b–d) Simulation result of the potential difference between the two electrodes at different sliding
positions: (b) the overlapping position; (c) sliding halfway out; and (d) fully sliding out. (e) Schematic illustrations of the in-plane sliding
mode TENG.

gap height for 𝑑 in the equation above. Once the generator
is applied by an external force again, the distance of the two
interlayerswould reduce, leading to the top electrode possess-
ing a higher electric potential than the bottom electrode. As
a result, electrons are driven from the bottom electrode back
to the top electrode, reducing the amount of induced charges
(Figure 2(b)(VI)). This process corresponds to an instanta-
neous negative current (Figure 2(b)(IV)). As the two inter-
layers are in full contact again, induced charges are all neu-
tralized (Figure 2(b)(II)). Because of reciprocating motion of
the materials, the generator can produce alternating current.

2.2. In-Plane SlidingMode. In 2013,Wang et al. demonstrated
a new type of TENG that is designed based on the in-plane
sliding between the two surfaces in lateral direction [42].The
TENG consists of a triboelectric PTFE patch, a Nylon plate,
and two electrodes. The PTFE patch and the Nylon plate are
arranged in parallel to each other, where the inner surfaces
are in intimate contact (Figure 3(e)).

The sliding-induced electricity generation mechanism is
schematically depicted in Figure 3(a). At the original position,
the surfaces of Nylon and PTFE are in full contact with
each other. Because of the distinct difference in the ability
to attract electrons, the contact between the Nylon and
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PTFE will result in electrons injected from Nylon to PTFE.
During this period, there is no potential difference between
the two electrodes (Figure 3(a)(I)). Once the top plate with
the positively charged surface starts to slide outward (Fig-
ure 3(a)(II)), relative displacement in contact mode occurs in
lateral direction. There will be a higher potential on PTFE’s
electrode than on Nylon’s electrode; thus the electrons in
the electrode attached to the PTFE film will be driven to
Nylon’s electrode through the external load. After that the
potential difference and the amount of transferred charges
reach the maximum values until the two plates reach full
mismatch (Figure 3(a)(III)). When the top Nylon plate is
reverted to sliding inward (Figure 3(a)(IV)), the transferred
charges on the electrodes will flow back through the external
load and produce a negative current signal to keep the
electrostatic equilibrium. When the two plates completely
reach the original position, there will be no transferred char-
ges left on the electrode. Thus no output current can be
observed. Figures 3(b)–3(d) show the in-plane charge-sepa-
ration-induced electric potential distribution and charge
transfer through numerical simulation using COMSOL. As
shown by the simulation results, the potential difference
keeps increasing with the increase of the displacement.

There are several very important advantages of the in-
plane slidingmode comparingwith the vertical contact-sepa-
rationmode. Energy conversion efficiency is improved owing
to the full contact. Furthermore, the more advanced design
for high-performance TENGs is developed easily based on
the in-plane sliding mode. For instance, through a multilay-
ered disk structure, the total amount of transported charges is
greatly enhanced [53]. The effective power enhancement can
be achieved.

2.3. Single-Electrode Mode. The TENGs presented in the
above sections must have two electrodes to form a closed
circuit for the electrons to flow. However, such device config-
uration largely limits the practical applications of harvesting
energy from an arbitrary, freely moving object. In this regard,
the single-electrode mode TENG was demonstrated to solve
this problem [45]. Figure 4(a) shows a schematic diagram
of the single-electrode mode TENG. A PDMS film which is
uniformly covered with an array of micropyramids serves as
the friction surface. And the surface of skin is employed as the
other contact surface. A transparent ITO induction electrode
is coated on the back side of the PET substrate. The change
of distance between two surfaces results in charge transfer
between the ITO electrode and the ground, thus driving the
flow of electrons through an external load.

The energy harvesting mechanism of the TENG is sche-
matically shown in Figure 4(b). When a human finger is
brought into contact with PDMS, the charge transfer between
them at the contact interface occurs (Figure 4(b)(I)). Since
PDMS is much more triboelectrically negative than human
skin, it is generating positive triboelectric charges on the
human skin and negative ones on the FEP. Electrons are
injected fromhuman skin into PDMS.The produced negative
triboelectric charges on the PDMS surface can be preserved
for a long time due to the nature of the insulator. As the
human finger separates from the PDMS surface, a potential

difference is generated between the ITO electrode and the
grounded reference electrode. The negative charges on the
PDMS side will induce positive charges on the ITO electrode,
resulting in a flow of free electrons via the external load from
the ITO electrode to ground in order to reach an electrostatic
equilibrium state, as depicted in Figure 4(b)(II). When the
human finger is reverted to approaching the PDMS again,
the free electrons flow backward from the ground to the ITO
electrode until the skin andPDMSfilmare in full contact with
each other again resulting in producing a negative voltage/
current signal, as shown in Figure 4(b)(IV).This is a full cycle
of the single-electrode-based sliding TENGworking process.

2.4. Free-Standing Triboelectric-Layer Mode. The free-stand-
ing triboelectric-layer mode TENG has the advantages of
versatility and applicability for harvesting energy from an
arbitrary moving object or a walking human without an
attached electrode. And the free-standing triboelectric-layer
mode features ultrarobustness as well as high energy con-
version efficiency [47]. The operation of the TENG based
electricity generation relies on relative position change of
the tribocharged surface between two electrodes resulting
in a periodic change of the induced potential difference, as
shown in Figure 5(a).The structure of the TENG is composed
of a free-standing dielectric layer and two metal films. The
two metal films play dual roles of the triboelectric material
and two electrodes.The electricity-generating process is elab-
orated through a basic unit in Figure 5(b).

In the initial state, when the FEP layer is aligned with the
left-hand electrode in direct contact, due to their different
abilities in attracting electrons, therewill be net negative char-
ges on the inner surface of the FEP layer and net positive
charges on the surface of the left-hand electrode (Fig-
ure 5(b)(I)). Then, when the FEP layer slides towards the
right-hand electrode (Figure 5(b)(II)), the EDP between the
right-hand electrode and the left-hand electrode will be
gradually reduced, thus resulting in a current flow from
the left-hand electrode to the right-hand electrode via the
external load in order to reduce the potential difference
(Figure 5(b)(II)). Once the FEP plate completely reaches the
overlapping position of the right-hand electrode, no current
flows through the external load (Figure 5(b)(III)). When
the FEP plate is reverted to sliding backward, an alternating
current is produced in the external load (Figure 5(b)(IV)).
This is the cycle of electricity generation process. Besides,
the other basic design of free-standing triboelectric-layer
mode TENGs is based on the triboelectrification such as
swinging the FEP between the two electrodes even without
direct contact (Figure 5(c)) and two different dielectric films’
structure (Figure 5(d)).

3. High-Performance Triboelectric
Nanogenerators as a Sustainable
Power Source

The triboelectric nanogenerator offers a completely innova-
tive approach for energy harvesting from the vast environ-
ment due to its high power density, light weight, small size,
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Figure 4: (a) Schematic illustration showing the single-electrode mode TENG [45]. (b) Sketches that illustrate the cycle of the electricity
generation process.

and so on. However, several output performances of the
TENG should be improved such as output power, current,
and energy conversion efficiency.Hence,many principles and
mechanisms have been demonstrated to realize the enhance-
ment of TENGs as a sustainable power source for electronics
[14, 53–62].

3.1. Enhancing Electric Output for Large Scale Energy Harvest-
ing. In order to obtain higher power output to meet large
needs of energy, a large scale energy harvester by a nanopar-
ticle-enhanced triboelectric nanogenerator has been devel-
oped [14]. Fabrication of the TENG is relatively simple, with

easy processing and low cost. The structure of the TENG
consists of two substrates that are connected by four springs
to maintain a gap, as shown in Figure 6(a). PMMA is
employed as the material for substrates. On the bottom side,
a layer of contact electrode is prepared.The contact electrode
which is a gold thin filmwith uniformly sized and distributed
nanoparticles plays dual roles of electrode and contact surface
(Figure 6(b)). The nanoparticles-based modification will
further increase the effective contact area, thus enhancing the
electrical output of TENGs. On the top side, a thin film of
gold which is employed as another electrode is sandwiched
by a layer of polydimethylsiloxane (PDMS) and the substrate.
The as-fabricated TENG is presented in Figure 6(c).
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Here, to characterize the electrical output, short-circuit
current (𝐼sc), and open-circuit voltage (𝑉oc) of the TENG, a
mechanical shaker is used to apply impulse impact. With a
contacting force of 10N, 𝑉oc and 𝐼sc of the output terminals
are displayed in Figures 6(d) and 6(e), respectively. It can
be observed that 𝑉oc is switched between zero and a plateau
value, respectively (Figure 6(d)), and 𝐼sc exhibits ACbehavior,
and it can get up to 160–175 𝜇A (Figure 6(e)). As the force
reaches 500N, the output gets the saturated value, producing
peak 𝐼sc of 1.2mA (Figure 6(f)). This is because the full

contact area of the two materials can be achieved by a larger
force. Resistors are used as external loads to further inves-
tigate the output power of the TENG. When the contacting
force is 500N, a power output of 0.42W can be achieved
(Figure 6(g)). To demonstrate that the fabricated TENG can
be used as a power source to light up commercial LEDs, 600
green LEDs are connected to the TENG. As illustrated in
Figure 6(h), 600 green LEDs can be simultaneously lit up.
These results suggest the possibility of device for a sustainable
power source.
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Figure 7: (a) Schematic of the device structure [55]. (b) The output voltage (blue) and current (red) and (c) the power on the resistance of
the external load. (d) The output stability performance of the TENG.

Furthermore, a three-dimensional triboelectric nanogen-
erator (3D TENG) based on an in-plane sliding mode is
also demonstrated for large scale energy harvesting [55].
The 3D TENG with layer-by-layer stacked polyvinyl chloride
(PVC) and aluminum as friction materials is schematically
illustrated in Figure 7(a). The efficient fiction area is largely
increased owing to the multilayered structure. The open-
circuit voltage of approximately 800V is observed with an
output current of 120 𝜇A from the 3D TENG based in-
plane sliding mode, as demonstrated in Figure 7(b), and the
current reduces with the increasing load resistance while
the output voltage shows a reversal trend. The output power
of the 3D TENG is also plotted as a function of external
resistance as shown in Figure 7(c). The results show that the
output power is maximized at around 27mW at an external
resistance of about 8MΩ. In this case, the 3D TENG can
drive themicroelectronics or other sensors. Notably, there are
no significant differences in the short-circuit current density
measured from the TENGover 1000 cycles (Figure 7(d)); thus
the stability of the 3D TENG is great for applications and
this novel device presents a practically effective approach in
producing electricity at a large scale.

3.2. Enhancing Output Current for Energy Harvesting. There
is a general challenge for the application of the TENG, which
is the fact that the output current is usually low. Synchroniz-
ing the outputs of all multiple units can potentially be util-
ized to enhance the instantaneous output current of energy
harvesting devices [53, 56].

In this regard, an innovative design of TENG integrated
rhombic gridding was developed as a cost-effective and
robust approach to address this issue because of the multiple
unit cells connected in parallel [56]. The integrated rhombic
gridding structure of TENG is schematically shown in Fig-
ure 8(a), in which the total number of unit cells is determined
by the following equation:

𝑁total = 2𝑛
2
, (3)

where 𝑛 is the number of unit cells along the edge length.
The PET with a thickness of 600𝜇m is employed as the sub-
strate. In each unit cell, an aluminum thin film with nano-
pores serves not only as a triboelectric surface but also as
an electrode. PTFE coated copper is employed as another
contact surface.
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Figure 8: (a) Schematic diagram of the TENG and when 𝑛 = 1, 2, 3, respectively [56]. (b) The current’s enhancement factor 𝛼 increases with
𝑛. (c) Accumulative inductive charges for 𝑛 = 1, 2, 3, respectively. (d) Dependence of the voltage and current output on the external load
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Figure 9: (a) Schematic diagram of the multilayered stacked TENG [53]. (b) Dependence of the voltage and current output on the number of
pinned fingers. (c) Dependence of the short-circuit current versus the effective contact area (Δ𝑆). (d) Dependence of the peak power density
on the external load resistance.

As shown in Figure 8(b), 𝛼 is the current enhancement
factor which is a function of the number of unit cells, given
by 𝛼 = 𝑏𝑛2. Due to the nonideal experimental factors, such as
humidity, fitting coefficient 𝑏 is a value of 1.66. The observed
results of enhancement factor are considerably approaching
the ideal value of 2𝑛2, and thus the innovative structure is
able to greatly enhance the current output. As displayed in
Figure 8(c), the accumulative induced charges dramatically
increase with increasing 𝑛 and when 𝑛 = 3, further revealing
that the novel integrated rhombic gridding structure can
dramatically improve the electric output. In addition, the
effective electrical power of TENG is closely related to the
external load, as shown in Figure 8(d), and the currents
decrease with the increase of load resistance while the output
voltages show a reversal trend. Moreover, the peak power
dramatically increases with 𝑛, and the peak power of 1.17W
can be obtained at 𝑛 = 3 (Figure 8(e)).

Moreover, to enhance the instantaneous output current of
energy harvesters, a 3D stack integrated TENG is presented

[53], which has a multilayered structure with acrylic as sup-
porting substrates, as schematically illustrated in Figure 9(a).
The number of the units in a 3D TENG is the critical factor
that affects the output current, which can be expressed as the
following equation:

𝑁 = 4𝑛, (4)

where 𝑛 is the total number of pinned fingers of a 3D TENG.
To further investigate the effect 𝑛 on the electric output,
the voltage output and current are measured, as depicted in
Figure 9(b). The voltage output remains almost constant for
different number of pinned fingers 𝑛, while the current output
increases linearlywith the number of pinned fingers, reaching
about 1.2mA. This experimental result contributes to the
operating synchronicity of all units. Likewise, the current
output increases with the increase of the effective contact area
Δ𝑆, as displayed in Figure 9(c). And the peak power density
of the 3D TENG can reach up to 104.6Wm−2 with 𝑛 = 5
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Figure 10: (a) Schematic diagram of the device structure [60]. (b) Dependence of the output power density of the TENG on the sliding
velocity. (c) Conversion efficiency versus the resistance of the external load. (d) Normalized friction coefficient between different kinds of
materials. (e) Photograph of commercial LEDs lit up simultaneously by the TENG.

(Figure 9(d)). As a consequence, the output current is greatly
enhanced due to the integrated multilayered structure.

3.3. Enhancing Energy Conversion Efficiency For Energy Har-
vesting. Many endeavors have been devoted to development
of delivering high energy conversion efficiency of the TENG
[57–62]. An advanced structural design of the TENG which
generates periodically changing triboelectric potential and
alternating currents between electrodes was demonstrated
[60].

The TENG has a multilayered structure. It consists of a
group of rolling steel rods sandwiched by two layers of FEP

thin films and copper which is coated onto the FEP film as
back electrodes, as illustrated in Figure 10(a). As the top layer-
FEP moves from the left end to the right end of the bottom
layer-FEP, the steel rods would alsomove from the left part to
the right part of the bottom layer-FEP, which will introduce
triboelectric charges on both surfaces of the FEP thin films
and lead to the change of potential difference between each
pair of electrodes on the back of the FEP layer, driving
the electrons to flow in the resistance of the external load.
Figure 10(b) shows the maximum output power increases
with increasing velocities from 0.1 to 0.5m/s. And the energy
conversion efficiency can be calculated to be ∼55% when the
resistance of the external load is matched with the internal
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Figure 11: (a) Device structure of the TENG [24]. (b) Short-circuit current and (c) open-circuit voltage at a rotation rate of 500 rmin−1. (d)
Matched load and average power versus the rotation rate. (e) A photo of G16 globe lit up.

impedance of the TENG (Figure 10(c)). The high energy
conversion efficiency of the TENG can be owing to the low
frictional coefficient of the rolling motion. As for the result
of normalized friction coefficient, the frictional coefficient of
the rolling rod structure is lower than that of the planar struc-
tures, as shown in Figure 10(d). The TENG can also power
portable electronics, like light-emitting diodes (Figure 10(e)).

In order to further increase energy conversion effi-
ciency, many advanced structures have been developed with
multilayered materials. Zhu et al. demonstrated a planar-
structured TENG with two radial-arrayed fine electrodes
[24], which is composed of mainly two parts, that is, a rotator
and a stator, as shown in Figure 11(a). The working principle
of the TENG is based on the free-standing triboelectric-layer
mode, generating alternating currents between electrodes.

When the TENG works at a rotating rate of 500 rmin−1,
the continuous short-circuit current can reach 0.5mA with
a constant frequency of 500Hz (Figure 11(b)). Figure 11(c)
shows themeasured open-circuit voltage of the TENG, where
the peak-to-peak value can reach up to about 870V at the
same frequency. To validate the performance of the TENG,
Figure 11(d) depicts the matched load and output power
curves at higher rotation rates, and it is found that the
matched load significantly reduces with the increase of the
rotation rate, while the output power is the proportional
relationship with the rotation rate. Furthermore, the average
output power of 1.5W can be obtained at a rotation rate of
3000 rmin−1 and the efficiency can reach as high as ∼24%.
TheTENGcan also be applied to power some electronics such
as lighting up a white globe light, as illustrated in Figure 11(e).
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4. Hybridization of Triboelectric
Nanogenerators with Other Types of
Energy Harvesters

The energy available such as light, mechanical, thermal, and
even chemical energy can also be scavenged as a sustainable
power source. Thus, there are many other types of power
generators, such as solar cells [63–65], electromagnetic gen-
erators [66], and electrochemical cells [67]. By integrating
TENGs with one of the above-mentioned generators, more
electricity can be largely generated, increasing the total output

power of the energy device to meet the power needs of some
electronic devices [68–71].

4.1. Hybridized Electromagnetic-Triboelectric Nanogenerator.
In order to enhance the overall power output, many attempts
have been developed. A hybridized mechanical energy har-
vesting technology may be utilized to enhance the total out-
put performance. Hu et al. developed a hybrid cell composed
of a TENG and an electromagnetic generator (EMG) for
scavenging energy [66]. Figure 12(a) illustrates a schematic
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diagram of a hybridized electromagnetic-triboelectric nano-
generator, which consists of a copper wire and a smaller
hollow cube with an opening bottom floating in a larger hol-
low cube and a solid cube fixed on the bottom of the larger
hollow cube. The Kapton films are coated on the inner and
outer side wall surfaces of the smaller hollow cube, and the
copper foil is attached on the side wall surfaces of the solid
cube and the lower part of the inner surfaces of the larger
hollow cube. Figure 12(b) illustrates the enlarged centerwork-
ing part. And there are two magnets integrated in the smaller
hollow cube and the solid cube, respectively.

When there is a mechanical disturbance, the TENGs
operate in the vertical contact-separation mode and in-plane
sliding mode. Likewise, the magnetic flux in the coil will be
changed, and an electric output will be generated in the coil
because of electromagnetic induction. Figure 12(c) shows the
induced magnetic field distribution of a copper wire versus
the position of the top magnet by simulation. The TENG
has a very high output voltage but low output current with
large output impedance; however, the EMG can produce high
current but low voltage with small output impedance. Thus,
transformers are applied to the measurement system. Figures
12(d) and 12(e) illustrate the rectified output power signals
of the TENG and EMG with transformer; the output curves
of the EMGs are similar to TENGs, but the peak output
power of EMGs is lower thanTENGs. Todemonstrate that the

hybridized nanogenerator has a better output performance
than individual energy harvesting units, different generators
are used to get a 3.3 V regulated output voltage. As shown
in Figure 12(f), the shortest charging time is obtained by
the hybridized nanogenerator, indicating that the hybridized
nanogenerator has a much better charging performance
than that of the individual energy harvesting unit where
the charging voltage can reach up to 3.3 V in about 10.2 s.
Furthermore, the hybrid cell after regulation can also drive
a half-adder circuit, as demonstrated in Figure 12(g). Hence,
the hybridized electromagnetic-triboelectric nanogenerator
has potential applications for energy harvesting andpromotes
the progress of energy harvesting.

4.2. Hybridized Nanogenerator by Integrating TENG with
Solar Cell. To scavenge different kinds of energy, a hybrid
energy cell which is fabricated directly for simultaneously
scavenging both mechanical and solar energies was demon-
strated, while the hybridized nanogenerator can play the role
of a sustainable power source for the batteries.

Figure 13(a) is the schematic diagram of the device, which
is based on the hybridization of the TENG with Si solar
cell [72]. The Si solar cell is composed of Al electrode, p+
layer, p type Si layer, n+ emitter layer, SiN film, Ag grids,
and the transparent ITO electrode. The protection layer
for Si microstructure is replaced by a flexible transparent
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film of nanowires coated with an ITO electrode. Thus, the
PDMS thin film coated ITO electrode and the conducting
Si surface compose the TENG. The PDMS layer plays dual
role of the effective triboelectric-layer for the TENG and
the high transparent protection layer for the Si solar cell.
Figure 13(c) displays that the output voltage of Si solar cell
shoots up to 0.6V, where the corresponding output current
reaches 18mA. There is a bridge rectification circuit used
to convert the AC into DC signals (Figure 13(b)), and the
rectified output voltage of 2.5 V for TENG can be obtained, as
shown in Figure 13(d). Figure 13(e) shows the output voltage
for each generator both individually and in serial connection
when the rectified TENG and the solar cell are connected in
series (Figure 13(b)). The peak output voltage of the hybrid
nanogenerator can be enhanced owing to the TENG, and
it can be further improved to 12V. Figure 13(f) depicts a
typical charging and discharging cycle of Li-ion battery. The
voltage of the battery increased from 1.54 to 3.60V in about
1.3 h. Under a constant current of 10mA, the discharging of
the battery can last for about 580 s before it is discharged
back to its original voltage of 1.54V. That is, the hybridized
nanogenerator can be used to charge up Li-ion battery.
Figure 13(g) shows that Li-ion battery of a commercial cell
phone is charged from 2.63 to 3.50V in about 9 h, further
indicating the battery that can be used for some personal
electronics.

5. Applications

As a new power generation technology, the TENG makes it
possible to utilize the energy scavenged from the vast envi-
ronment to directly drive the electronic devices. The formed
self-powered systems can be applied to various applications
such as personal medical networks, self-powered active sen-
sors, healthmonitoring, acoustic sensing, homeland security,
and even remote monitoring [15, 73–91].

5.1. 3D Energy Harvesting. The triboelectric nanogenerator
has become an attractive concept for energy harvesting; how-
ever, most of the TENGs can only work at a single direction
of ambient vibrations, which limits their applications in real-
world environments. To overcome this issue, Yang et al.
have presented a 3D triboelectric nanogenerator based on
the coupling of the triboelectrification and the electrostatic
induction, which can harvest random energy in multiple
directions [15].

A schematic diagram of the 3D TENG is shown in
Figure 14(a); the designed TENG consists of a cylindroid
core, three springs, triboelectricmaterials, electrodes, and the
acrylic substrate. In the top of the core, a copper electrode is
sandwiched by an iron mass and a layer of PTFE film, and
the iron mass is attacked by the three springs. An aluminum
thin film with nanopore modification is adhered onto the
acrylic substrate (Figure 14(b)), which not only serves as
an electrode but also serves as the other contact surface.
Figure 14(c) shows the photograph of the TENG. The 3D
TENG shows that it can work in multiple directions relying
on a hybridizedmode of both vertical contact-separation and
in-plane sliding. To study the output performance of the 3D

TENG, Figure 14(d) demonstrates the measured open-circuit
voltage of the 3D TENG, where the voltage reaches 123V
under out-of-plane excitation. Besides, a plateau value of
142V can be obtained under in-plane excitation, as depicted
in Figure 14(e). Furthermore, there is a bandwidth up to 75Hz
for 3D TENG operating under out-of-plane excitation, as
illustrated in Figure 14(f). It can be found that the 3D TENG
has a significant output performance and an extremely wide
working bandwidth in different vibration direction. To fur-
ther investigate the practical application in our surrounding,
the 3D TENG is used to scavenge the line vibrational energy.
As demonstrated in Figures 14(g) and 14(h), respectively,
it can be seen that 40 commercial LED bulbs are lit up
simultaneously (Figure 14(g)). To systematically study the
electric output, Figure 14(h) shows the voltage values under
different line swing amplitudes. We can see that the output
voltage increases dramatically with the increase of the swing
amplitudes. In addition, to get a visualization of the 3DTENG
powering electronics, the 3D TENG can be also mounted
on a bicycle wheel to scavenge the rotation energy, and 30
commercial LEDs are connected in series and lit up simulta-
neously, as shown in Figure 14(i). Likewise, the 3D TENG can
be further applied to powering personal medical networks,
infrastructure monitoring, and more.

5.2. Energy Harvesting from Human Motion. As we all know,
portable electronic devices are usually powered by tradi-
tional power supplies, such as batteries, which significantly
limits the usage of personal electronics. Meanwhile using
the TENG which converts the biomechanical energy from
humanmotions into electricity is a possible approach to drive
portable electronic devices [73–78]. Thus Bai et al. demon-
strated a flexible multilayered triboelectric nanogenerator for
harvesting biomechanical energy from human motions [79].

The basic structure of the integrated multilayered TENG
is schematically illustrated in Figure 15(a). The Kapton film
is employed as the framework of the TENG units, which is
shaped into a zigzag structure throughmaking deformations.
In each unit, an aluminum foil and PTFE thin film coated alu-
minum are adhered onto both sides of the Kapton film as the
two contact surfaces, respectively. The integrated multi-
layered TENG has significantly larger output power and
Figure 15(b) shows the short-circuit current and the open-
circuit voltage under different large contact force. It can be
seen that both the short-circuit current and the open-circuit
voltage increase with the enhancement of the large contact
force owing to the increased contact area. Meanwhile, to
characterize the robustness of the multilayered TENG, the
TENG ismeasuring the electric output for every ten thousand
impacts. As depicted in Figure 15(c), there is only slight
decrease for the short-circuit current and the open-circuit
voltage about ∼7% and ∼9%, respectively. To study the ability
of the TENG to drive electronic devices, a self-lighting
shoe is presented. The TENG is assembled onto the shoe
pad, as shown in Figure 15(d). Once triggered by normal
walking, a total of 9 commercial LED bulbs are lit up simul-
taneously (Figure 15(e)), which demonstrates the ability of the
multilayered TENG to harvest biomechanical energy from
human motions to power personal electrics.
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Figure 14: (a) Schematic diagram of a 3D triboelectric nanogenerator [15]. (b) SEM image of the aluminum film fabricated with nano-
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As demonstrated in Section 3.2, the TENG can be also
used to harvest energy from human motions [56], which
comprises a supporting shelf, a TENG, four springs, and
two long screw shanks, as illustrated in Figure 15(f). When
a person walks, the TENG will produce electric output and
the photograph of a fabricated device is demonstrated in
Figure 15(g). Moreover, the energy harvested from human
walking can light up 30 serial-connected commercial LEDs

simultaneously, as shown in Figure 15(h). Therefore, the
TENG is proved to be suitable for biomechanical energy
harvesting. In addition, Yang et al. also developed a 3DTENG
which can harvest energy from human motions [15].

5.3. Acoustic Energy Harvesting. The acoustic energy that
always exists in our daily life and environments has been
overlooked as a power source such as speech, music, or even



18 Journal of Nanomaterials

Kapton
PTFE

Aluminum

(a)

(b) (c)

(d) (e)

(f)

(g) (h)

M
ax

im
um

V
oc

(V
)

M
ax

im
um

V
oc

(V
)

250

200

150

100

50

Impact force (N)
100 200 300 400 500

M
ax

im
um

I s
c

(𝜇
A

)

M
ax

im
um

I s
c

(𝜇
A

)

700

600

500

400

300

200

100

300

200

100

Impact times (×104)
0

0

600

400

200

0
2 4 6 8 10

Figure 15: (a) Schematic diagram of an integrated multilayered TENG [71]. (b) Dependence of the short-circuit current and the open-circuit
voltage versus the contact force. (c) Durability of the integrated multilayered TENG. (d) Photograph of an as-fabricated self-lighting shoe.
(e) Photograph of the self-lighting shoe under normal walking. (f) Schematic diagram of a self-powered backpack [56]. (g) Photograph of an
as-fabricated self-powered backpack. (h) Photograph of the backpack under normal walking.

noise. How to turn acoustic energy from speech, music, or
noise into electrical power has been an attractive research.
Thus, a triboelectrification-based thin film nanogenerator for
harvesting acoustic energy from ambient environment is
demonstrated to provide a practical method [80].

Figure 16(a) shows a schematic diagramof the nanogener-
ator, which is based on a Helmholtz cavity with a size-tunable
narrowneck.The core of the nanogenerator (a cross-sectional
view) is illustrated in Figure 16(b), in which aluminum
film with nanopores serves as one contact surface and an
electrode. To investigate the output performance, the output
voltage and current of the TENG are measured upon con-
necting to an external load resistor. As the results displayed
in Figure 16(c), the voltage amplitudes through the load will
generally increase, while the current follows a reverse trend
because of the Ohmic loss. In addition, the instantaneous
power density generated from the TENG can reach a maxi-
mum value of 60.2mW/m2 at a resistance of 6MΩ, and it can
simultaneously drive 17 commercial LEDbulbs, as depicted in
Figure 16(d). Moreover, the output voltage can also serve as
sound signal transmitted. Parts (e1) and (e2) of Figure 16(e)

are the reconstructed signal of sound and the corresponding
short-time Fourier transform, respectively. Thus, the TENG
can be developed as a self-powered microphone for sound
recording, as shown in Figure 16(f). Therefore, the results
suggest that acoustic energy can be one of the promising
energy sources with highly efficient generators.

Besides, Fan et al. demonstrated a novel design of a rol-
lable, paper-based TENG for harvesting acoustic energy [81].
Figure 16(g) shows the ultrathin TENG with a multilayered
structure, consisting of a layer of multiholed paper coated
with copper serving as an electrode layer and a thin PTFE
membrane. The inset of Figure 16(h) is the photograph of
the real device. The TENG has a large electric output and
various applications; it can be seen that maximum output
power density of 121mW/m2 with the corresponding volume
power density of 968W/m3 is obtained at 800KΩ, as demon-
strated in Figure 16(h). Furthermore, it has the capability
of harvesting acoustic energy from portable electronics. As
shown in Figure 16(i), using the acoustic energy from a cell
phone, the capacitor is charged from 0V to 1.8 V within 17 s.
It is anticipated that the TENGharvesting acoustic energy can
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be applied to the applications of theatric stage live recording,
jet engine noise reduction, military surveillance, and more.

5.4. Water Wave Energy Harvesting. Water wave energy is
very abundant and common for us, which has the features of
high volume, large scale, being widely distributed, and more.
Thus, many efforts have been devoted to converting various
types of water energy into electricity [85, 86] and there are
also several challenges for commercialization up to now. Hu
et al. reported a TENG with 3D spiral structure, which has

the capability of efficiently scavenging water wave energy in
our surrounding.

Figure 17(a) illustrates the structure of the TENG with a
vertical contact-separation mode [87]. The basic structure of
the TENG is composed of a 3D spiral structure with seismic
mass at the bottom and a Kapton film serves as lower contact
surface. An aluminum film coated on the seismic mass serves
as the upper surface.The inset of Figure 17(a) is a photograph
of the real device. When the spiral oscillates in response to
the water agitation, electricity will be generated. The output
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voltage and current of the TENG are depicted in Figures 17(b)
and 17(c), respectively. From the results, it can be found that
the device produces an output voltage peak of up to 110V
and the output current of up to 15 𝜇A, which can light up
some commercial LEDbulbs as the buoy swayswith thewater
waves. This approach might provide the possibility for the
sustainable energy harvesting from water waves.

Another basic prototype of water-TENG is demonstrated
for harvesting large scale water wave energy [91], as schemat-
ically illustrated in Figure 17(d). The basic unit of the TENG
is composed of arch-shaped top and bottom plates andmulti-
layer contact materials in it. Four basic units and a ball which
plays the role of external vibration by gravity in the center of
the device form a TENG, as shown in Figure 17(e). When the

TENG is driven by the water wave, the collisionwith the walls
will drive the TENG generating electricity. The power output
capability of the TENG is investigated with unit number 𝑛 =
1, 2, 3, 4, respectively. As demonstrated in Figure 17(g), the
output currents increase with the increase of unit numbers.
Besides, similar trend also can be seen in Figure 17(h); the
accumulative induced charges increase with elevated unit
numbers. Moreover, a larger peak power output can be
obtained owing to the increase of the unit numbers, which
is plotted according to the integrated unit number in Fig-
ure 17(i). Thus the packaged TENG for collecting water wave
energy is successfully demonstrated. Most importantly, large
scale applications of TENGs as a sustainable power source can
be adequately applied to harvest wave energy (Figure 17(f)).
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6. Conclusions

The discovery of the TENG takes a big step forward in the
field of converting mechanical energy into electricity for
meeting our energy demands. It is an exciting technology
because of its high output intensity, high efficiency, light
weight, low cost, easy fabrication, and small size. The TENG
can effectively use mechanical energies in almost any form
and any scale and provide a continuous direct current source
to charging various commercial electronics under the four
fundamental modes. Moreover, the TENG can be hybridized
with other technologies such as the solar cell to simulta-
neously harvest multiple-type energies. And the hybridized
nanogenerator is enabled to take advantages of both of
their unique performances. Many practical applications have
developed with great performance.

As to the future applications of TENGs, there are also
several main issues on TENGs as a sustainable power source
which we should pay more attention to. First, the fundamen-
tal mechanism of contact electrification remains to be inves-
tigated extensively. This phenomenon has been researched
for a long time, which refers to the charge generation on
the surface of the materials when they are brought into
contact with different materials; several theories about the
contact electrification have been proposed; however, there
is no substantial conclusion achieved. Thus, the deepened
understanding of contact electrification is vitally important
to achieve a higher output of the TENG. Second, the output
voltage of the TENG is very high, while its output current is
low, which means that the TENG requires much higher opti-
mum resistance than other harvesters. Voltage transformers
may be an approach to reduce voltage and boost the current.
In addition, the packaging of the TENG can be designed
with many small size units to increase the output current and
lower the output voltage without reducing the power. Third,
the durability and output stability of the device should be
improved. The performance of the surface of the materials
may be changed for millions of cycles especially in contact-
slidingmode, whichwill affect the performance of the TENG.
Through selecting new materials and designing advanced
structure, the durability and output stability of the TENG can
be enhanced. Fourth, a high efficiency power management
circuit is required in order to provide power for electronics.
The energy scavenging from the environment is unstable,
unpredictable, and sometime intermittent, but the electronics
need a regulated power source to work normally. So it is
necessary to develop a high efficiency power management
circuit to store the energy in a battery or capacitor and then
provide power for the electronics forming a self-powered
system.

The TENG has been a new paradigm in energy harvest-
ing technologies for truly achieving sustainable and main-
tenance-free self-powered systems. It can be anticipated that
through the worldwide efforts on TENGs as a sustainable
power source they will soon be made commercialized pro-
ducts for the applications in Internet of things, mobile elec-
tronics, self-powered e-skins, fabric electronics, medical/
health monitoring, and environmental protection.
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Lung surfactant (LS) plays a crucial role in regulating surface tension during normal respiration cycles by decreasing the work
associated with lung expansion and therefore decreases the metabolic energy consumed. Monolayer surfactant films composed
of a mixture of phospholipids and spreading additives are of optional utility for applications in lung surfactant-based therapies.
A simple, minimal model of such a lung surfactant system, composed of 1,2-dipalmitoyl-sn-glycero-3-[phosphor-rac-(1-gylcerol)]
(DPPG) and hexadecanol (HD), was prepared, and the surface pressure-area (𝜋-A) isotherms and nanostructure characteristics of
the binary mixture were investigated at the air/water interface using a combination of Langmuir-Blodgett (LB) and atomic force
microscopy (AFM) techniques. Based on the regular solution theory, the miscibility and stability of the two components in the
monolayer were analyzed in terms of compression modulus (𝐶−1

𝑠

) , excess Gibbs free energy (Δ𝐺𝜋exc) , activity coefficients (𝛾), and
interaction parameter (𝜉).The results of this paper provide valuable insight into basic thermodynamics and nanostructure of mixed
DPPG/HDmonolayers; it is helpful to understand the thermodynamic behavior of HD as spreading additive in LS monolayer with
a view toward characterizing potential improvements to LS performance brought about by addition of HD to lung phospholipids.

1. Introduction

Monolayer of mixed amphiphiles has been extensively inves-
tigated as membrane models to interpret the physical and
chemical behavior of monolayer and gain information about
the structural changes of the monolayer induced by molec-
ular lateral packing [1]. In particular, it is an effective
tool to study intermolecular interactions between mem-
brane molecules and HD. Researchers have applied various
methods to acquire more information on lipids/HD mono-
layer properties, such as Langmuir-Blodgett technology, syn-
chrotron X-ray diffraction, Fourier transforming infrared
spectrum, Brewster Angle microscopy, and atomic force
microscopy [2–6]. Among them, the LB technology has been
widely used as the most effective way to prepare nanometer
order monolayers and acquire the information on inter-
molecular interactions [7]. It also can achieve the molecular

assembly by means of changing the length of hydrophobic
chain or insetting ion to operate the structure, film thickness,
orientation, and sequences of themonolayer precisely. On the
other hand, the AFM has become an important technology
which characterizes surface morphology of monolayer by
utilizing the atomic interaction between the sample surface
and the scanning probe [8].

Lung surfactant, a complex mixture of lipids and proteins
found in the alveoli and affiliated bronchial interfaces, plays
a crucial role in regulating surface tension during normal
respiration cycles by decreasing thework associatedwith lung
expansion during respiration and therefore decreases the
metabolic energy consumed. Production insufficient or faulty
LS in premature infants is a major cause of mortality and
morbidity and consequently its biophysical action has been
and still is the subject of numerous studies [9]. While useful,
many LS preparations are made from animal extracts which
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can undergo large bath-to-batch variation as well as concerns
over potential zoonotic diseases; hence there are advantages
in developing purely synthetic LS exogenous surfactant
preparations for medical applications. Hexadecanol, acting
as a spreading agent, has been used in exogenous surfactant
preparations for partially overcoming the bad spreading of
lung surfactant lipids and it makes a positive contribution
to surfactant performance [10]. In previous reports [9, 11],
the mixed monolayer behavior of dipalmitoyl phosphatidyl-
choline (DPPC), which is the predominant lipid component
of natural lung surfactant, with HD at the air/water interface
as a function of mole fraction of HD, has been analyzed,
and the results illustrate that the binary monolayer appears
to be miscible, and the HD improves the surface tension
kinetics of DPPC. It has been also found that the molecular
packing in mixed DPPC/HD monolayers may be favored by
the packing efficiency or geometric accommodation at higher
surface pressure [11]. Grazing incidence X-ray diffraction
data shows that the HD preferentially interacts with DPPC
when HD is added into Infasurf (one clinical lung surfactant
preparation). HD intercalates between the DPPC chains and
hence leads to greater stability of the solid phase and a tighter
packing of the two-dimensional lattice compared with pure
system [10].Whilemost investigations on the behavior of HD
in LS model membranes were performed using DPPC, the
lung surfacemonolayers are composed of phospholipids with
different polar headgroups and hydrocarbon tails. Besides
DPPC, the anionic phospholipid DPPG is another important
LS surfactant, which has superior adsorption and spreading
properties in comparison with that of DPPC [12], accounting
for about 5% of the total surfactant phospholipid pool with
most species [13]. As we know, DPPG and DPPC have
the same hydrocarbon tails, but the DPPC has net neutral
charge and larger headgroup, which are very different from
those of the DPPG. Different conformations of the polar
headgroups of phospholipids may lead to differences in the
behavior of monolayer with the HD incorporation. But the
binary system of DPPG/HD has been not given the adequate
attention in monolayer researches. The aim of this work is
to investigate the DPPG/HD binary Langmuir monolayers
spreading on pure water from the view of thermodynamics
and physical chemistry by using LB and AFM technique. In
order to establish the mutual miscibility and the molecular
interaction between DPPG and HD at the interface, the
mean molecular area (𝐴), excessive molecular area (𝐴exc),
compression modulus, excessive Gibbs free energy, interac-
tion parameter, and activity coefficients have been quanti-
tatively evaluated based on the experimental 𝜋-A isotherms
recorded by KSV Minitrough instrument. The investigation
of interaction betweenDPPGandHD inmolecular level gives
significant information and experimental basis for elucidat-
ing and understanding the underlying molecular mechanism
between HD and lung surfactant lipid DPPG. Although the
mixed monolayer behavior might become complex, because
nonnegligible desorption of the monolayers might occur [11,
14], desorption of DPPG or HD, if there is any, was ignored
in the analysis.
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Figure 1: Chemical structures of (a) DPPG and (b) HD.

2. Materials and Methods

2.1. Materials. Synthetic sodium salt of 1, 2-dipalmitoyl-sn-
glycero-3-[phosphor-rac-(1-glycerol)] (DPPG, purity > 99%)
was obtained from Avanti Polar Lipids, Inc. (Alabaster, Al,
USA). The HD (1-hexadecanol, purity > 99%) was purchased
from Sigma (St. Louis, USA). The molecular structures of
the amphiphilic molecules are shown in Figure 1. The two
components were dissolved in chloroform (HPLC grade)
and diluted to 1𝜇mol/mL, respectively, before they were
spread at the air-water interface. A few drops of methanol
(HPLC grade) were used to aid the dissolution of DPPG
into chloroform. All preparations were stored at 4∘C. The
subphase for all the experiments is ultrapure water (resistivity
>18MΩ cm). The surface tension of the purified water was
about 72mN/m asmeasured by aWilhelmy plate tensiometer
at 25∘C.All glass wares used in the experiment in contact with
the samples were rinsed with purified water.

2.2. Isotherm Data Collection. An automatic controlled KSV
Minitrough (KSV Instruments Ltd., Finland) was used to
obtain the 𝜋-A isotherms and LB monolayer at the air-
water interface. The instrumentation is detailed elsewhere
[15, 16] and summarized below. The apparatus consists of a
Teflon trough fitted with two symmetrically mobile barriers
and a Wilhelmy plate used as the surface balance probe.
The measurements were performed with an accuracy of
±0.004mN/m in surface pressure and ±1% in surface area,
according to the instrument specification. Before each run,
the Teflon trough was washed with ethanol and rinsed with
purified water. The platinum plate was cleaned between each
experiment by rinsing with purified water and heating to
red heat. For all the experiments, the trough was filled with
purified water as the subphase, and the temperature was
maintained at 25 ± 0.5∘C by an external circulator. The given
molecules (DPPG and HD) were mixed and six different
stoichiometries (𝑋HD = 0, 0.2, 0.4, 0.6, 0.8, 1) were studied.
The mixed DPPG/HD solution was spread dropwise and
equably at the air/water interface with a Hamilton microliter
syringe after the interface was cleaned. Fifteen minutes was
allowed for solvent evaporation and monolayer equilibration
before an experiment was started. Then the monolayer at the
air-water interface was continuously compressed at a rate of
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0.01 nm2molecule−1min−1 to obtain the 𝜋-A isotherms. As
a monolayer was compressed to be in a condensed phase,
the isotherm generally exhibited a sharp break (which was
mentioned as the collapse point of the monolayer under
the given experimental condition) followed by an abnormal
change of surface pressure upon further compression. To
ensure the reproducibility, each group of data was repeated
at least twice (the error for the area per molecule and surface
pressure does not exceed 0.002 nm2/molecule and 0.1mN/m,
resp.).

2.3. Atomic Force Microscopy. The AFM methods have been
described in detail in previous studies [8, 17], and the main
steps can be summarized as follows: freshly cleaved mica was
used as a supporting solid substrate for film deposition. The
mixed monolayers were compressed up to the given surface
pressure. The deposition was carried out after the monolayer
stabilization 15min with the transferring rate of 1mm/min.
AFM images were obtained using an SPM-9500-J3 atomic
force microscopy (Shimadzu Instruments Co. Ltd., Japan).
The contact mode images (256 or 512 points per line) were
collected with scan rates of 0.5–1Hz, using a micro V-shaped
cantilever (Olympus Optical Co. Ltd., Japan) with a spring
constant of 0.06N/m, a thickness of 400 nm, and a length
of 100 𝜇m. The lateral and vertical resolutions were 0.2 and
0.01 nm, respectively. The transferred samples were checked
for possible tip-induced deformation by zooming out after a
region had been scanned.

3. Results and Discussion

3.1. 𝜋-A Curves at Discrete Mole Fraction. Figure 2 shows 𝜋-
A curves of DPPG/HD binary mixed monolayers formed at
the air/water interface with various mole fractions of HD,
respectively. The behaviors of the isotherms recorded for a
one-component monolayer (DPPG and HD films, resp.) are
in agreement with previous studies [9, 15, 18]. In Figure 2, the
𝜋-A curve of the pure system of DPPG demonstrates that
𝜋 starts to go up with compression at the limiting surface
area𝐴

0

(DPPG) = 0.5330 nm2 permolecule and reach a break
point where a phase transition, as a plateau on the isotherm
can be observed, from liquid-expand phase (LE) to liquid-
condensed phase (LC) takes place (𝜋 = 10.91mN/m, A =
0.6887 nm2 per molecule). The similar results were obtained
by other researchers [18, 19]. Interestingly, the transition
point almost disappeared in the 𝜋-A curve of DPPG one-
component monolayer on pure water subphase at lower
temperature [20, 21].These characteristic values as well as the
collapse pressure obtained at the breaking of the isotherm
curve are similar to those reported earlier [18]. It is needed
to note that the collapse pressures of pure DPPG is obviously
higher than that of HD, and this may be due to the fact that
the headgroup of DPPG molecule is bigger than that of HD
molecules, and the lipids used in the experiments have two
hydrophobic tail chains, while a HDmolecule only has single
tail chain.

As is seen, 𝜋-A curves for mixed DPPG/HD monolayers
(see Figure 2) appeared in the order between those of both
single systems and their shape varies systematically with
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Figure 2:𝜋-A isotherms ofmixedDPPG/HDmonolayers at discrete
mole fraction of𝑋HD on the pure water at 25 ± 0.5∘C.

the HD mole fraction, becoming similar to HD monolayer
isotherm. The addition of HD into the phospholipid film
makes the 𝜋-A curves steeper and provokes their shift toward
smaller areas. This strong influence of HD on phospholipid
monolayers is deemed the intercalating effect, that is, HD
intercalates between the phospholipid double chains, and
leads to a tighter packing of the two-dimensional lattice
compared with single component system [10]. Figure 2 shows
the break upon transition fromLE to LCwas observable up to
𝑋HD = 0.4; such phenomena also occurred in the DPPC/HD
binary system at 22∘C [9]. According to the surface rule
developed by Crisp from the ordinary phase rule in bulk
solution [22], which is an effective way to establishmiscibility
of the binary system, if the components are miscible, the
values of collapse pressure (𝜋

𝑐

) depend on the composition
of its components and 𝜋

𝑐

of the binary film lies between the
collapse pressures of single components [23]. As Figure 2
has shown, 𝜋

𝑐

for mixtures of DPPG/HD lies between the
pure DPPG and HD, and the values of 𝜋

𝑐

decrease with the
increment of mole fraction of HD; it suggests that the DPPG
and HD are miscible in the monolayer.

3.2. Miscibility of BinaryMonolayers. It is well accepted that a
completely immisciblemonolayer and an idealmixed film are
absolutely opposite [8, 24, 25]. However, both obey (1). In a
completely immiscible mixed monolayer, the intermolecular
forces 𝐹

11

≫ 𝐹
12

≪ 𝐹
22

while in an ideal binary system,
𝐹
11

= 𝐹
12

= 𝐹
22

, where 𝐹
𝑖𝑗

denote attractive forces between
molecules of the two components 𝑖 and 𝑗 (𝑖, 𝑗 = 1, 2, resp.)
[26].

To determine the miscibility of the mixture and how the
individual components of HD andDPPG are interacting with
each other in the monolayer, one appropriate parameter is
the evolution of mean molecular areas with the composition
mole fraction at a concerned surface pressure. The variation
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Figure 3: Mean molecule area as a function of composition of HD for mixed DPPG/HD monolayers on water subphase at discrete surface
pressure (full line: real mean molecular area; dotted line: ideal mean molecular area).

of the experimental mean molecular area at 5, 15, 25, 35, and
45mN/m for binarymonolayers was plotted against themole
fraction of HD in Figure 3. According to the additivity rule
[23, 27, 28], the ideal value of the molecular area for the
mixed DPPG/HD monolayers, 𝐴 id, can be calculated from
themolar fraction of the two components, and the plot of𝐴 id
versus𝑋

1

will give a straight line:

𝐴 id = 𝐴1𝑋1 + 𝐴2𝑋2, (1)

where 𝐴
1

and 𝐴
2

are the mean molecular areas of com-
ponents 1 and 2, respectively. 𝑋

1

and 𝑋
2

are their mole
fraction. If the experimental plot follows the ideal mixing
line, it demonstrates a completely miscible or homogenous
monolayer where the components mix but do not interact.
In addition, it also can imply that the two compositions
are immiscible, essentially patches of one composition in
a monolayer of the other [29]. The evidence of miscibility
with molecular interactions between the components can be
deduced from the deviations from the ideal mixing line.

Figure 3 shows the mean molecular area as a function of
composition for mixed DPPG/HDmonolayers on water sub-
phase at representative surface pressure. The solid lines show
that the two components are mixed with effective states. The
straight dotted lines present that the two kinds of components
are “idealmixtures” with theoretical area or immiscible. Since
a linear relationship between experimental mean molecular
area and composition is not satisfied completely, DPPG/HD
were considered to be miscible and interact with each other
inside the monolayer, the nonideal monolayers formed at the
interface. Figure 3 also show that the mean molecular areas
decreasewith the increment ofmole fraction ofHDor surface
pressures. It should be emphasized that 𝑋HD and surface
pressure have an important influence on the interactions
between DPPG and HDmolecules.

To perform a further analysis of the miscibility of the
binary components, 𝐴exc at a given surface pressure was
calculated according to (2) [8, 17, 25]. Usually, 𝐴exc can
be used for elucidating different molecular interaction and
lateral packing as an important physical parameter as well:

𝐴exc = 𝐴 − 𝐴 id. (2)

𝐴 is the mean molecule area of a mixed monolayer at a given
surface pressure obtained experimentally. 𝐴 id shows ideal
mixed mean molecular area calculated from (1). If 𝐴exc = 0,
it means perfectly miscible or completely immiscible mixed
monolayer is observed, and a plot of 𝐴 as a function of
𝑋
1

(or 𝑋
2

) at a given surface pressure would be a straight
line, and further measurements are needed to distinguish
these two monolayer states. On the contrary, 𝐴exc ̸= 0
indicates the miscibility of the mixture and various types
of interactions occur in the film [8, 24, 25]. As a matter
of fact, there always exist intermolecular forces between
the molecules in a monolayer. It is a matter of magnitude
of forces that determines 𝐴exc [26]. With regard to binary
monolayer, the negative𝐴exc will be obtained if the attractive
intermolecular forces exist. On the other hand, if 𝐴exc is
positive, it suggests that the interactions between the two
components are repulsive [30].

The𝐴exc values for DPPG/HD binary mixed system have
been presented as a function ofmole fraction ofHD inTable 1.
As shown in Table 1, one can conclude that the condensation
effect of HD was sensitive to the monolayer composition and
surface pressure. At 𝜋 = 5mN/m, the deviations are negative
for all range of 𝑋HD indicating the molecular interaction is
attractive force and the two components are miscible easily.
The effect is most prominent when 𝑋HD = 0.4. For higher
surface pressures (15 ≤ 𝜋 ≤ 45mN/m), the condensing effect
is predominant at the same concentration of 𝑋HD ≈ 0.8 (the
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Table 1: Excess molecular area as a function of mole fraction of HD
at serials discrete surface pressures.

Mole fraction,
𝑋HD

Excess molecular area (×10−2 nm2)
𝜋 (mN/m)

5 15 25 35 45
0.0 0 0 0 0 0
0.2 −3.18 0.51 1.65 1.93 2.43
0.4 −5.18 0.29 1.51 1.82 2.13
0.6 −3.27 0.33 0.58 0.05 −0.91
0.8 −0.71 −0.49 −0.88 −1.46 −2.10
1.0 0 0 0 0 0

point where the minima occur) despite the various surface
pressures (see Table 1), but the effect is weaker than that at
𝜋 = 5mN/mwhen𝑋HD = 0.4. For lowermole fraction ofHD,
the positive 𝐴exc observed at 15 ≤ 𝜋 ≤ 45mN/m suggests the
existence of repulsive fore betweenDPPG andHDmolecules,
and the two components may be miscible difficultly.

3.3. Compressibility of BinaryMonolayer. To better character-
ize and elucidate the details of the influence of hexadecanol
molecules on the physical state of lipid monolayer, the
compression modulus 𝐶−1

𝑠

of the mixed films was studied,
defined as (3) [31]:

𝐶
−1

𝑠

= −𝐴(

𝜕𝜋

𝜕𝐴

) . (3)

𝐶
−1

𝑠

is obtained by numerical calculation of the slope of the
𝜋-A isotherms [15, 32] and plotted as a function of surface
pressure (see Figure 4). The modulus is zero corresponding
to clean air-water interface and increases with the total mole
of surfactant present at the interface. In addition, the value of
compression modulus depends on the state of the film, being
larger for more condensed monolayers. Higher modulus
values related to lower interfacial elasticity [15, 26, 31, 32]. A
feature minimum on the 𝐶−1

𝑠

− 𝜋 curve was used to identify
the LE-LC phase transition [33]. As shown in Figure 4, the
minimum (𝐶−1

𝑠

= 16mN/m) for pure DPPG at 𝜋 = 12mN/m
indicates the transition from LE to LC, evidenced by the
plateau observed in the 𝜋-A isotherm (see Figure 2). During
the incorporation of HD molecules into lipid monolayer the
minimum moves to lower surface pressure and disappears
above 𝑋HD > 0.4, corroborated by the lack of corresponding
features in the 𝐶−1

𝑠

− 𝜋 profiles. According to the criterion
given byDavies andRideal [34] themodulus values distribute
from 10 to 50mN/m for liquid-expanded phase (LE) and
from 100 to 250mN/m for liquid-condensed phase (LC)
while it distribute above 250mN/m for solid phase (S).
Figure 4 illustrates that the jumping-off surface pressure
of phase transition from LE to LC for DPPG/HD system
decreases from 15.2 to 2.5mN/m gradually with the mole
fraction 𝑋HD increasing from 0 to 1. Nevertheless, the phase
transitions end at surface pressure about 17.5mN/m for all
mole fractions of HD. It is also worth noting that the 𝐶−1

𝑠

values preponderate over 250mN/m at 0 ≤ 𝑋HD ≤ 0.4
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Figure 4: The surface compressional modulus as a function of
composition for HD/DPPG binary system.

indicating the formation of DPPG/HD solid film, and the
compressibility of the binary film is very low. But in the range
of 𝑋HD > 0.4, the LC films observed from the end of LE-LC
transition to collapse occurred.

3.4. Thermodynamic Stability Analysis of the Binary Monolay-
ers. The interactions betweenmolecules and the stabilization
of monolayer films were evaluated quantitatively by mixed
monolayer thermodynamic properties in terms of excess
Gibbs free energies function. Δ𝐺𝜋exc at a series of discrete
surface pressure can be estimated quantitatively from the
isotherm data points via (4) [8, 30]:

Δ𝐺
𝜋

exc = 𝑁∫
𝜋

0

(𝐴exp − 𝑋1𝐴1 − 𝑋2𝐴2) d𝜋. (4)

If the monolayer is ideally mixed or totally immiscible,
Δ𝐺
𝜋

exc = 0. On the other hand, the positive and negative
excess values of the Gibbs free energy indicate the existence
of repulsive and attractive interaction force between the two
component molecules of the binary system, respectively; that
is to say, Δ𝐺𝜋exc < 0 indicates the binary monolayer’s stability,
while Δ𝐺𝜋exc > 0 suggests phase separation in the monolayer
[25]. In particular, the appearance of a minimum of Δ𝐺𝜋exc
will demonstrate a mixed monolayer of the largest thermo-
dynamic stability in comparison with the pure component
monolayers [26]. The Gibbs energy change in the binary
mixing system (Δ𝐺𝜋mix) can be interpreted as Δ𝐺𝜋mix = Δ𝐺

𝜋

id −
Δ𝐺
𝜋

exc. For ideal mixing, the Gibbs energy change involves
only the entropy terms as Δ𝐺𝜋id = 𝑅𝑇(𝑋1 ln𝑋1 + 𝑋2 ln𝑋2),
where𝑅 is the gas constant and𝑇 is the absolute temperature.

Figure 5 shows the excess Gibbs energy of mixing as a
function of composition for the DPPG/HD mixed mono-
layer at five considered surface pressures. It is evident that
the Δ𝐺𝜋exc values versus monolayer composition plots show
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component systems as a function of the composition of HD at five
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deviation from linearity in the whole range of mole fraction
of HD and proves the existence of the interaction between
the molecules. As for DPPG/HD system, negative Δ𝐺𝜋exc
values are obtained at 𝜋 = 5mN/m for all 𝑋HD, and the
minimum (about −156 J/mol) corresponds to 𝑋HD = 0.4.
The Δ𝐺𝜋exc values do approach zero over the whole mole
fraction range at 𝜋 = 15mN/m and this implied that the
two compositions mixed may be near ideality. At other
surface pressures (𝜋 = 25–45mN/m), positive as well as
negative Δ𝐺𝜋exc values were observed, and the maximum and
minimum values of Δ𝐺𝜋exc correspond to 𝑋HD = 0.2–0.3 and
𝑋HD = 0.7–0.8, respectively. This suggests that the attractive
interaction between monolayer molecules occurs at high HD
mole fraction, and the mixed film is more stable.

In general, for DPPG/HD binary system, the trend of
Δ𝐺
𝜋

exc-𝑋HD curves are similar to each other at 𝜋 = 15–
45mN/m. With increasing of mole fraction of HD in the
binary system, the positive value of Gibbs free energy occurs,
meaning that the lateral phase separation exists and the
repulsive interaction between the molecules presents [1,
25]. Negative Δ𝐺𝜋exc values occur at high concentration of
HD, indicating that the interaction between DPPG and HD
molecules is attractive, which is favorable for the occurrence
of molecular condensation and enhancement of thermody-
namic stability of the film system. It is implied that the polar
headgroup of DPPG closely integrates with that of HD, which
makes the intermolecular attraction stronger.

The interaction energy parameter 𝜉 and activity coeffi-
cient 𝛾

𝑖

(𝑖 = 1, 2) of HD and DPPG in the binary monolayer
can be evaluated as well from the values of Δ𝐺𝜋exc. Both 𝜉
and 𝛾

𝑖

are two significant parameters for quantitative anal-
ysis thermodynamic properties and stability of monolayers.
Following the analysis given by Kodama et al. [35], in the

framework of the regular solution theory [25], 𝜉 can be
obtained using the following equation:

𝜉 =

Δ𝐺
𝜋

exc
𝑅𝑇 (𝑋

1

𝑋
2

2

+ 𝑋
2

𝑋
2

1

)

=

Δ𝐺
𝜋

exc
𝑅𝑇𝑋
1

𝑋
2

. (5)

The values of activity coefficient 𝛾
𝑖

can be obtained from
Margules equations [36] for given binary monolayer systems
as follows:

ln 𝛾
1

= 𝜉𝑋
2

2

,

ln 𝛾
2

= 𝜉𝑋
1

1

.

(6)

The adhesive interactions related to cohesive interaction
between dissimilarmolecules can bemeasured by the unitless
interaction energy parameter 𝜉 [9]. The negative sign of 𝜉
indicates themolecular interactions of the films becomemore
strongly attractive comparing with single component mono-
layer while the positive sign of 𝜉means phase separation and
repulsion force between lipid and HD [12].

The calculated values of interaction parameter 𝜉 for
the binary systems are listed in Table 2. The 𝜉 values are
positive or negative relying on whether the Δ𝐺𝜋exc values
are positive or negative (see Figure 5). Distinctively, the
bigger value of 𝜉 relates to the stronger interaction, and its
composition dependence is corresponding to the packing of
a considered molecule surrounded by the other molecules
[37]. Attention should be paid to the 𝜉 values at 45mN/m
when 𝑋HD = 0.8 which is the greatest negative value for
all the mixtures, indicating that the HD molecule as the
majority can interact most attractively with DPPGmolecules
as the minority, respectively. This situation is reflected by the
activity coefficients as well. Comparing 𝛾

1

and 𝛾
2

values (see
Figures 6(a) and 6(b)) at 𝑋HD = 0.8, 𝛾1 is just about one
(unity), while the values of 𝛾

2

decrease markedly with the
increasing of surface pressure; particularly at 𝜋 = 45mN/m,
the values of 𝛾

1

equal 0.95 while 𝛾
2

fall to 0.4 from about unity
at𝜋=5mN/m.Generally, the interaction parameters increase
as the addition of surface pressures at all mole fractions is
concerned (see Table 2), which indicates the intermolecular
interactions between HD and DPPG strengthen with the
improvement of surface pressure.

3.5. Atomic Force Microscopy. AFM observations of LB films
transferred onto mica have been performed to character-
ize aggregation phase behavior and nanostructure of films,
which is beneficial for confirmation of the miscibility and
molecular interactions of two components for the present
systems at the nanoscale level [38]. Earlier reports have
reported the physiologically relevant lung surface pressure
from 40 to 70mN/m. [39], so the surface pressure of
45mN/m and scanning range of 5 × 5 𝜇m are chosen for
all AFM experiments. The AFM morphology images of
monolayers of DPPG and HD in six different stoichiometries
on the subphase of pure water are shown in Figures 7(a)–7(f).
For single component monolayers, as shown in Figure 7(a)
for DPPG and Figure 7(f) for HD, they show a uniform
pattern with many small holes and larger platforms, forming
defective nanostructures. With the increase of mole fraction
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Figure 6: Activity coefficient (a) 𝛾
1

(for HD) and (b) 𝛾
2

(for DPPG) of the mixed monolayers of HD/DPPG.

of HD in the mixed film, the AFM images at 45mN/m (see
Figures 7(b) and 7(c)) exhibit two different phases. Judging
from the height difference between DPPG and HD, the bight
(higher) domain consists of DPPG monolayers (i) and the
dark (lower) domain ismade ofHDmonolayers (ii) [40].This
phase separation means that the intermolecular interactions
between DPPG and HD are repulsive at lower mole fraction
of HD, as is mentioned above (Table 1). On the other hand,
the excess Gibbs free energy positive for 𝑋HD = 0.2 and
0.4 (see Figure 5) implies the monolayers (Figures 7(b) and
7(c)) become less stable. When 𝑋HD is up to 0.6, 𝐴exc =
0.05 nm−2; that is to say, the experimental plot almost follows
the ideal mixing line and the two components are miscible
in the monolayer. This result can be observed in the AFM
image (see Figure 7(d)), and from the figure we can see that
there is only very small area corresponding to separation
phase area. The homologous region (iii) represents that the
DPPG and HD are miscible and form LC monolayer (see
Figure 4). As shown in Figure 5, the value of Δ𝐺𝜋exc becomes
minimum at the HDmole fraction of 0.8 for surface pressure
ranging from 15 to 45mN/m. This result interprets that the
attractive intermolecular interaction between DPPG and HD
is strong at this proportion, and asmentioned above, the polar
headgroup of DPPG closely integrates with that of HD, so as
to cause formation of stable homologous monolayer film (see
Figure 7(e)).

4. Conclusion

In this paper, the miscibility, stability, intermolecular interac-
tion, and nanostructure of monolayer of DPPG/HD binary
mixed system in two-dimensional states were investigated
by using the method of LB and AFM technology. For the
mixed DPPG/HD systems, this study shows that the two
components in the binary system are miscible and formed

Table 2:The interaction parameter as a function of mole fraction of
HD at serials discrete surface pressures.

Mole fraction,
𝑋HD

Interaction parameter
𝜋 (mN/m)

5 15 25 35 45
0.0
0.2 −0.24 0.12 0.63 1.02 1.67
0.4 −0.26 0.04 0.38 0.65 0.97
0.6 −0.17 0.05 0.15 0.02 −0.41
0.8 −0.05 −0.11 −0.33 −0.77 −1.44
1.0

nonideal monolayers at the air/water interface from the anal-
ysis of surface pressure-area isotherms. The nonideality of
these mixed systems is evident in the excess mean molecular
area-composition figures, in which the experimental curves
of mixed monolayers exhibit somewhat deviation from the
ideal ones. According to the results of excess Gibbs energy
analysis, the stability of mixed DPPG/HD binary monolayer
systems was analyzed and the mixed monolayer with 𝑋HD =
0.8 (but 𝑋HD = 0.4 at surface pressure equal to 5mN/m)
appears to be the most stable. Moreover, the interactions
among molecules and aggregation state in the monolayers
were analyzed according to the results of compressibility
and the excess Gibbs energy. Based on the results of excess
Gibbs free energy analysis, the interaction parameter (𝜉) and
activity coefficients of the respective components (𝛾

1

and 𝛾
2

)
in the binarymonolayers (2Dphase) at variousmole fractions
were calculated. The results distinctly manifest that 𝐴exc,
Δ𝐺
𝜋

exc, and 𝜉 ofDPPG/HDmixedmonolayers get the negative
deviations for 𝑋HD = 0.8 at all range of surface pressure,
suggesting an intermolecular attractive interaction exists and
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Figure 7: The AFM images of mixed DPPG/HD monolayers for different mole fractions on subphase of pure water: (a) pure DPPG, (b)
𝑋HD = 0.2, (c)𝑋HD = 0.4, (d)𝑋HD = 0.6, (e)𝑋HD = 0.8, and (f) pure HD, 5 𝜇m × 5 𝜇m, transferred on mica at 45mN/m.
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the binary systems are stable. On the other hand, the positive
deviations obtained and increased with the increment of
surface pressure from 15 to 45mN/m for 𝑋HD = 0.2 and 0.4,
suggesting an intermolecular repulsive interaction exists and
the binary systems are metastable. The interactions between
components probably affect and improve the surface tension
kinetics of lung surfactants. AFM study for the present paper
provided both topography and phase contrast images. The
topography images reflect the monolayer topography, while
the phase contrast image, which is originated from the energy
loss of the oscillating AFM tip, shows the chemical structures
of heterogeneous samples [40].
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The high piezoelectricity and high quality factor ferroelectric thin films are important for electromechanical applications
especially the micro electromechanical system (MEMS). The ternary compound ferroelectric thin films 0.06Pb(Mn

1/3
, Nb
2/3
)O
3

+ 0.94Pb(Zr
0.45

, Ti
0.55

)O
3
(0.06PMnN-0.94PZT(45/55)) were deposited on silicon(100) substrates by RF magnetron sputtering

method considering that Mn and Nb doping will improve PZT properties in this research. For comparison, nondoped PZT(45/55)
films were also deposited. The results show that both of thin films show polycrystal structures with the main (111) and (101)
orientations.The transverse piezoelectric coefficients are 𝑒

31,𝑒𝑓𝑓
= −4.03C/m2 and 𝑒

31,𝑒𝑓𝑓
= −3.5C/m2, respectively.These thin films

exhibit classical ferroelectricity, in which the coercive electric field intensities are 2𝐸
𝑐
= 147.31 kV/cm and 2𝐸

𝑐
= 135.44 kV/cm,

and the saturation polarization 𝑃
𝑠
= 30.86 𝜇C/cm2 and 𝑃

𝑠
= 17.74 𝜇C/cm2, and the remnant polarization 𝑃

𝑟
= 20.44 𝜇C/cm2 and

𝑃
𝑟
= 9.87 𝜇C/cm2, respectively. Moreover, the dielectric constants and loss are 𝜀

𝑟
= 681 and 𝐷 = 5% and 𝜀

𝑟
= 537 and 𝐷 = 4.3%,

respectively. In conclusion, 0.06PMnN-0.94PZT(45/55) thin films act better than nondoped films, even though their dielectric
constants are higher. Their excellent ferroelectricity, piezoelectricity, and high power and energy storage property, especially the
easy fabrication, integration realizable, and potentially high quality factor, make this kind of thin films available for the realistic
applications.

1. Introduction

The excellent ferroelectric and piezoelectric thin films are
the pursuing points for micro-electronic engineers and func-
tionalmaterial researchers with the demand of high accuracy,
high integration, and high stability in electronic industry,
such as the applications for MEMS, FBAR (Thin Film
Bulk Acoustic Resonator), actuators, sensors, and FeRAM
devices [1–5]. The Pb(Zr

𝑥
, Ti
1−𝑥

)O
3
(PZT) based materials

own excellent ferroelectricity and piezoelectricity, and so
PZT based thin films are intensively studied [6–11]. However,
the ferroelectric thin films generally have poor quality factors
which are very important parameters for the piezoelectric
applications as well [2, 3]. Some papers reported that the
FBARs made of PZT films show very low 𝑄

𝑚
with the maxi-

mum value of 237, and most of them are few tens [2, 3], and

many researchers have been contributing to various doping
and multicompounds compositional PZT based ferroelectric
materials formodifying the properties of films by introducing
some metals elements to improve the film quality and other
properties [8–11].

We got the excellent single crystal PZT(45/55) thin
films on MgO(001) substrate with 6%mol ratio Pb(Mn

1/3
,

Nb
2/3

)O
3
(PMnN) doped [8], and that kind of thin film owns

remarkable properties and beautiful behaviors. To be frank,
it is difficult to obtain the perovskite phase of multicom-
pounds PZT based thin films. However, the perfect crystal
lattice match between MgO and PZT acts as the important
role in the fabrication. But MgO substrate also makes the
realistic application limited because of the easy chemical
etching and nonintegration. As the further work, 0.06PMnN-
0.94PZT(45/55) thin film was fabricated on silicon(100)
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substrate and characterized, and what we have been trying
to do is to get the favorable 0.06PMnN-0.94PZT(45/55) thin
films for the realistic application on silicon substrates.

In this paper, radio frequency (RF) magnetron sputtering
method is used to deposit the ternary compound 0.06PMnN-
0.94PZT(45/55) ferroelectric films and nondoped
0.94PZT(45/55) thin films on the SrRuO

3
/Pt/Ti/Si(100)

substrates, and the quench processing was used for the
postheating treatment, and the XRD characterization was
made to detect the orientations and the structures of thin
films, and the laser vibration detector was used to measure
the piezoelectricity [8, 9, 12], and the Sawyer-Tower circuit
was used to test the𝑃-𝐸 hysteretic behavior, and L-C-Rmeter
was used to measure the dielectricity [8, 9]. All the above
results were contrasted with each other and also contrasted
with the single crystal thin films on MgO substrates [8], and
the general evaluations were given.

2. Experiment

The ternary compounds ferroelectric thin film with the
composition ratio of 0.06Pb(Mn

1/3
, Nb
2/3

)O
3
+ 0.42PbZrO

3

+ 0.52PbTiO
3
was fabricated on single crystal silicon(100)

substrate by RF magnetron sputtering system, and the
powder target was made of PbO, ZrO

2
, TiO
2
, MnO

2
, and

Nb
2
O
5
mixed metal oxides powder with enough mixture.

Excess PbO was added into powder target because of the Pb
loss during the high temperature deposition, which is also
beneficial for better lattice match between the films and the
substrates [8, 9]. The Si(100) substrates were prepared with
the SrRuO

3
buffer layer on Pt/Ti bottom electrode, and the

sputtering gases are argon (Ar) and oxygen (O
2
) mixture

with the ratio of 20 : 1, and the depositing pressure is 1 Pa
with the basis vacuum pressure smaller than 5 × 10−3 Pa.
The half an hour presputtering process is always done before
each deposition for polishing the surface and excluding the
residual moisture of the targets.The sputtering power is 80w,
and the substrates were heated up and maintained at 600∘C,
and the quenching processes in air are always done after
every deposition with the temperature decreasing ratio of
120∘C/min during the initial 3 minutes and then they are left
to be cool in the room temperature naturally. The deposition
rate is about 3-4 nm/min. All the sputtering conditions are
given in detail in Table 1.

The bulk material properties with different mixing ratio
of PMnN + PZ + PT ternary compounds are shown in
Figure 1. Figures 1(a), 1(b), and 1(c) are the crystal phase,
the mechanical quality factor, and the electromechanical
coupling coefficient distribution with various ratio of com-
position, respectively, in which the asterisk “a” represents the
ternary compounds composition used in our experiments,
and the asterisk “b” represents the classical composition
of pure PZT(52/48), which was marked for comparing [8].
It can be obtained that the composition of 0.06PMnN-
0.94PZT(45/55) we used is near the MPB between tetragonal
and rhombohedral phasewhich is also in the area ofmechani-
cal quality factor (𝑄) around 3000, and the electromechanical
coupling coefficient (𝑘

𝑡
) is predicted to be about 0.40.

Table 1: The conditions of sputtering.

Target PMnN + PZT(45/55), PZT(45/55)
Substrate SRO/Pt/Ti/Si(100)
Gas O

2
: Ar = 1 : 20

Growth temperature 600∘C
Pressure 1 Pa
Power 80W
Thickness 0.30 𝜇m
Postheat treatment Quenching

As we know, PZT based material exhibits excellent piezo-
electricity at Morphotropic Phase Boundary (MPB), and so
the composition of 0.06PMnN-0.94PZT(45/55) we chose
would own both high quality factor and high piezoelectricity
because of its position around MPB.

3. Results

3.1. Crystal Structure. The structures of 0.06PMnN-
0.94PZT(45/55) thin film and PZT(45/55) thin film on
Si(100) substrates were analyzed by XRD measurement,
and the XRD spectra were shown in Figures 2(a) and 2(b),
respectively.

It can be obtained that the 0.06PMnN-0.94PZT(45/55)
thin film on Si(100) shows remarkable polycrystal structure
with (111) and (101) orientations coexist, in which the (111)
direction is the main orientation; however there are small
peaks around the (101) orientation, and we analyzed that they
are Mn

3
O
4
and PbO, respectively, which were marked in

Figure 2(a). We believe that these two small compositions are
attributed to the excess MnO

2
and PbO in the target, and

it is because we always add extra 10%mol percent PbO in
the target, and the variable valence of Mn is another reason
that there is Mn

3
O
4
existing. We believe these two small

peaks are very weak and nothing to affect the behaviors
of 0.06PMnN-0.94PZT(45/55) thin films. For the nondoped
PZT(45/55) thin films on Si(100), the XRD spectrum in
Figure 2(b) shows that (111) and (101) orientations coexist
similarly, and the (111) orientation is just a bit larger than (101)
orientation. However, there is only one small peak of PbO
near the (101) orientation, but it is stronger than 0.06PMnN-
0.94PZT(45/55) thin film casewhich is because of theMn and
Nb substitution in PZT, and the Mn and Nb doping makes
Pb more needed, and so there is Mn oxide excess. So the
better choice for further research is to reduce the addition of
PbO. Whatever, the two XRD spectra show that the Mn and
Nb doping and substitution are effective and reasonable, and
both 0.06PMnN-0.94PZT(45/55) thin films and nondoped
PZT(45/55) thin films show classical polycrystal structures
with (111) and (101) orientations coexisting.

This result is distinctly different from the case with
MgO(100) which shows the excellent single crystal structure
of (001) orientation [8]. The important reason should be
attributed to the crystal lattice match conditions between
PMnN-PZT thin films and the substrates. Of course, we also
can get pure (001) orientation PMnN-PZT thin film if we
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Figure 1: Material property with different compositions.
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Figure 2: (a) XRD spectrum of 0.06PMnN-0.94PZT(45/55) thin film on Si substrate. (b) XRD spectrum of nondoped PZT(45/55) thin film
on Si substrate.
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Figure 3: Vibration curve of 0.06PMnN-0.94PZT(45/55) thin film
based cantilever.

make the match of crystal lattice perfect on silicon substrate
using proper buffer layer on the substrate. However, it is not
the necessary demand for the realistic applications of PMnN-
PZT thin film by costing so much effort and technique to do
this.

3.2. Piezoelectricity. The transverse piezoelectric coefficient,
𝑒
31
, wasmeasured by the cantilever beamswith the piezoelec-

tric films covered by (1) [8, 9, 12], and highly accurate laser

∗
𝑒

31
=

𝑑
31

𝑠

𝐸

11

≈ −

(ℎ

𝑠
)

2

3𝑠

𝑠

11
𝐿

2
𝑉

𝛿 (1)

vibrometer was used to test the displacement of vibration
at 1 kHz which is far from the cantilever beam resonance
frequency of 4.4 kHz. In (1), ℎ𝑠, 𝑠𝑠

11
are the thickness and the

elastic compliance of the silicon substrates, respectively, 𝐿 is
the length of the cantilever, 𝑉 is the applied voltage, and 𝛿 is
the tip displacement of the beam under the voltage.

The measurement was made with both ascending voltage
and descending voltage orders, and the displacement versus
voltage curve of the PMnN-PZT film is shown in Figure 3,
and the vibration is stable that the ascending curve is almost
the same with that of descending one. Besides, both of the
curves are linear enough that the inverse-piezoelectricity
response is linear in the applied voltage range, and it also
verifies that the 𝑒

31
measurement is reliable and accurate.

Moreover, this kind of piezoelectric thin films can be used
for piezoelectric device fabrications because of its excellent
piezoelectric response behavior.

In this paper, ℎ𝑠 = 0.5mm, 𝐿 = 9mm, 𝑠𝑠
11

= 5.85 ×
10−12m2/N, 𝛿 = 229.26 nm, and 𝑉 = 10V, then we get 𝑒

31

= −4.03 C/m2 which is larger than the 𝑒
31

= −3.51 C/m2
of nondoped PZT(45/55) thin films on silicon substrates.
However, these values are much smaller than −7.7 C/m2
on MgO(100) case, and the polycrystal structure should be

Figure 4: 𝑃-𝐸 and dielectricity characterization system.
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Figure 5:𝑃-𝐸 curves of 0.06PMnN-0.94PZT(45/55) thin film (black
line) andnondopedPZT(45/55) thin film (blue line) on Si substrates.

the important reason for this, and it also can be obtained
that we can improve the piezoelectricity by modifying the
crystal lattice match for better single orientation. But it is
acceptable comparing with better piezoelectricity, potentially
high quality factor, and integration available.

3.3. Ferroelectricity. The ferroelectricity of 0.06PMnN-
0.94PZT(45/55) thin films and nondoped PZT(45/55)
thin films on silicon substrates were characterized with
the 𝑃-𝐸 curve by Sawyer-Tower circuit which was shown
in Figure 4, and the hysteretic 𝑃-𝐸 curves were shown
in Figure 5 respectively. We can get that the classical
ferroelectricity exists for both these two kinds of thin films.
The 0.06PMnN-0.94PZT(45/55) thin film owns distinctly
better ferroelectric behavior than nondoped PZT(45/55)
thin film case. In Figure 5, the 𝑃

𝑠1
= 30.86 𝜇C/cm2 and

𝑃
𝑠0
= 17.74 𝜇C/cm2 are the saturation polarization intensity

of 0.06PMnN-0.94PZT(45/55) thin film and nondoped
PZT(45/55) thin film on silicon substrates, respectively. The
remnant polarization intensities are 𝑃

𝑟
= 20.44 𝜇C/cm2 and

𝑃
𝑟
= 9.87𝜇C/cm2, respectively, and the coercive electric field

intensities are 2𝐸
𝑐
= 147.31 kV/cm and 2𝐸

𝑐
= 135.44 kV/cm

for 0.06PMnN-0.94PZT(45/55) thin film and PZT(45/55)
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thin film, respectively. We can see that the doped PZT(45/55)
thin films, 0.06PMnN-0.94PZT(45/55) thin films, exhibit
obviously better ferroelectric behavior than the nondoped
PZT(45/55) thin films, such as the higher 𝑃

𝑠
, the higher 𝑃

𝑟
,

and similar 2𝐸
𝑐
, which shows that the PMnN doping in

PZT(45/55) thin films shows obviously better improvements.
The doped 0.06PMnN-0.94PZT(45/55) thin film also shows
hard material behaviors than the nondoped PZT(45/55) thin
film, and so we can judge that it has much higher quality
factor than nondoped thin film.

There are small shifts in the 𝑃-𝐸 curves on the electric
field and polarization intensity for both kinds of thin films;
however, these 𝑃-𝐸 curves show excellent symmetry, and so
the reason of small shift of the𝑃-𝐸 curve is the shift of ground
electrode considering the symmetrical curve and the same
linear shift of coercive electric field and polarization intensity.

These values are all smaller than those onMgO substrates
with the 2𝐸

𝑐
≅ 230 kV/cm and the 𝑃

𝑠
≅ 60 𝜇C/cm2 [8],

which can be described by the different crystal structures, and
the 0.06PMnN-0.94PZT(45/55) thin films onMgOsubstrates
show excellent hard material behaviors; however the films on
Si substrates show the soft ferroelectric properties. The 𝑃-𝐸
curve of the 0.06PMnN-0.94PZT(45/55) thin films on silicon
substrates also shows that there are nonunity ferroelectric
domains in the material. However, the different properties
are attractive for different applications, such as the lower
coercive electric field intensity, which makes the ferroelectric
application lower voltage and energy needed.

3.4. Dielectricity. The dielectricity of 0.06PMnN-0.94PZT
(45/55) thin films and nondoped PZT(45/55) thin films on
silicon substrates were measured by LCR meter which was
also shown in Figure 4, and the relative dielectric constants
𝜀
𝑟
= 681 and 𝜀

𝑟
= 537, respectively, and the dielectric loss

factors are 𝐷 = 5% and 𝐷 = 4.3%, respectively. It can
be obtained that Mn and Nb doping increases the dielectric
constant and alsomakes the dielectric loss larger even though
the change is small.

These results are distinctly different from the dielectric
constant of 260 on MgO substrate, and they are almost two
times of that on MgO substrate. It is reasonable for the
different dielectric behaviors with different substrates, and
the polycrystal structure of thin films on silicon substrate
should be the main source of the main difference. However,
the high dielectricity can be accepted for the micro device
applications as well, especially considering the nondoped
PZT(45/55) thin films on silicon substrates, which is also
appreciated for the high power and high energy storage
applications.

4. Conclusions

In this paper, the 0.06PMnN-0.94PZT(45/55) thin films
and nondoped PZT(45/55) thin films on silicon substrates
were deposited by magnetron sputtering method, and the
properties were comparedwith each other and also compared
with the same composition thin films on MgO substrates.
The XRD results show that both 0.06PMnN-0.94PZT(45/55)

thin films and nondoped PZT(45/55) thin films on silicon
substrates exhibit classical polycrystal structures with (111)
and (101) orientations coexisting, and the results show that
the Mn and Nb doping and substitution in PZT(45/55)
are effective even though they are not as significant as the
corresponding single crystal thin films on MgO substrates.

The piezoelectric characterizations show 𝑒
31

=
−4.03 C/m2 and 𝑒

31
= −3.51 C/m2 for 0.06PMnN-

0.94PZT(45/55) thin films and nondoped PZT(45/55)
thin films, respectively, and it shows that the Mn and Nb
doping improves the piezoelectricity of PZT(45/55) thin
films. However, these values are smaller than the single
crystal case of MgO substrate, but these values are acceptable
for the applications, and particularly the remarkable
linear piezoelectric response behavior of 0.06PMnN-
0.94PZT(45/55) thin film is significant for the piezoelectric
applications.

Moreover, the ferroelectric properties characterized by
Sawyer-Tower Circuit show that both of the doped and
nondoped PZT(45/55) thin films exhibit classical ferro-
electricity. The 0.06PMnN-0.94PZT(45/55) thin film shows
more obvious ferroelectric behaviors with higher satura-
tion polarization, higher remnant polarization, and similar
coercive electric field, and particularly the harder behavior
of 0.06PMnN-0.94PZT(45/55) thin film exhibits the higher
quality factor. But these values are smaller than the single
crystal thin films on MgO substrates which own excellent
hard ferroelectric material behavior; however, they are not
all the bad results that the lower coercive electronic field
is expected for the memory device applications with lower
voltage and lower energy needed.

Finally, the dielectricity of two kinds of thin films was
also studied, and the similarly high dielectric constants as
the bulk PZT based materials were observed with 𝜀

𝑟
= 681

and 𝜀
𝑟
= 537 for the doped and nondoped PZT(45/55) thin

films, respectively, and the dielectric loss of 𝐷 = 5% and
𝐷 = 4.3%, respectively. The results show that Mn and Nb
doping elevates the dielectricity of PZT(45/55) thin film and
also rises the dielectric loss even though the change is small.
The dielectric property of 0.06PMnN-0.94PZT(45/55) thin
film is larger than that case of MgO substrate; however, it is
still endurable. On the other hand, it is good choice for the
high voltage and high energy storage applications.

In conclusion, we fabricated 0.06PMnN-0.94PZT(45/55)
thin films and nondoped PZT(45/55) thin films on silicon
substrates in this research and studied the crystal structures,
the piezoelectricity, the ferroelectricity, and the dielectricity.
Moreover we contrasted these properties among the doped
and nondoped PZT(45/55) thin films on silicon substrates for
the effects of Mn and Nb doping and also compared them
with the single crystal structure 0.06PMnN-0.94PZT(45/55)
thin films on MgO substrates. It can be obtained that Mn
and Nb doping mostly improves the properties of crystal
structure, piezoelectricity, ferroelectricity, and mechanical
quality factor; of course it also makes the dielectricity and
dielectric loss a bit larger. All the above research are sig-
nificant for the research of ternary compound PZT based
thin films research; particularly the successful fabrication of
0.06PMnN-0.94PZT(45/55) thin film on silicon substrates
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which are often used for the integration is very important for
the 0.06PMnN-0.94PZT(45/55) realistic applications.
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The resonance frequency, 𝑓
𝑠
, and the effective electromechanical coupling factor, 𝑘2eff , of thin film bulk acoustic resonators (FBARs)

are derived by transfer matrix method. The effects of thickness and density of electrode on 𝑓
𝑠
and 𝑘2eff with different piezoelectric

layers are investigated by numerical calculationmethod.The results show that thickness and density of electrode affect𝑓
𝑠
obviously,

especially in large thickness and density area. Moreover, the effects of thickness, density, and acoustic velocity of electrode on 𝑘2eff of
FBAR were also studied. The results show that there is a maximum 𝑘2eff corresponding to the composition of thickness and density
of electrode which is about 20% over the original electromechanical factor of piezoelectric film. 𝑘2eff is in the direct proportion to
the density 𝜌

𝑒
and V

𝑒
of electrode, respectively. The electrode thickness affects 𝑘2eff small with high V

𝑒
; moreover, when V

𝑒
is high

enough, then 𝑘2eff has almost nothing to do with 𝑑
𝑒
. 𝑘2eff always rises with electrode thickness first and then descends with its rising,

and the thickness corresponding to the maximum 𝑘2eff is different with different electrode, but it always locates in the special area.
All above results indicate that the thickness, density, and acoustic velocity of electrode are so important that these results can be
applied to design FBAR.

1. Introduction

The thin film bulk acoustic resonators (FBARs) are exten-
sively applied for filters, resonators, and sensors, since they
were first realized with the resonance frequency of 1.9 GHz
in 1999, such as MEMS, biosensors, and gas sensors [1–8].
It is a kind of important device in electronic equipment,
and so many kinds of FBARs with high frequency and
small dimension have been fabricated during recent ten years
for the demand of the industry [9, 10]. The FBARs are
especially expected to be investigated and applied by many
semiconductor companies such as Agilent, Philip, Murata,
and TDK, because of their excellent merits.

Most of researchers focus on the fabrications and the
applications of FBAR, and there also are a few researches
about numerical simulation and optimization of FBAR. Chao
et al. studied the electrode effects of FBAR by Butterworth-
van Dyke (BVD) equivalent circuit [11], and Chen and

Wang calculated the effective electromechanical coupling
coefficient of FBAR [12], and Zhang et al. applied resonant
spectrummethod to characterize piezoelectric films in FBAR
[13]. Besides, our research group published the research about
the electrode effect of FBAR [14], and Naumenko analyzed
the propagation of acoustic wave in FBAR with Finite
Element Method [15], and Kvasov and Tagantsev calculated
the nonlinear electrostrictive coefficient with first principles
[16]. All of above researches aim at the excellent FBAR
performance because the resonance frequency, the effective
coupling coefficient, and the accurate optimization for the
design of FBAR are the key points for FBAR performance.

As a kind of bulk acoustic resonator (BAR), the figure of
merit of an FBAR can be defined by𝑀 = 𝑘2eff ⋅ 𝑄𝑆/(1 − 𝑘

2

eff ),
and 𝑄

𝑆
is the resonance quality factor which is obviously

controlled by the piezoelectric layer and electrode effect,
and the special research has been done by our research
group [14], and so we deeply discuss the material parameter
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Figure 2: Transfer matrix schematic diagram.

effects of electrode on the resonance frequency, the effective
electromechanical coupling factor, and the theoretical opti-
mization consideration of FBAR in this paper considering
the regularity among the density 𝜌

𝑒
, the thickness 𝑑

𝑒
, the

acoustic velocity V
𝑒
of electrode, and the FBAR performance

parameters 𝑓
𝑠
and 𝑘2eff . The transmission matrix method

was used in this research, and the following research points
and corresponding simulation results are presented: (1) the
transfer matrix method being used to derive the input
impedance equation, (2) effects of 𝜌

𝑒
and 𝑑

𝑒
on 𝑓
𝑠
, (3) effects

of 𝜌
𝑒
and 𝑑

𝑒
on 𝑘2eff , (4) effects of V𝑒 and 𝑑𝑒 on 𝑘

2

eff , and (5)
the two cases with the piezoelectric films of ZnO and AlN,
respectively, being compared for discussion.

2. Simulation Method and Procedures

For the FBAR shown in Figure 1, its transfermatrix schematic
diagram is shown in Figure 2. P part represents the piezoelec-
tric layer; E1 and E2 parts represent top electrode and bottom
electrode, respectively. 𝑈 and 𝐼 represent electronic voltage
and current port, respectively,𝐹 and 𝑢 represent the force and
vibration velocity, respectively, and 𝑍in represents the input
acoustic impedance of this system. Sowe can get the following
transfer equation [13]:

[
𝑈

𝐼
] = [𝐵] ⋅ [

𝐹

𝑢
] . (1)

The piezoelectric transfer matrix [𝐵] can be given as [13]

[𝐵]

=
1

𝜙𝐻
[

[

1
𝑗𝜙2

𝜔𝐶
0

𝑗𝜔𝐶
0

0

]

]

⋅
[
[

[

cos 𝛾 + 𝑗𝑍
𝐸
sin 𝛾 𝑍

0
(𝑍
𝐸
cos 𝛾 + 𝑗𝑍

𝐸
sin 𝛾)

𝑗 sin 𝛾
𝑍
0

2 (cos 𝛾 − 1) + 𝑗𝑍
𝐸
sin 𝛾

]
]

]

,

(2)

where 𝜙 = 𝑘2
𝑡
𝐶
0
𝑍
0
𝑙/𝑉 is Mason equivalent circuit transfer

ratio, 𝑘2
𝑡
is the electromechanical coupling factor of piezoelec-

tric film, 𝐶
0
= 𝜀𝑆
33
𝑆/𝑙 is the clamped capacitor with area of 𝑆,

𝜀𝑆
33

is the dielectric constant with the vertical direction, 𝑙 is
the thickness of piezoelectric film, 𝑍

0
= 𝜌𝑉𝑆 is the acoustic

impedance of piezoelectric film with the density of 𝜌,𝑉 is the
longitudinal wave velocity, 𝛾 = 𝜔𝑙/𝑉 is the phase delay in the
piezoelectric film, 𝜔 = 2𝜋𝑓 is angular frequency, and 𝑍

𝐸
is

the acoustic impedance of electrodes.
We take the electrode material as isotropic, and then we

can get the matrix as

[
𝐹
1

𝑢
1

] =
[
[

[

cos 𝛾
𝑒1

𝑗𝑍
𝑒1
sin 𝛾
𝑒1

𝑗 sin 𝛾
𝑒1

𝑍
𝑒1

cos 𝛾
𝑒1

]
]

]

⋅ [
𝐹
1

𝑢
1

] , (3)

where 𝐹
1
is zero because of the free top acoustic port, 𝛾

𝑒1
=

𝜔𝑙
𝑒1
/𝑉
𝑒1

is the phase delay in the top electrode, 𝑙
𝑒1

is the
thickness of top electrode, 𝑉

𝑒1
is the acoustic velocity of top

electrode, 𝑍
𝑒1
= 𝜌
𝑒1
𝑉
𝑒1
𝑆 is the acoustic impedance of top

electrode, and 𝜌
𝑒1
is the density of top electrode.

We can get 𝑍
1
from (3):

𝑍
1
=
𝐹
0

𝑢
0

= 𝑗𝑍
𝑒1
tan 𝛾
𝑒1
. (4)

Similarly, we can get the acoustic impedance of bottom
electrode

𝑍
2
=
𝐹
2

𝑢
2

= 𝑗𝑍
𝑒2
tan 𝛾
𝑒2
. (5)

So the total input acoustic impedance can be given as [13]

𝑍in =
𝑈

𝐼
=

1

𝑗𝜔𝐶
0

⋅ [1 −
𝑘2
𝑡

𝛾

⋅
(𝑧
1
+ 𝑧
2
) ⋅ sin 𝛾 + 𝑗 ⋅ 2 ⋅ (1 − cos 𝛾)

(𝑧
1
+ 𝑧
2
) ⋅ cos 𝛾 + 𝑗 ⋅ (1 + 𝑧

1
⋅ 𝑧
2
) ⋅ sin 𝛾

] .

(6)

Inside (6), 𝑧
1
= 𝑍
1
/𝑍
0
, 𝑧
2
= 𝑍
2
/𝑍
0
. We take the top

electrode and bottom electrode as the same, so the input
impedance (𝑍in) can be given as (7) with a transfer matrix
method [12, 14]

𝑍in =
1

𝑗𝜔𝐶
0

[1 −
𝑘2
𝑡

𝛾

𝑧 sin 𝛾 + 𝑗 (1 − cos 𝛾)
𝑧 cos 𝛾 + (𝑗/2) (1 + 𝑧2) sin 𝛾

] . (7)
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𝛾 = 𝜔𝑙/𝑉 is the phase shift in the piezofilm, and 𝑧 = 𝑍/𝑍
0

is the characteristic impedance ratio of the electrodes to the
piezofilm as the top and bottom electrodes with the same
material and thickness.The series resonance frequency𝑓

𝑠
and

the parallel resonance frequency 𝑓
𝑝
can be obtained by (7),

and then the effective electromechanical coupling factor of
FBAR can be demonstrated with the known 𝑓

𝑠
and 𝑓

𝑝
:

𝑘2eff =
(𝑓2
𝑝
− 𝑓2
𝑠
)

𝑓2
𝑝

≅ 2 ⋅
(𝑓
𝑝
− 𝑓
𝑠
)

𝑓
𝑝

. (8)

Based on the definition published in the IEEE Std.
176-1987 [17], 𝑓

𝑠
is the frequency corresponding with the

maximum conductance. Then 𝑓
𝑠
can be calculated by (7),

and 𝑘2eff can be evaluated by (8). However, 𝑘2eff is not only
determined by 𝑘2

𝑡
but also closely related with the electrode

and resonator structure.
In the calculation of the resonance frequency 𝑓

𝑠
with

(7), the dielectric, the piezoelectric, and the elastic constants
of the piezoelectric film and the elastic constants of the
electrodes generally are complex values, but all others, such
as 𝑘2
𝑡
, are considered as real values [12]. In addition, for a

given piezofilm, 𝐶
0
is a constant. The complex velocity �̃�

𝑙
in

piezofilms or electrodes was given by a complex expression
[12]

�̃� = [
(𝐶
33
+ 𝑗𝐶
33
)

𝜌
]

1/2

≅ 𝑉 [1 +
𝑗

(2𝑄
𝑚
)
] . (9)

𝑉 = √𝐶
33
/𝜌 is the real part, 𝑉 = √𝐶

33
/𝜌 is the imaginary

part, and 𝐶
33

and 𝐶
33

are the real part and imaginary part
of elastic constant 𝐶

33
, where 𝐶

33
is responsible for the

mechanical losses, and 𝑄
𝑚
= 𝐶/𝐶 ≅ 𝑉/2𝑉 is the

mechanical quality factor of the piezofilm or the electrode.
So the resonance frequency and the effective electrome-

chanical coupling coefficient of FBAR can be obtained and
analyzed by above definitions and equations.

3. Effects of Material Quality Factors on
Effective Coupling Factor

The effect of electrode on FBAR performance is studied and
shown in the following parts, and the thickness, 𝑑

𝑒
, the

density, 𝜌
𝑒
, on the resonance frequency, 𝑓

𝑠
, and the effec-

tive electromechanical coupling factor, 𝑘2eff , are investigated;
besides, the acoustic velocity V

𝑒
on 𝑘2eff is also done. The

different piezoelectric films of ZnO and AlN with thickness
of 2 𝜇m are used in this research, and they both are typical
examples in the realistic applications, and the constants of
material used in the calculation are shown in Table 1.

3.1. Effects of 𝜌
𝑒
and 𝑑

𝑒
on 𝑓
𝑠
of FBAR. The resonance

frequency is very important parameter for frequency devices,
especially for the acoustic device with vibration such as
FBAR. In general, the frequency of FBAR is the basic
parameter which should be considered during the design of
FBAR, and so it is why we began with it.

Table 1: Data of material properties.

Material Density
(kg/m3)

Velocity
(m/s)

Impedance
(106 kg/m3s) 𝑘2

𝑡

ZnO 5606 6350 35.6 7.50
AlN 3300 11050 36.5 6.25

The resonance frequency definitions are stated in the
IEEE Std. 176-1987 that 𝑓

𝑠
is defined as the frequency of

maximum conductance [17]. So we can calculate𝑓
𝑠
by setting

the conductance maximum with (7). In the calculations, we
take the different piezoelectric films with ZnO and AlN and
take all other parameters as constants except the density and
the thickness of electrode. We can take the different density
as different electrode material and study what will happen to
the resonance frequency of FBAR if we change the thickness
of the same material electrode, which is very valuable for the
design of FBAR devices.

The results of 𝑓
𝑠
changing with 𝜌

𝑒
and 𝑑

𝑒
of FBAR based

on ZnO and AlN piezoelectric films were obtained, and
the three-dimensional (3D) figures were shown as Figures
3(a) and 4(a), respectively, and the two-dimensional (2D)
figures were shown as Figures 3(b) and 4(b), respectively.
It can be obtained that the resonance frequency decreases
with the thickness and the density of electrode increasing
by the 3D figures, and this rule becomes more typical with
the thin electrode or the high density, and it is the most
obvious when both thickness and density of electrode appear
in large value area. So we can choose proper material with
small density and thin electrode for high resonance frequency
by these results even though there still are some other
parameters which should also be considered such as acoustic
velocity. However, if the acoustic velocity in the electrode is a
constant, then this result can be effectively used to design and
evaluate the resonance frequency according to the application
requirement.The above results can also be proved by the two
2D figures. Besides, we also can get that the FBAR decreased
over half of resonance frequency just with the thickness
change of 0.4 𝜇m, and so the thickness effect of electrode
on the resonance frequency are very distinct, which becomes
smoother in the smaller thickness area.

3.2. Effects of 𝜌
𝑒
and 𝑑

𝑒
on 𝑘2
𝑒𝑓𝑓

of FBAR. Based on the
definition published in the IEEE Std. 176-1987 [17], 𝑓

𝑠
is the

frequency of maximum conductance and 𝑓
𝑝
is the frequency

of maximum resistance. Then 𝑓
𝑠
and 𝑓

𝑝
can be calculated

by (7), and 𝑘2eff can be evaluated by (8). 𝑘2eff is not only
determined by 𝑘2

𝑡
but also determined by the electrode and

resonator structure.
We calculated 𝑘2eff changing with the thickness and the

density of electrode, and the 3D figures and 2D figures were
given in Figures 5 and 6 with ZnO and AlN piezoelectric
films, respectively.

It can be obtained by Figures 5(a) and 6(a) that there
is the maximum 𝑘2eff corresponding to some compositions
of thickness and density of electrode, which is near the
thin electrode and high density area. 𝑘2eff increases and then
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Figure 3: 𝑓
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of FBAR versus the thickness and the density of electrode with ZnO piezoelectric film.
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Figure 4: 𝑓
𝑠
of FBAR versus the thickness and the density of electrode with AlN piezoelectric film.
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Figure 5: 𝑘2eff of FBAR versus the thickness and the density of electrode with ZnO piezoelectric film.
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Figure 6: 𝑘2eff of FBAR versus the thickness and the density of electrode with AlN piezoelectric film.

decreases with the thickness increasing, and the increasing
ratio can reach to 20% over original value of piezoelectric
film. However, 𝑘2eff mostly increases with the density of
electrode. 𝑘2eff changes fast with the thickness of electrode
when the density of electrode is small, and vice versa. The
FBAR with the ZnO layer shows that 𝑘2eff changes more
quickly than the case of AlN, and the thickness effect is more
obvious too, especially for the small density of electrode cases.
Furthermore, we can also get the same witness from the 2D
figures of Figures 5(b) and 6(b).

A very interesting result is obtained from 2D figures that
𝑘2eff will arrive at a maximum area with special thickness
values for any density of electrode, and the corresponding
thickness area is very obvious at the center, such as the FBAR
with ZnO. The thickness beginning with the maximum 𝑘2eff
area is nearby 0.37 𝜇m, and the thickness is nearby 0.5 𝜇m for
the AlN case. This is a very interesting and important result,
and it means the effect of thickness on 𝑘2eff has a strong rule
which is affected little by the density of electrode material.
We analyzed this phenomenon that it is the thickness where
standing wave appears, and the difference between these
two piezoelectric film cases should be attributed to the
different piezoelectric thin films. Moreover, it confirms that
the standing wave exists in the FBAR, and the thickness of
electrode should be optimized with this merit point, which is
effective for all kinds of electrode materials.

3.3. Effects of V
𝑒
and𝑑
𝑒
on 𝑘2
𝑒𝑓𝑓

of FBAR. For overall evaluation
of 𝑘2eff , the effects of V

𝑒
and 𝑑

𝑒
on 𝑘2eff were conducted

with the 2 𝜇m thick piezoelectric film, and the 2D and 3D
figures with four different electrode density choices were
given for contrasting. The 3D 𝑘2eff versus V

𝑒
and 𝑑

𝑒
curves

based on ZnO and AlN were shown in Figures 7 and 9,
respectively, and the 2D results were shown in Figures 8
and 10 correspondingly. The key parameters and results were
marked on the 3D figures. We can get that 𝑘2eff always rises
with the density of electrode for the ZnO case in Figure 7
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Figure 7: 𝑘2eff of FBAR versus the thickness and the acoustic velocity
of electrode with ZnO piezoelectric film and different density (3D
curves).

which also can be observed in above section results, and
the maximum 𝑘2eff always appears at the maximum acoustic
velocity during our calculation range. The AlN case is the
same behavior as the ZnO FBAR in Figure 9. Moreover, 𝑘2eff
rises more obviously with V

𝑒
in the large electrode thickness

area and vice versa, and 𝑘2eff changes little with V
𝑒
among the

small electrode thickness area and especially least in the high
density electrode material area. On the other hand, 𝑘2eff rises
distinctlywith the electrode thickness in the low velocity area,
but it almost does not change in the high velocity space.
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Figure 8: 𝑘2eff of FBAR versus the thickness and the acoustic velocity of electrode with ZnO piezoelectric film (2D curves).
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curves).

We can conclude that 𝑘2eff is in the direct proportion to
the density 𝜌

𝑒
here, and the acoustic velocity of electrode has

a similar effect too, and 𝑘2eff dominantly rises with V
𝑒
. The

electrode thickness affects small 𝑘2eff with high V
𝑒
; moreover,

when V
𝑒
is high enough, then 𝑘2eff has almost nothing to do

with 𝑑
𝑒
. But 𝑘2eff changes fast with 𝑑

𝑒
when V

𝑒
is small, and

𝑘2eff rises with electrode thickness first and then descendswith
its rising, which was also observed in the former section.
The thickness corresponding to themaximum 𝑘2eff is different
with different electrode density; however, it descends with
density ascending, which also proves the special value 𝜌

𝑒
𝑑
𝑒

corresponding with the maximum 𝑘2eff of FBAR even though
we cannot get this result directly by these figures because
there are not so many piezoelectric film parameters consid-
ered for proving [14]. All these behaviors are similar for both
ZnO and AlN based FBARs.

The density, acoustic velocity, and thickness of electrode
of FBAR can be optimized by above results for special 𝑓

𝑠
and

𝑘2eff need. We can get the higher 𝑘2eff with the higher electrode
density, and it is also the same to acoustic velocity of electrode
material.The best thickness of electrode is decided by density
and especially acoustic velocity; however, the thickness effects
are obvious when the acoustic velocity is small, but it almost
does not change if the acoustic velocity is very big. Moreover,
the best thickness corresponding to the maximum 𝑘2eff is
different with different cases, but the values are in the special
area comparing with the distinctly variable V

𝑒
and 𝜌
𝑒
, and it is

because we take most of the parameters of piezoelectric thin
film as constants, even though these results can be observed
in both ZnO and AlN FBARs in this research.

4. Conclusions

In this paper, the following research and results have been
given.
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Figure 10: 𝑘2eff of FBAR versus the thickness and the acoustic velocity of electrode with AlN piezoelectric film and different density (2D
curves).

(i) Firstly, we derived the input acoustic impedance
equation with transfer matrix method, and the sim-
plified impedance equation of FBAR with the same
top and bottom electrode is obtained. This equation
can be applied extensively to calculate the resonance
frequency, the effective electromechanical coupling
factor, themechanical quality factor, and themerit fig-
ure of FBAR, which makes the theoretical calculation
and optimization easy.

(ii) Secondly, the effect of thickness and density of
electrode on the resonance frequency of FBAR was
investigated, and it can be obtained that the thickness
and the density of electrode affect the resonance
frequency obviously, especially at the large thickness
and density area. This result shows that the thickness
and the material of electrode are very key parameters
for the resonance frequency design of FBAR.

(iii) Finally, the effects of thickness, density, and acoustic
velocity on the effective electromechanical coupling
factor were studied, respectively.The results show that
𝑘2eff is in the direct proportion to both density 𝜌

𝑒
and

V
𝑒
of electrode. The electrode thickness affects small

𝑘2eff with high V
𝑒
; moreover, when V

𝑒
is high enough,

then 𝑘2eff has almost nothing to do with 𝑑
𝑒
. 𝑘2eff rises

with electrode thickness first and then descends with
its rising, and the thickness corresponding to the
maximum 𝑘2eff is different with different electrode
density and V

𝑒
, but they almost locate in the special

area.

All above results indicate that the thickness, density, and
acoustic velocity of electrode are very important, and they can
be applied to optimize and design different kind of FBARs.
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Polymer electrolyte membrane (PEM) is one of the key components in direct methanol fuel cells. However, the PEM usually gets
attacked by reactive oxygen species during the operation period, resulting in the loss of membrane integrity and formation of
defects. Herein, a double-layered catalyst cathode electrode consisting of Pt/CeO

2
-C as inner catalyst and Pt/C as outer catalyst is

fabricated to extend the lifetime andminimize the performance loss of DMFC.Although themaximumpower density ofmembrane
electrode assembly (MEA) with catalyst cathode is slightly lower than that of the traditional one, its durability is significantly
improved. No obvious degradation is evident in the MEA with double-layered catalyst cathode within durability testing. These
results indicated that Pt/CeO

2
-C as inner cathode catalyst layer greatly improved the stability of MEA. The significant reason for

the improved stability of MEA is the ability of CeO
2
to act as free-radical scavengers.

1. Introduction

Direct methanol fuel cell (DMFC) is one of polymer elec-
trolyte membrane fuel cell (PEMFC); it is a promising
candidate for electric vehicle and portable electronic devices
owing to its high efficiency, environmental friendliness, and
convenience [1–5]. Despite an early commercialization of the
introduction, the high cost and inferior stability have been
main obstacles hindering the widespread commercialization
of DMFC technology. One of the key causes for high cost
is the use of precious metal catalysts for anode and cathode
electrodes to get stable and good fuel cell performance [6].
Moreover, the improvement of stability of fuel cell is a crucial
factor on cost. A substantial portion of the published work
has been focused on enhancing durable and reliable fuel
cell lifetime through electrode structure design, PEM mod-
ification, the optimization of operation strategies, and the
invention of new electrode materials [7–11]. Unfortunately,
DMFCs lifetime has still been short of the 5,000 hours, which
will be a challenge of DMFC commercialization [6, 12, 13].

Generally, the voltage degradation of DMFC escalates
with the increasing of operation time. One of themain causes
of the degradation is the membrane’s chemical degradation,
which is attributed to reactive oxygen species. Under the
condition of transition metal cations, radicals are caused by
electrochemical and chemical reactions on DMFC electrode.
It can split H

2
O
2
generated from two electronic processes

of oxygen reduction reaction, or direct reaction of hydrogen
and oxygen on cathode [13–16]. These conditions lead to the
attack of side chain of perfluorinated sulfonic acid ionomers,
resulting in the loss of membrane integrity and formation
of defects. The membrane is attacked by free-radicals, which
shortens the lifetime of fuel cell. Hence, free-radical should
be eliminated to enhance the stability of fuel cell.

CeO
2
ceramic materials are widely used in various

application fields, such as catalyst carrier for fuel cell, solid
electrolyte for solid oxide fuel cells, and scavenger for free-
radical in biological systems [17]. In addition, they exhibit
a renewable nature, especially in the acidic condition [18,
19]. These properties are attributed to +3 and +4 oxidation
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states of cerium atoms in CeO
2
and the consequent presence

of the oxygen storage capacity in CeO
2
[20–22]. In recent

years, Nafion/CeO
2
composite membrane has been prepared

to improve the stability of PEM [23–25]. The composite
membranes present high durability and a good compatible
interface; however, their applications are limited by the
sensitivity of temperature and proton conductivity of Nafion
membrane [24].

In this work, in order to enhance the stability of DMFC,
we design a double-layered catalyst cathode electrode con-
taining Pt/CeO

2
-C as inner catalyst layer and Pt/C as outer

catalyst layer. Our design arises from the free-radical scav-
enger ability of CeO

2
in fuel cell without effecting proton

conductivity of PEM and the convenient preparation. The
experimental results show that the membrane electrode
assembly (MEA) with double-layered catalyst cathode pos-
sesses high durability in comparison with the conventional
one.

2. Experimental Detail

2.1. Catalyst Preparation. CeO
2
nanoparticles were synthe-

sized through a precipitation method. Briefly, the dilute
NH
3
⋅H
2
O solution was dropped into the Ce(NO

3
)
3
⋅6H
2
O

aqueous solution with magnetic stirring and its pH value
reached 10 at 80∘C.Then, light yellow suspended solution was
aged for 4 h. The product was washed for several times with
heated deionized water (Millipore, 18.2MΩ cm) and dried at
80∘C for 12 h. The power was calcined at 450∘C for 1 h under
air.

All homemade catalysts were prepared through the
microwave-assisted polyol process (MAPP) as reported by
our team [26, 27], and their the metal loading was 40wt.%.
The CeO

2
content of CeO

2
-C was 30wt.%. In detail, a certain

amount of Vulcan XC-72 carbon black (Cabot) was dispersed
into 50mL mixture of isopropyl alcohol and ethylene glycol

(EG) (v : v = 1 : 4) and under ultrasonic treatment for 30min
to form uniform suspension. Then, a calculated amount
0.0385mol L−1 H

2
PtCl
6
-EG solution was dropped into the

suspension with urgent agitation for 3 h. The pH value of the
suspension was adjusted to 12 by using a 1mol L−1 NaOH-
EG solution, and the suspension was placed in a microwave
oven (Galanz Ltd., 800W) for consecutive heating for 55 s
under flowing Ar. Then, the solution was cooled to room
temperature. The pH value of the solution was adjusted to
3 by dropping HNO

3
aqueous solution, which was stirred

for 12 h. Finally, the product was washed repeatedly with
80∘C deionized water.The homemade Pt/C catalyst was dried
at 80∘C for 5 h in a vacuum oven. Pt/CeO

2
-C catalyst and

PtRu/C catalyst synthetic process was similar to the above
Pt/C preparation.

2.2. MEA Fabrication. All MEAs were fabricated by method
as previously reported our team [28]. Geometric area of the
MEAs was 5 cm2. Homemade PtRu/C catalyst was used as
anode catalyst, and the metal loading was 2.5mg cm−2. The
schematic diagram of DMFC with double-layered catalyst
cathode was shown in Figure 1. The catalyst layer is made up
of the inner layer and the outer layer. Homemade Pt/C was
used as cathode outer layer with metal loading of 2mg cm−2,
and the homemade Pt/CeO

2
-C was used as cathode inner

layer withmetal loading of 0.5mg cm−2.The uniform catalyst
ink was made from the mixture of the catalyst, 5 wt.% Nafion
ionomer solution (DuPont), water, and isopropyl alcohol,
and stirred in an ultrasonic bath continuously at 25∘C. The
Nafion content was 20wt.%. Then, the catalyst ink was
brushed onto the gas diffusion layer which was previously
prepared by applying microporous layer to the teflonized
carbon paper (Toray paper TGPH 090) [29]. Nafion 117
membrane (DuPont) was used as the solid electrolyte. Prior
to MEAs fabrication, the pretreatment of Nafion 117 was
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accomplished and treated in 3wt.% H
2
O
2
solution, distilled

water, 0.5mol L−1 H
2
SO
4
solution, and then distilled water

again, at 80∘C for 1 h each step. MEAs were fabricated by hot-
pressing anode electrode and cathode electrode on either side
of Nafion 117 membrane at 135∘C, 100 kg cm−2 for 90 s. The
preparation of conventional MEA was similar to the MEA
with cathode double catalyst layers.

2.3. Electrochemical and Characterization Techniques. MEAs
were placed in a serpentine flow fields between two graphite
plates. Methanol solution (1.5mol L−1) was supplied to anode
at flow rates of 3mLmin−1, and nonhumidified O

2
(ambi-

ent pressure) was supplied to cathode at flow rates of
200mLmin−1. DMFCs were operated at 80∘C. The single
cell performance tests were performed by fuel cell system
(Scribner Associates Inc., Series 890e). The polarization and
power density curves of MEA were recorded by measuring
the current density with voltage gradual reduction from
the open circuit voltage to 0.1 V at an interval scale of
10mV. At each cell voltage, the current density was measured
after keeping 3min in order to the cell approaching steady-
state. The potential-time curves were measured in a constant
current mode with current density of 150mA cm−2 for 20 h.
Electrochemical impedance spectra (EIS) and linear sweep
voltammetry (LSV) were carried out by using a CHI 650E
electrochemical analysis to investigate the cell performance
at 25∘C. EIS of the MEAs were carried out at 400mV with
amplitude of 5mV and the frequency from 0.01 to 10 kHz.
LSV was performed to analyze the quantity of permeated
methanol.The cathode and the anode were served as working
electrode (WE) and a dynamic hydrogen electrode (DHE),
respectively. Methanol solution and humidified nitrogen
gas were supplied to anode and cathode side, respectively.
Meanwhile, the positive potential was applied toWE from 0.2
to 0.9V (versus DHE) with a scan rate of 1mV s−1.

X-ray diffraction (XRD) pattern of the catalyst was
obtained with a D/max-rB (Japan) diffractometer using a Cu
K𝛼 X-ray source, at a scan rate of 4∘min−1, with scanning
range of 10∘ to 90∘. Morphology and particle size of the cat-
alyst were performed on transmission electron microscopy
(TEM, Japan JEOLJEM-2010EX) with an acceleration voltage
of 300 kV.

3. Results and Discussion

The structure and morphology of the as-prepared CeO
2
and

Pt/CeO
2
-C hybrids are investigated by means of XRD, TEM,

and high-resolution TEM (HRTEM) as shown in Figure 2.
XRD patterns of both catalysts show the characteristic (111),
(200), (220), and (311) reflections of face centered cubic
crystalline Pt and the characteristic (111), (200), (220),
(311), (331), and (420) peaks of the cubic fluorite CeO

2

(Figure 2(a)). TEM images reveal that the as-synthesized
CeO
2
possesses a highly dispersed square shape with an

average size of about 10 nm (Figure 2(b)). In Figure 2(c),
the crystal plane distances of 0.31 nm obtained for the
CeO
2
(111) plane agree very well with the known crystal

plane distance, which further confirms the formation of the

cubic fluorite structured CeO
2
. Figures 3(a)–3(d) are TEM

images and particle size distribution histogram of Pt/CeO
2
-

C catalyst and Pt/C catalyst, respectively. The average crystal
sizes of Pt particles for Pt/CeO

2
-C catalyst and Pt/C catalyst

are about 2.3 and 2.6 nm, respectively. Pt nanoparticles are
uniformly dispersed on CeO

2
, indicating that CeO

2
can

promote the particles dispersion.
Since the MEA with double-layered catalyst cathode

has high CeO
2
loading on the cathode, the performance is

influenced easily by the electrical conductivity and methanol
crossover because the Pt/CeO

2
-C inner cathode catalyst layer

with high CeO
2
loading was able to increase charge transfer

resistance and the effect of mixed potential. Before the dura-
bility investigation of the MEA with double-layered catalyst
cathode, the polarization and power density curves of two
MEAs are illustrated in Figure 4(a). The MEA with double-
layered catalyst cathode shows a slightly lower performance
in comparison with conventional MEA. The polarization
curve reveals that the open circuit voltage of the MEA
with double-layered catalyst cathode decreases from 0.667 to
0.653V, and the power density curve shows that the maxi-
mum power density is degraded from 118.2 to 86.9mWcm−2.
These results can be attributed to the negative shift of onset
potential for methanol electrooxidation on Pt/CeO

2
-C inner

catalyst layer and the relatively low electrical conductivity of
CeO
2
. Therefore, the effect of mixed potential is increased

and open circuit voltage of DMFC is degraded. Additionally,
the addition of 30wt.% of CeO

2
to catalyst support increases

the catalyst layer’s resistance a little bit. Thus, the maximum
power density of DMFCwith double-layered catalyst cathode
is slightly lower than that of the conventional MEA.

The methanol electrooxidation currents of MEA with
double-layered catalyst cathode and conventional one are
carried out by LSV to estimate the resistance of the cathode
for permeated methanol, and the LSV curves are shown
in Figure 4(b). At low cathode potential region, the onset
potential for methanol electrooxidation at Pt/CeO

2
-C inner

cathode catalyst layer is more negative in comparison with
single Pt/C cathode catalyst layer. At high cathode potential
region, methanol electrooxidation reaction is not restricted
by the catalytic activity of the electrode, but dominated
by methanol permeation rate. The limiting current density
of double-layered catalyst cathode is about 67.66mA cm−2,
which exhibits relatively higher in comparison with the
conventional cathode (around 60.9mA cm−2). The results
reveal that the addition of Pt/CeO

2
-C to inner cathode

catalyst layer increases the mixed potential at cathode and
degrades DMFC power slightly.

To find out the effect of Pt/CeO
2
-C inner cathode catalyst

layer more exactly on DMFC performance, EIS of the MEAs
with double-layered catalyst cathode and the conventional
one are measured at 25∘C and DMFC voltage is set at 400mV.
Nyquist diagrams and equivalent circuit diagram of MEAs
are listed in Figure 4(c). At the whole frequency, the first arc
and second arc are ascribed to the charge transfer resistance
and diffusion resistance, respectively. At lower frequency, the
inductive loop of the fourth quadrant should be the so-called
“pseudoinductive” behavior owing to a higher CO poisoning
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Figure 2: (a) XRD patterns of Pt/C catalyst (black line) and Pt/CeO
2
-C catalyst (red line); (b) TEM image for CeO

2
particles; (c) HRTEM

image for CeO
2
particles.

[29, 30]. According to the related value for the different
common elements composing obtained by fitting the EIS
data, the 𝑅Cct for MEA with double-layered catalyst cathode
and conventional MEA is 0.68Ω and 0.55Ω, respectively.
The value of Warburg coefficient for MEA with double-
layered catalyst cathode (28.9 S s0.5) is lower than that of
conventionalMEA (30.7 S s0.5).The resistance values of other
common elements are similar for both MEAs. The results
for equivalent circuit fitting EIS indicate that the MEA
with double-layered catalyst cathode exhibits slightly higher
charge transfer resistance and diffusion resistance than the
conventional MEA without any changes in ohmic resistance.
This means that the electrochemical reaction of the MEA
with double-layered catalyst cathode is slower than that of the
conventional one and its mass transfer resistance is relatively
higher. EIS results agree well with those of the polarization
curves.

Durability behavior was performed in constant current
density of 150mA cm−2 for 20 h in order to compare the
stability of MEAs with double-layered catalyst cathode and
the conventional one. The voltage-time curves are shown
in Figure 5. The MEA with double-layered catalyst cathode
shows significant improvement over the stability of conven-
tional MEA. The degradation rate for MEA with double-
layered catalyst cathode and the conventional cathode is
0.83 and 1.8mVh−1, respectively. The improvement of MEA
stability can be ascribed to the scavenging of free-radicals
which would have chemically attacked the membrane and
compromised its durability.During the process of free-radical
scavenging, the reaction between surface Ce3+ and free-
radical, its equation is listed by the following reaction [20, 31]:

HO∙ +Ce3+ +H+ → Ce4+ +H2O (1)
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Figure 3: (a) TEM image for Pt nanoparticles in Pt/CeO
2
-C catalyst and (b) Pt/C catalyst. (c) Particle size distribution histogram of Pt/CeO

2
-

C catalyst and (d) Pt/C catalyst.

In CeO
2
regeneration process, surface Ce4+ is reduced back

to Ce3+ on CeO
2
surface as follows:

Ce4+ +H2O2 → Ce3+ +HOO∙ +H+ (2)

Ce4+ +HOO∙ → Ce3+ +O2 +H
+ (3)

2Ce4+ +H2 → 2Ce3+ + 2H+ (4)

4Ce4+ + 2H2O → 4Ce3+ + 4H+ +O2 (5)

The continuous reaction between multivalent cerium ion
and free-radical, especially in acidic conditions, improves
regenerative nature of CeO

2
.Therefore, CeO

2
can continually

react with free-radicals to protect Nafion from attack, result-
ing in improved durability of MEA.

4. Conclusions

In this study, a double-layered catalyst cathode electrode,
consisting of Pt/CeO

2
-C as inner catalyst and Pt/C as outer

catalyst, was developed to extend the lifetime and minimize
the performance loss of the MEA. The maximum power
density of MEA with double-layered catalyst cathode was
87.9mWcm−2, which exhibited slightly lower than that of
the conventional one (117.4mWcm−2). MEA with double-
layered catalyst cathode exhibited a low degradation rate of
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0.83mVh−1, which was around 55% lower than the conven-
tional MEA. Pt/CeO

2
-C as free-radical scavengers into inner

cathode catalyst layer greatly improved the stability of MEA,
although they slightly increased the effect of mixed potential.
The improvement of stability can be attributed to the ability
of CeO

2
to act as free-radical scavengers.
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ethanol fuel cell (DEFC): electrical performances and reaction
products distribution under operating conditions with different
platinum-based anodes,” Journal of Power Sources, vol. 158, no.
1, pp. 18–24, 2006.

[11] A. Kianimanesh, Q. Yang, S. S. Park, D. Xue, and T. Freiheit,
“Model for the degradation performance of a single-cell direct
methanol fuel cell under varying operational conditions,” Fuel
Cells, vol. 13, no. 6, pp. 1005–1017, 2013.

[12] M. K. Debe, “Electrocatalyst approaches and challenges for
automotive fuel cells,”Nature, vol. 486, no. 7401, pp. 43–51, 2012.

[13] L. Wang, S. G. Advani, and A. K. Prasad, “Degradation reduc-
tion of polymer electrolyte membranes using CeO

2
as a free-

radical scavenger in catalyst layer,” Electrochimica Acta, vol. 109,
pp. 775–780, 2013.

[14] Z. Wang, H. Tang, H. Zhang et al., “Synthesis of Nafion/CeO
2

hybrid for chemically durable proton exchange membrane of
fuel cell,” Journal ofMembrane Science, vol. 421-422, pp. 201–210,
2012.

[15] V. Prabhakaran, C. G. Arges, and V. Ramani, “Investigation
of polymer electrolyte membrane chemical degradation and
degradationmitigation using in situ fluorescence spectroscopy,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 109, no. 4, pp. 1029–1034, 2012.

[16] H. Hori, M. Murayama, T. Sano, and S. Kutsuna, “Decompo-
sition of perfluorinated ion-exchange membrane to fluoride
ions using zerovalent metals in subcritical water,” Industrial &
Engineering Chemistry Research, vol. 49, no. 2, pp. 464–471,
2010.

[17] P. X. Huang, F. Wu, B. L. Zhu et al., “CeO
2
nanorods and

gold nanocrystals supported onCeO
2
nanorods as catalyst,”The

Journal of Physical Chemistry B, vol. 109, no. 41, pp. 19169–19174,
2005.

[18] S. Babu, A. Velez, K. Wozniak, J. Szydlowska, and S. Seal,
“Electron paramagnetic study on radical scavenging properties
of ceria nanoparticles,” Chemical Physics Letters, vol. 442, no.
4–6, pp. 405–408, 2007.



8 Journal of Nanomaterials

[19] D. Schubert, R. Dargusch, J. Raitano, and S.-W. Chan, “Cerium
and yttrium oxide nanoparticles are neuroprotective,” Biochem-
ical and Biophysical Research Communications, vol. 342, no. 1,
pp. 86–91, 2006.

[20] P. Trogadas, J. Parrondo, and V. Ramani, “CeO
2
surface oxygen

vacancy concentration governs in situ free radical scavenging
efficacy in polymer electrolytes,” ACS Applied Materials and
Interfaces, vol. 4, no. 10, pp. 5098–5102, 2012.

[21] S. Xiao, H. Zhang, C. Bi et al., “Membrane degradation mit-
igation using zirconia as a hydrogen peroxide decomposition
catalyst,” Journal of Power Sources, vol. 195, no. 24, pp. 8000–
8005, 2010.

[22] Y. Li, W. Chen, Q. Xu, J. Zhou, Y. Wang, and H.
Sun, “Piezoelectric and dielectric properties of CeO

2
-

doped Bi
0.5
Na
0.44

K
0.06

TiO
3

lead-free ceramics,” Ceramics
International, vol. 33, pp. 95–99, 2007.

[23] L. Wang, S. G. Advani, and A. K. Prasad, “Self-hydrating
Pt/CeO

2
-nafion composite membrane for improved durability

and performance,” ECS Electrochemistry Letters, vol. 3, no. 5, pp.
F30–F32, 2014.

[24] A. M. Baker, L. Wang, W. B. Johnson, A. K. Prasad, and S.
G. Advani, “Nafion membranes reinforced with ceria-coated
multiwall carbon nanotubes for improved mechanical and
chemical durability in polymer electrolytemembrane fuel cells,”
Journal of Physical Chemistry C, vol. 118, no. 46, pp. 26796–
26802, 2014.

[25] J. Parrondo, P. Trogadas, and V. Ramani, “Degradation mit-
igation in polymer electrolyte membranes using free radical
scavengers,”ECSTransactions, vol. 16, no. 2, pp. 1725–1733, 2008.

[26] Y. Gu, C. Liu, Y. Li, X. Sui, K. Wang, and Z. Wang,
“Ce
0.8
Sn
0.2
O
2−𝛿

–C composite as a co-catalytic support for Pt
catalysts toward methanol electrooxidation,” Journal of Power
Sources, vol. 265, pp. 335–344, 2014.

[27] D.M.Gu, Y. Y. Chu, Z. B.Wang, Z. Z. Jiang, G. P. Yin, and Y. Liu,
“Methanol oxidation on Pt/CeO

2
–C electrocatalyst prepared by

microwave-assisted ethylene glycol process,” Applied Catalysis
B: Environmental, vol. 102, no. 1-2, pp. 9–18, 2011.

[28] Z.-B. Wang, P.-J. Zuo, Y.-Y. Chu, Y.-Y. Shao, and G.-P. Yin,
“Durability studies on performance degradation of Pt/C cat-
alysts of proton exchange membrane fuel cell,” International
Journal of Hydrogen Energy, vol. 34, no. 10, pp. 4387–4394, 2009.

[29] L.-H. Xing, G.-P. Yin, Z.-B. Wang, S. Zhang, Y.-Z. Gao, and C.-
Y. Du, “Investigation on the durability of direct dimethyl ether
fuel cell. Part I: anode degradation,” Journal of Power Sources,
vol. 198, pp. 170–175, 2012.

[30] Z.-B. Wang, C.-R. Zhao, P.-F. Shi et al., “Effect of a carbon
support containing large mesopores on the performance of a
Pt−Ru−Ni/C catalyst for direct methanol fuel cells,”The Journal
of Physical Chemistry C, vol. 114, no. 1, pp. 672–677, 2010.

[31] F. D. Coms, H. Liu, and J. E. Owejan, “Mitigation of perfluo-
rosulfonic acid membrane chemical degradation using cerium
and manganese ions,” ECS Transactions, vol. 16, no. 2, pp. 1735–
1747, 2008.



Research Article
Efficiency Enhanced Colloidal Mn-Doped Type II Core/Shell
ZnSe/CdS Quantum Dot Sensitized Hybrid Solar Cells

A. Jamshidi,1 C. Yuan,1 V. Chmyrov,2 J. Widengren,2 L. Sun,3 and H. Ågren1

1Department of Theoretical Chemistry and Biology, School of Biotechnology, Royal Institute of Technology (KTH),
106 91 Stockholm, Sweden
2Department of Applied Physics/Bimolecular Physics, School of Science, Royal Institute of Technology (KTH), 106 91 Stockholm, Sweden
3Organic Chemistry, Centre of Molecular Devices, Department of Chemistry, School of Chemical Science and Engineering,
Royal Institute of Technology (KTH), 100 44 Stockholm, Sweden

Correspondence should be addressed to A. Jamshidi; jamshidl@kth.se

Received 15 June 2015; Revised 16 July 2015; Accepted 2 August 2015

Academic Editor: Jun Chen

Copyright © 2015 A. Jamshidi et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Colloidal Mn-doped ZnSe/CdS core/shell quantum dots (QDs) are synthesized for the first time and employed as a strategy to
boost the power conversion efficiency of quantum dot sensitized solar cells. By usingMn-doping as a band gap engineering tool for
core/shell QDs an effective improvement of absorption spectra could be obtained.Themid-states generated by a properMn content
alleviate carrier separation and enhance the electron injection rate, thus facilitating electron transport to the TiO

2
substrate. It is

demonstrated that a device constructed with 0.25% Mn-doped ZnSe/CdS leads to an enhancement of the electron injection rate
and power conversion efficiency by 4 times and 1.3, respectively.

1. Introduction

Nanotechnology has led to huge progress in the use of
semiconductor nanocrystals for applications in diverse areas
like organic light emitting diodes [1], biosensing, biolabeling
[2, 3], solar cells [4–6], and imaging and detection [7], to
mention a few examples. The world energy demands for
renewable and cheap resources of solar energy have generated
a large interest in sensitized solar cell technology due to high
power conversion efficiency with low cost of production [8,
9]. Among various kinds of sensitizers employed in sensitized
solar cells, quantum dots (QDs) are regarded as promising
candidates by virtue of their size-dependent optical and
electronic properties, high light-absorption ability, photo-
stability, and multiple exciton generation [10]. In particular,
type II core/shell quantum dots are promising for efficient
sensitization due to their long-time charge separation and
possibility for electron confinement in the conduction band
of the shell when their band structure is carefully designed
[7, 11]. These nanoscale crystals are capable of integrating
multistructures with different functionalization into a single

nanoscale particle with controllable electronic structure for
development of photovoltaic cells. In this heterostructure, the
core and shell are made up of two different semiconductors,
with a higher conduction (valence) band of the core than the
conduction (valence) band of the shell (Scheme 1).

This offers charge carrier localization in two separate
materials so that electrons and holes are confined in the shell
and core, respectively. Moreover, the use of type II nanocrys-
tals in solar cell applications leads to better power conversion
efficiency compared to the corresponding nanocrystals made
up entirely from the core or shell materials [12, 13]. Apart
from the wide photon absorption range for type II QDs,
the improvement also refers to an effective charge separation
of electron-hole pairs in the type II nanostructures that
facilitates electron abstraction from QDs, suppresses recom-
bination, and therefore leads to better electron transportation
[14–16]. It follows that much recent research efforts have been
devoted to the synthesis of different type II core/shell struc-
tured QDs, like TiO

2
/CdS [17], CdSe/ZnSe [18], CdTe/CdSe

[19–22], CdTe/CdS [23], CdSe/ZnTe [24], CdSe/ZnTe [25],
ZnTe/CdSe [26, 27], CdS/CdSe [28], CdS/ZnSe [16, 18], and
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ZnSe/CdS [29], as well as to the use of such QDs in emerging
technology for solar cell applications. As an example, theo-
retical calculations from density-functional and many-body
perturbation theory show the conduction and valence band
offsets of 0.66 and 0.32 eV for ZnSe/CdS, respectively [30].
Since the effective mass of the electron is lower than the
hole in ZnSe [31, 32], one can expect efficient conductivity
in the ZnSe/CdS interface particularly where the electron
accumulation ismade by doping a paramagneticmaterial like
Mn with semifilled d orbital.

It has been shown that use of CdTe/CdSe core/shell
nanocrystals prepared by the one-pot synthesismethodwith-
out core seed purification could make structural and optical
properties of nanocrystals comparable to the nanocrystals
synthesized using purified core seed, which can give higher
absorption and better crystallinity [33]. Neo et al. have inves-
tigated the effect of shell thickness and surface passivation as
another strategy to improve the efficiency of type II PbS/CdS-
based solar cells [34]. Metal ion doping as a band gap
engineering tool has also been employed for improvement of
type II-based solar cell performance becausemetal ions could
make changes in the Fermi level, band gap, and conductance
[35]. Particularly, Mn-doping was recently used in CdS/CdSe
sensitized cells as a strategy to boost solar cell efficiency
due to very long lifetime of Mn d−d transitions (4T

1
-6A
1
)

[36]. Mn-doping in semiconductors like ZnS, ZnSe, CdS,
and CdSe shows dramatic increase in lifetime due to the
spin forbidden 4T

1
-6A
1
transition of the Mn [37–42]. In case

of Mn-doped CdS, through doping with Mn2+, a pair of
d bands (4T

1
and 6A

1
) is inserted between the conduction

and valence bands of CdS QDs, which alters the electron-
hole separation and recombination dynamics, allowing the
generation of long-lived charge carriers with microsecond-
scale lifetime more slowly than in the case of undoped
QDs [37]. Utilization and transfer (transfer of electron and
hole toward TiO

2
substrate and electrolyte, resp.) of these

long-lived and special-separated carriers by band alignment
engineering in core/shell structures should be a superior
opportunity to design a QDSSCs device with higher power
conversion efficiency. To the best of our knowledge, Mn-
doped ZnSe/CdS has not been synthesized and investigated
in quantum dots sensitized solar cells (QDSSCs). Since the
lattice constant of the CdS shell is larger than that of the ZnSe
core (5.82 Å and 5.67 Å for shell and core, resp.), CdS will
become strained if it is carefully grownonZnSewith a smaller
lattice constant. In case of strain, both the direct and indirect
band gaps (Γ- and L-band, resp.) in the CdS shell are affected
by the strain amount and type (compressive or tensile). As
the direct band gap shrinks faster than the indirect one in
a strained material, 𝑛-type doping like Mn2+-doping could
make Γ-band transitions suitable for detecting the light [43–
45].

Here we present a colloidal synthesis of a novel type II
Mn-doped ZnSe/CdS core/shell QD system as sensitizer with
different Mn concentration (0–3%) and test its utilization in
QD sensitized solar cells.This is the first time that Mn-doped
ZnSe/CdS core/shell QDs are successfully synthesized by the
method of hot injection and used as a strategy to boost solar

20nm

Figure 1: TEM image of colloidal ZnSe/CdS core/shell.

cell efficiency. As explained in what is to follow it was found
that a proper balance of Mn concentration could tailor the
band gap and core/shell conduction band edge, causing a
better electron transfer fromQDs to theTiO

2
photoelectrode,

a broader absorption, and, consequently, higher solar cell
efficiency.

2. Results and Discussions

Novel Mn-doped ZnSe/CdS QDs with different Mn con-
centration were synthesized by hot injection method. To
investigate the effect of doping, all QDs were synthesized
at the same conditions and with the same amount of ZnSe
cores. To get precise amount of ZnSe core, they were syn-
thesized in one batch and after washing by methanol and
acetone, they were divided into several parts to be utilized
as ZnSe core in ZnSe/CdS and Mn-doped ZnSe/CdS. To
grow shell material onto ZnSe core, the mixture of S and
(Mn-doped) Cd precursors was slowly injected into core
solution at 240∘C, followed by keeping 240∘C for 20min.
Afterwards the reaction was cooled down to room tem-
perature for purification and characterization. Transmission
electron microscopy, operating in 100KV, was employed to
evaluate quality and size distribution of the nanocrystals.
TEM images of ZnSe/CdS core/shell (Figure 1) demonstrate
the size of core/shell to be 6-7 nm.

In order to measure the actual Mn concentration incor-
porated into the nanocrystals, inductively coupled plasma
atomic emission spectroscopy (ICP-AES, Thermo Scientific
ICAP 6500) was employed. Nanocrystals were digested
completely with nitric acid (67%, 0.1mM) and diluted with
DI water to obtain 10mL of clear solution for ICP-AES
measurement [46–48]. The results with details are listed in
Table 1 where the real Mn/Cd molar ratio is confirmed.

After being successful in synthesizing the QDs, we
prepared different photoanodes sensitized with these QDs:
(A) ZnSe, (B) pure ZnSe/CdS and doped ZnSe/CdS with
different concentration of Mn: (C) 0.25, (D) 0.5, (E) 1,
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Figure 2: Absorption of QDs-deposited photoelectrodes and photoluminescence of QDs: (A) ZnSe core, (B) pure ZnSe/CdS core/shell and
Mn-doped ZnSe/CdS with concentration of (C) 0.25, (D) 0.5, (E) 1, (F) 2, and (G) 3%.

Table 1: Summary of Cd and Mn concentration of nanocrystals.

Samples (C) (D) (E) (F) (G)
Mn2576 (ppm) 554 582 523 545 564
Mn2576 (ppm) 0.7423 1.383 2.5000 2.2060 7.9190
Cd (mmol/L) 4.9283 4.2878 4.6526 4.8483 5.0173
Mn (mmol/L) 0.0135 0.0251 0.0455 0.0947 0.1441
Real Mn/Cd (%) 0.2739 0.5853 0.9779 1.9532 2.8720
Expected Mn/Cd (%) 0.25 0.5 1 2 3

(F) 2, and (G) 3%. Figure 2 shows the absorption of QDs-
deposited photoelectrodes andfluorescence ofQDsdispersed
in chloroform. It was seen that pure ZnSe/CdS give broader
absorption with a band edge up to 488 nm compared to ZnSe
with 437 nm. It shows that both the absorption and emission
peak wavelengths in type II ZnSe/CdS core/shell QDs are
much longer than those of the pure core or shell materials,
resulting from the fact that the energy states (conduction and
valence band) for the photogenerated electrons and holes are
located in CdS shell and ZnSe core, respectively.

In order to calculate the band gap of the nanocrystals, the
absorption coefficient (𝛼) was applied for near-edge optical
absorption using the following equation [49, 50]:

𝛼ℎ] = 𝑘 (ℎ] − 𝐸
𝑔
)

1/2

,

(1)

where 𝑘 is a constant and 𝐸
𝑔
is the optical band gap.

According to the graph in Figure 3 plotted for (𝛼ℎ])2 in terms
of (ℎ]), the band gap 𝐸

𝑔
values of the nanocrystals were

obtained from extrapolating the straight portion of the curve
to zero absorption coefficients and they are listed in Table 2.

Therefore, the heterostructure band gap corresponds to
the energy separation between the conduction band (CB)

Table 2: Band gap values of nanocrystals derived from Figure 3.

Samples (A) (B) (C) (D) (E) (F) (G)
Optical band gap (eV) 2.81 2.52 2.48 2.49 2.44 2.61 2.59
Absorption band edge (nm) 437 488 495 493 504 471 474

edge of the shell and the valence band (VB) edge of the core
[11, 16], which results in a smaller band gap and a broader
absorption spectrumcompared to theZnSe orCdSnanocrys-
tals. Although there is a red shift for low concentration of
Mn (0.25–1%), a blue shift is obtained for high concentration
(2-3%). The red and blue shifts are attributed to the decrease
and increase of the band gap (Table 2), respectively.The band
gap decreased for these samples of (C)–(E) and increased for
these samples of (F)-(G) due to the contribution of Mn as a
metal dopant in CdS and the low solid solubility of Mn (<1%)
in the CdS nanocrystals [51–54]. It means that, below 1%,
introduction of Mn could lead to decrease of the band gap
but, after 1%, it leads to increase of the band gap because of
the MnS phase.

To examine the performance of the devices, they were
tested under AM 1.5 G simulated solar irradiation with inten-
sity of 100mW⋅cm−2. Figure 4 shows the 𝐽-𝑉 characteristics
of solar cell devices sensitized with various QDs. The device
parameters including the short-circuit current (𝐽SC), open-
circuit voltage (𝑉OC), fill factor (ff), and power conversion
efficiency (𝜂) of all samples are summarized in Table 3.

TheZnSe/CdS core/shell showsmuchhigher current than
the ZnSe core which may be attributed to special carrier
extraction and extension of the light-absorption range in type
II heterostructures. Compared to previous work in which the
CdS shell of the investigated ZnSe/CdS QDs was synthesized
by deposition of Cd and S separately [11], in this study the
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Figure 4: Current-voltage characteristics of the QDSSCs device
sensitized with various nanocrystals: (A) ZnSe core, (B) pure
ZnSe/CdS core/shell and Mn-doped ZnSe/CdS with concentration
of (C) 0.25, (D) 0.5, (E) 1, (F) 2, and (G) 3%.

colloidal ZnSe/CdS core/shell, of which the CdS shell was
synthesized by direct deposition of mixture of Cd and S
solution, shows higher current and voltage and more than
2 times higher efficiency of 0.47V and 2.23mA and 0.56%,
respectively, indicating the better crystallization quality of
CdS shell synthesized by direct deposition. The strain is
another issue in heterostructures that can increase electron
mobility [55, 56]. Since the crystal size of CdS bulk (5.82) is
bigger than the ZnSe bulk (5.67 Å) [57], one can expect strain

Table 3: Summary of device parameters.

Samples (A) (B) (C) (D) (E) (F) (G)
𝑉oc (V) 0.365 0.470 0.580 0.575 0.545 0.535 0.508
𝐽sc (mA/cm2) 0.484 2.235 4.011 3.753 3.634 3.109 2.594
ff 0.852 0.537 0.549 0.553 0.595 0.524 0.513
𝜂 (%) 0.15 0.565 1.276 1.194 1.179 0.871 0.674

in the CdS crystals. Since the strain can lead to enhanced
electron transport as reported, for instance, in [58], it can
be expected that the electrons in the strained CdS shell are
transported faster than in unstrained CdS.

A device sensitized with low Mn-doped ZnSe/CdS
(0.25%) shows a dramatic increase in all device parameters
with about 10 times and 3 times higher efficiency compared
to ZnSe and ZnSe/CdS, respectively. Since all samples are
coated with 2 cycles of a ZnS SILAR layer, which blocks
the electron recombination with the electrolyte [59] and
passivates defect states that can trap electron-hole pairs [60],
we expect a stabilizing effect by this coating. In case of
the Mn-doped ZnSe/CdS sensitized device, the open-circuit
voltage, short-circuit current, fill factor, and consequently
device efficiency decrease with increase of Mn concentration
due to the decrease of absorption range and the increase in
nanocrystal band gap (Figures 2 and 3). New energy states in
the band gap of the nanocrystal can make the carriers better
separated and decrease recombination [12–14].

The best values of device parameters are found for
the lowest Mn concentration, possibly due to lower carrier
recombination induced by new states generated by proper
concentrations of Mn. It should also be mentioned that, like
Mn-doped GaAs [61], Mn atoms can occupy three types of
sites in the Cd

1-2𝑥 Mn
𝑥
S
𝑥
lattice matrix. They can occupy

the substitutional or interstitial Cd lattice sites to form
Cd
1-2𝑥 Mn

𝑥
S with the wurtzite lattice structure. Mn atoms

can also precipitate out to form different phases, for example,
MnS nanocrystals. Since the solid solubility of Mn in CdS
is too low [51–53] (<1%), less than 1% induces substitutional
or interstitial sites and more than 1% induces other phases
like MnS that can act as impurity and therefore decrease the
device performance.

The Incident Photon to Current Efficiency (IPCE) of all
devices was measured to evaluate the photocurrent response
to incident light (shown in Figure 5). IPCE, sometimes
referred to as external quantum efficiency (EQE), is expressed
by the following equation [62]:

IPCE (𝜆) = LHE (𝜆) 𝜂coll𝜙inj, (2)

where 𝜙inj is the quantum yield, 𝜂coll is the electron collection
efficiency, and LHE(𝜆) is the light harvesting efficiency at the
wavelength 𝜆 of the incident light and is derived via

LHE (𝜆) = 1 − 10−Abs(𝜆). (3)

The power conversion efficiency is comparatively low for
devices sensitized by ZnSe due to limited light absorption
but increases in ZnSe/CdS. This is related to the broader
absorption and the special carrier separation in this type II
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Figure 5: The IPCE spectra of devices based on (A) ZnSe, (B) pure
ZnSe/CdS and Mn-doped ZnSe/CdS with Mn concentration of (C)
0.25, (D) 0.5, (E) 1, (F) 2, and (G) 3%.

heterostructure. The observed rather dramatic increase in
IPCE spectra of Mn-doped ZnSe/CdS compared to undoped
ZnSe/CdS may be due to a more efficient electron collection
and electron injection efficiency. It is worthwhile to stress
that band structure and CB manipulation via band gap
engineering (Figures 2 and 3) by proper Mn concentration
doped into the nanocrystals not only give superior ability
to enhance light absorption but also can facilitate carrier
transfer, which may be responsible for the improvement of
the device efficiency. However, higher doping ratios may
generate impurities or defects like MnS, which can increase
charge recombination and inhibit electron injection into the
TiO
2
substrate.

The excited states dynamics of QDs were further
investigated by time-resolved fluorescence lifetime mea-
surements (experimental details in the supporting infor-
mation in Supplementary Material available online at
http://dx.doi.org/10.1155/2015/921903). Figures 6(a) and 6(b)
show the fluorescence emission decay of different QDs
deposited on insulator glass and conductive glass/TiO

2
,

respectively.Thefluorescence intensity decay curves recorded
from QDs were successfully fitted to a three-exponential
decay model.The fitting parameters are summarized in Table
S1 (supporting information).The average lifetime of QDs was
estimated based on [63]

⟨𝜏⟩ =

∑

𝑛
(𝑎

𝑛
𝜏

2

𝑛
)

∑

𝑛
(𝑎

𝑛
𝜏

𝑛
)

,

(4)

where 𝑛 is the 𝑛th exponential component. In our procedure,
a triexponential decay model (𝑛 = 3) was found to be
necessary to properly fit the experimental fluorescence decay
curves [64, 65], and no substantial improvement in the

goodness-of-fit was obtained for higher 𝑛. (See fitting residu-
als in Figures S1 and S2 in the supporting information.)

It is found that the average fluorescence lifetime of
ZnSe/CdS QDs (49 ns) is much longer than that of ZnSe
(2 ns) when they are attached to the insulator. This is due
to special charge separation in type II nanostructures that
can decrease their wave function overlap and delay radiative
recombination, resulting in a long fluorescence lifetime [11].
It was mentioned that photogenerated holes can be moved to
the valence band of ZnSe and that photogenerated electrons
will be localized in CdS. When the QDs are attached to
the insulator, there is no electron injection, but if deposited
to the TiO

2
, another electron deactivation route is created

that causes electrons to be injected from the QDs into the
TiO
2
with lower conduction band energy, which results in a

decrease of the lifetime.The corresponding electron injection
rate constant can be estimated from [64, 65]

𝐾

𝑒𝑡
=

1

𝜏

(QD+TiO
2
)

−

1

𝜏

(QD)
, (5)

where 𝜏
(QD) and 𝜏(QD+TiO

2
)
are the fluorescence lifetimes of

theQDs attached to the TiO
2
and insulator glass, respectively.

As it is shown in Table S1, a higher injection rate constant of
the QDs is ascribed to the lowerMn-doped type II ZnSe/CdS
QDs that are responsible for the efficiency of the device.

To get more understanding of the charge transport in
type II ZnSe/CdS QDs with different Mn concentration, a
physical model like Scheme 1 is considered. The ZnSe as core
is covered by the CdS shell and the conduction bands and
valence bands edge of TiO

2
, ZnSe core, and CdS shell are

formed while considering the quantum confinement effect in
the type II heterostructure. Coupling of the ZnSe and CdS
moieties leads to special carrier separation and interfacial
wave function interaction increased by increasing the Mn
concentration. The results indicate that by increasing Mn
content until 1% not only is the band gap decreased, which
results in special indirect band gap with some red shift of
the absorption band edge, but also the device parameters are
increased because of lower recombination and enhancement
of the electron injection rate. It is notable that the Mn
4T
1
mid-state between CdS CB and TiO

2
CB can facilitate

electron transfer from QDs into TiO
2
. Further amount of

doping can reverse the results (not shown here).

3. Conclusions

Novel colloidal Mn-doped ZnSe/CdS core/shell QDs with
variousMn concentrations were successfully synthesized and
applied to sensitized solar cells. It was demonstrated that
QDs with proper Mn-doping could cause an increase in the
absorption spectra and red shift in the absorption band edge
and in the photoluminescence emission peak.Themid-states
generated by Mn can facilitate electron transfer from the
QDs to the TiO

2
substrate. With superior light absorption,

better carrier separation, and efficient electron injection
rate a power conversion efficiency of 1.27% is presented,
which is about 2 and 3 times larger than those of core
and undoped QDs sensitized solar cells, respectively. The
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Figure 6: Time-resolved fluorescence intensity decay curves of QDs onto (a) insulator and (b) TiO
2
film; QDs: (A) ZnSe, (B) pure ZnSe/CdS

and Mn-doped ZnSe/CdS QDs with Mn concentration of (C) 0.25, (D) 0.5, (E) 1, (F) 2, and (G) 3%.

CB

VB

CdS:Mn

ZnSe 

e

e
h

CBZnSe CBCdS

VBZnSe

VBCdS

TiO2

T4 1

S−2/Sx
−2

Scheme 1: Schematic illustration of charge transfer mechanism in
Mn-doped ZnSe/CdS.

present work suggests that band structure manipulation in
type II core/shell nanostructure offers an effective way to
improve light harvesting and control of charge transfer via
efficient charge separation in sensitized solar cells and that
Mn-doping opens a newwindow to increase device efficiency.
There is a multitude of lines of research to embark upon for
future improvement of QDs sensitized solar cell of the kind
proposed here. One such line of research concerns surface
passivation. In fact, the organic ligands used can act as dan-
gling bonds on the QDs surface and trap carriers, which calls
for surface passivation of the QDs as a way to improve device

performance, for instance, by using hydrophilic materials or
ions. These and other measures will be pursued in our future
studies.

4. Experimental

4.1. Quantum Dots Synthesis. Zinc stearate, gray selenium,
cadmium oxide, sulfide, and manganese nitrate tetrahydrate
were bought from Aldrich Company as precursors for Zn,
Se, Cd, S, and Mn sources, respectively. The targeted hetero-
nanocrystals are fabricated by a two-step synthesis composed
of the fabrication of ZnSe core nanoparticle followed by a
deposition of pure or Mn-doped CdS shell. Synthesis of both
ZnSe core and pure orMn-doped ZnSe/CdS core/shell under
different Mn concentrations is based on previously published
procedures [16, 29] with somemodifications briefly explained
as follows.

Firstly, in order to synthesize ZnSe core nanocrystals
from organic solution, specific amounts of selenium 0.0118 g
and 0.4mL of trioctylphosphine (TOP) were placed in a
one-necked flask while stirring to make selenium dissolved
in TOP. The reaction was conducted under nitrogen atmo-
sphere. When the mixture became clear, the solution was
kept in a clean syringe to be used in the next step. 0.0950 g
zinc stearate, 0.1874 g stearic acid, and 2mL of octadecane
(ODA) were mixed together in a 25mL three-necked flask.
The mixture was slowly heated to 120∘C (about 2∘C/min)
while stirring and pumping to remove additional elements
from solution. The mixture was then heated to 240∘C under
nitrogen flow to make zinc dissolved in ODE where the
solution appeared colorless and clear. Then a selenium stock
solution prepared in the last step was swiftly injected into
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the reaction flask. The solution temperature was controlled
and monitored to be kept at about 280∘C. After 20min, the
reaction solution was cooled down to 60∘C and 5mL of
chloroform was added to the solution to allow the quantum
dots to be dissolved and suspended. The product of this step
was ZnSe core, which contains byproducts and free ligands.
To purify, it was washed 4 times by acetone and methanol.
Typically, 5mL of chloroform, 10mL of acetone, and 2mL
of methanol were slowly added to the QDs solution followed
by centrifugation for 3min at 12400 rpm.The upper colorless
layer was removed and QDs precipitated on the bottom were
dissolved in chloroform for the next washing. Monodisperse
ZnSe core produced in this step was sealed and kept in a cool
and dark area to be used for shell deposition.

For preparing the CdS shell, three steps were considered.
First, totally 0.0050 g of sulfur was dissolved in 3mL of ODE
while pumping and heating slowly to 80∘C and then cooled to
room temperature. Second, totally 0.0190 g of cadmiumoxide
(in case of Mn-doping, a proper amount of Mn was added to
Cd precursor) was mixed in 0.4mL of oleic acid (OA) and
3.5mL of ODE in a 25mL flask while stirring and heating
slowly to 100∘C. After degassing process, the temperature was
increased to 280∘C to make Cd dissolved completely in the
solution.When the solution became clear, it was cooled down
to 60∘C. Third, mix these two precursor solutions (S and
Cd) together as a source for shell growth. The final mixture
was slowly injected (3mL/h) into the reaction vessel, which
contained 375 g ODA and ZnSe core dispersed in 2mL of
ODE at 240∘C. After 20min, the reaction was terminated
and cooled down to room temperature for purification by
chloroform and acetone.

4.2. Photoanode Preparation. FTO (fluorine tin oxide) con-
ductive glasses (Sigma Aldrich, sheet resistance of 7Ω/sq)
were used as photoelectrode substrates. FTO glasses were
cut to targeted size (1 × 2 cm) and sequentially washed by
soap, KOH dissolved in 2-propanol, acetone, ethanol, and
DI water via sonication for 30min for each washing step,
followed by immersion in 40mM TiCl

4
solution at 80∘C for

40 minutes to give a TiO
2
blocking layer. Mesoporous TiO

2

layers were prepared by deposition of three transparent layers
and one scattering layer with commercial TiO

2
pastes (Ti-

Nanoxide T/SP with 20 nm and Ti-Nanoxide R/SP with >
100 nmparticle size for transparent and scattering layer, resp.)
by screen-printing technique concluding by heating at 70∘C
for each layer deposition. The samples were postannealed at
500∘C for 30min to make the layers porous by removing the
organic part at high temperature.

QDs dissolved in chloroform were deposited drop by
drop on TiO

2
films and left to be dried in the air. Excess

QDs not adsorbed on TiO
2
were washed by chloroform. To

passivate QDs, ZnS block layers were deposited by two cycles
of SILAR method. Each cycle contains dipping the samples
into sulfur solution (Na

2
S dissolved in DI) for 1min followed

by washing with DI water and zinc solution (zinc nitrate
hydrate dissolved in DI) for 1min followed by washing with
DI water.

4.3. Counter Electrode Preparation. Cu
2
S counter electrode

was prepared by dipping brass sheet (Sigma Aldrich,

resistivity of 1.673𝜇Ω⋅cm) in hydrochloric acid at 80∘C for 10
minutes and then washing with DI water and methanol.

4.4. Device Assembly. Both photoelectrode and Cu
2
S counter

electrode prepared in the last steps were stocked together
by cell spacer while the electrodes were heating at 80∘C.
The S2−/S

𝑥

2− electrolyte (2M S, 2M Na
2
S, and 0.2M KCl

in a methanol-water (v/v, 3/7) solution) was finally injected
into the cell through the hole preconstructed on top of the
brass sheet. After electrolyte injection, the hole was sealed by
sealing tape for the next electrical characterization.

4.5. Fluorescence Lifetime Measurements by Time-Corre-
lated Single-Photon Counting. Time-correlated single-pho-
ton (TCSPC)measurements were performed on a spectroflu-
orometer with a TCSPC option (FluoroMax3, Horiba Jobin
Yvon). A NanoLED (Horiba Jobin Yvon) emitting at 488 nm
with a repetition rate of 1MHz and pulse width of 1,4 ns
was used as an excitation. Measurements were stopped when
3000 photon counts were collected in the peak channel using
2048 channels with 0,4 ns/channel. The instrument response
function was recorded using a 2% Ludox (Sigma Aldrich)
solution. To avoid reabsorption and reemission effects and
also not to saturate the detectors, the sample concentration
was kept strictly below 5𝜇M. Recorded curves were fitted
with a three-exponential decay using the software Decay
Analysis Software v.6 (IHB).
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The vanadium redox flow battery (VRB) has received considerable attention due to its long cycle life, flexible design, fast response
time, deep-discharge capability, and low pollution emissions in large-scale energy storage. The key component of VRB is an ion
exchange membrane that prevents cross mixing of the positive and negative electrolytes by separating two electrolyte solutions,
while allowing the conduction of ions. This review summarizes efforts in developing nanocomposite membranes with reduced
vanadium ion permeability and improved proton conductivity in order to achieve high performance and long life of VRB systems.
Moreover, functionalized nanocomposite membranes will be reviewed for the development of next-generation materials to further
improve the performance of VRB, focusing on their properties and performance of VRB.

1. Introduction

As one kind of energy storage systems, vanadium redox
flow battery (VRB) is the most promising technology due to
several advantages such as its high storage capacity, moderate
operating temperature, and long cycle life [1–11]. A VRB is
an electrochemical system storing electric energy in chemical
energy, which consists of two electrolyte tanks equipped with
V(II)/V(III) and V(IV)/V(V) redox couples in sulfuric acid
solution, two pumps, two electrodes, and a battery stack
section with ion exchange membranes (Figure 1). To store
and release energy, two separate electrolyte solutions undergo
redox reaction in the respective half cells of the battery during
charge-discharge processes, as described in reactions 1 and 2.

Reaction 1 of positive electrode is as follows:

VO2+
+H2O

charge


discharge
VO2
+

+ 2H+ + e− (1)

Reaction 2 of negative electrode is as follows:

V3+
+ e−

charge


discharge
V2+ (2)

The VRB performance is generally determined by its
coulombic efficiency (CE), voltage efficiency (VE), and

energy efficiency (EE). CE is mainly affected by the rate of
cross-mixed vanadium ion, indicating the capacity loss, and
VE is determined by the thermodynamic reduction potential
of the redox couples in each half cell and the overpotential
of the cell. EE, which is calculated from CE and VE, is the
key parameter to evaluate an energy storage system as an
indicator of energy loss in charge-discharge processes [5].

Ion exchange membrane (IEM) is one of the key con-
stituents in VRB system and separates between positive
and negative electrolytes, preventing cross mixing of two
electrolytes as well as providing the proton conduction. The
resulting performance of the VRB is greatly affected by the
properties of the IEM [12]. An ideal membrane for VRB
should possess the following properties: (i) low permeation
rates of vanadium ions and water to minimize self-discharge
of the battery and allow high coulombic efficiency; (ii) high
ionic conductivity for the transport of the charge-carrying
ions such as H+, SO4

2−, and HSO4
−, which are needed to

complete the electric circuit; (iii) minimized area resistance
to reduce the voltage efficiency loss resulting from ohmic
polarization; (iv) excellent chemical stability to ensure the
battery’s life time, because VRB membranes are operated in
sulfuric acid medium in the presence of strong oxidizing
vanadium ion solutions; (v) the low cost for commercializing
VRB technology.Themembranes commonly used inVRB are
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Figure 1: The principle of vanadium redox flow battery.

perfluorosulfonic acid (PFSA) membranes such as Dupont’s
Nafion due to its high chemical and mechanical stability
and high proton conductivity. However, there are serious
drawbacks in the Nafion membrane, which are the extremely
high cost and high vanadium crossover. Nafion membrane
accounts for 10–15% of the total cost of the battery system
and 40% of the total cost of a VRB cell stack [13]. Also, the
high vanadium ion permeability can lead to the decrease
of CE and EE of VRB. Thus, Nafion is limited for broad
commercialization of VRB systems.

As alternative to PFSAmembranes, various hydrocarbon-
based membranes, such as sulfonated poly(arylene ketone)s
[14, 15], sulfonated poly(arylene sulfone)s [16–18], sul-
fonated polyimides [19], and poly(phthalazinone ether
ketone ketone) [20, 21] membranes, have been widely investi-
gated owing to their low vanadium ions permeability and low
cost [22–24]. Despite many advantages, hydrocarbon-based
membranes are still difficult to apply to the VRB system.This
is because hydrocarbon-based membranes generally exhibit
the lower chemical and oxidative stability mainly due to the
susceptibility of the polymer backbone to attack of H

2
SO
4

and V5+ in the VRB electrolytes [25, 26]. However, the exact
degradation mechanism was not fully understood yet [27–
29]. In particular, the poor water channel formation due to
weak phase separation between hydrophilic and hydrophobic
moieties resulted in relatively low proton conductivities even
at high IECs [30], although sulfonated hydrocarbon mem-
branes have reduced vanadium ion permeability compared
with Nafion membranes.

To overcome the aforementioned issues, many attempts
have been made via the preparation of nanostructured
membranes which include Nafion hybrid membranes
[31–35], hydrocarbon-based nanocomposite membranes

[2, 28, 36–44], amphoteric ion exchange membranes [45–
49], and nonionic membranes [50–56]. This review focuses
on recent progress in developing various nanocomposite
membranes with properties that make them attractive for
VRB applications. And the respective object and property of
functionalized nanocomposite membranes and the potential
for VRB applications will be addressed. The idea of hybrid
and composite membranes was inspired by the extensive
previous researches to develop Nafion composite membranes
for direct methanol fuel cell (DMFC) applications [57–67],
which generally uses some interaction between organic
or inorganic components and the sulfonic acid groups of
IEMs. The introduction of nanofillers leads to a reduction
of methanol crossover by blocking the hydrophilic clusters
of Nafion membranes. This principle has also been applied
in VRB applications, and thus decreased vanadium ion
permeability with minimized proton conductivity loss
leads to the improvement of VRB performance. Similarly,
ion exchange membranes for VRB application have been
developed by the pore-filling method [68, 69], polymer
blending [22, 70], and the inorganic nanofiller doping
technique [38, 71, 72]. However, the commercialization of
VRB is still limited due to the lack of low cost, low vanadium
ion permeability or high VRB performance. More recently,
hybrid and composite membranes have been functionalized
to further improve the performance of VRB system by
decreasing the vanadium ion permeability and increasing
the proton conductivity.

2. Membrane for VRB

2.1. Nanocomposite Membrane. Nafion was the most com-
monly used proton exchange membrane due to its proton
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conductivity and good chemical stability in strong acid and
oxidation condition. However, it showed low ion selectivity
between proton and vanadium ions in VRB system owing
to the crossover of vanadium ion, which causes significant
performance drop. This is due to its specific morphology
having large size of hydrophilic channel originated from
the strong nanophase separation of hydrophobic Teflon
backbone and highly acidic sulfonic acid groups. To improve
the performance of VRB by reducing the permeation of the
vanadium ions, various Nafion nanocomposite membranes
have been proposed.

Qiu and coworkers filled the polar clusters (pores) of
the origin Nafion with SiO

2
nanoparticles by in situ sol-

gel reaction with TEOS (tetraethoxysilane) (Figure 2) [31],
which was inspired by the pioneer work byMauritz et al. [63–
65].The various properties of Nafion/SiO

2
hybrid membrane

containing 9.2 wt% of SiO
2
such as ion exchange capacity

(IEC), proton conductivity, water uptake, vanadium ion
permeability, and cell performance are compared with the
pristine Nafion membrane. The hybrid membrane showed
lower vanadium ion permeability and water uptake than
the pristine Nafion membrane, while its IEC and proton
conductivity were similar to those of the pristine Nafion
membrane. In the results of the VRB performance tests,
the hybrid membrane exhibited excellent performance in
comparison with Nafion membrane at all current densities
from 10mA⋅cm−2 to 80mA⋅cm−2 owing to suppression of the
crossover of vanadium ions. At 20mA⋅cm−2, both the VRB
with Nafion/SiO

2
hybrid membrane and VRB with Nafion

membrane showed a maximum EE of the VRB (79.9% and

73.8%, resp.). Also, the cycle performance for VRB with
Nafion/SiO

2
hybrid membrane was not nearly decay of CE

and EE up to 100 cycles at 60mA⋅cm−2, which means the
hybrid membrane has good chemical stability in vanadium
and acid solutions.

Shul and Chu fabricated the Nafion/graphene oxide (GO)
layered structure membrane by coating the pristine Nafion
117 membrane with the Nafion/GO emulsion solution [73].
GO has a two-dimensional layered structure, which can serve
as an effective barrier to the transport of vanadium ions due
to the significant increase in tortuosity [2]. Also, due to the
hydrophilic properties of GO and the existence of oxygen
function groups on the surface of GO, GO-Nafionmembrane
showed slightly higherwater uptake and IEC than the pristine
Nafion membrane. Although the IEC was not changed
significantly, the permeability of the VO2+ ion decreased
dramatically from 20.5 × 10−7 to 6.1 × 10−7 cm2⋅min−1 by
GO layer blocking vanadium ions. The VRB single cell
performance of the GO-Nafion membrane exhibited higher
CE compared to the Nafion membrane, while the VE of the
GO-Nafion membrane was lower. This is due to the increase
of internal resistance as well as the decrease of vanadium
ion permeability by applying another layer in the Nafion
membrane. As a result, the EE of the GO-Nafion membrane
was higher than that of the Nafion membrane at low and
medium current density except at 80mA⋅cm−2.

In 2015, Yang and colleagues reported the colloidal
zeolite-Nafion composite membrane synthesized with a two-
layer structure consisting of a top layer of colloidal silicalite
in Nafion matrix and a base layer of pure Nafion [74]. The
colloidal silicalite-Nafion composite membranes with overall
zeolite nanoparticle contents of 5 wt% and 15wt%, which
were denoted by ZNM-5 and ZNM-15, were compared with
the Nafion membrane. The same group previously studied
the purely inorganic, molecular sieve zeolite membranes as
a new type of highly proton-selective IEMs in the VRB and
demonstrated great potential as effective IEMs in VRB [55,
56]. Due to the intracrystalline pores of silicalite (dia. 0.56 nm
defined by 10-member rings) which were impermeable to
the hydrated multivalent metal ions but permeable to H

3
O+,

the composite membrane exhibited higher H+/VO2+ ion
transport selectivity (defined as the ratio of the slope for H+
to that for VO2+ in the permeation curves) than the Nafion
membrane. The ZNM-15 with a more compact colloidal sili-
calite layer showed higher H+/VO2+ ion transport selectivity
than ZNM-5. However, the total resistance of VRB cell with
ZNM-15 (3.40Ω) was much higher than that of the Nafion
117 (1.98Ω) and ZNM-5 (1.72Ω) because ZNM-15 had much
higher content of silicalite nanoparticle. ZNM-5 indicated
lower electrical resistance than the Nafion 117 because ZNM-
5 was overall much thinner with small silicalite content. The
ZNM-5 membrane achieved higher CE, VE, and EE for the
VRB than the Nafion 117 and ZNM-15 membranes. A 30-
day continuous cyclic operation test indicated quite stable
EE value of the ZNM-5 equipped VRB with a slight increase
in CE and a slight decrease in VE, which demonstrated
good chemical stability of the silicalite-Nafion composite
membrane.
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composite membrane.

Sulfonated aromatic polymer membranes based on
nonfluorinated polymer, such as sulfonated poly(arylene
ketone)s (SPAK)s including sulfonated poly(ether ether
ketone) (SPEEK) and sulfonated poly(imide) (SPI), have
been explored to reduce the cost of IEMs in VRB sys-
tem as attractive alternatives to Nafion. This is because
they possess excellent mechanical properties, high chemical
stability under acidic conditions, and low cost and very
low vanadium ion permeability. However, the properties of
SPAK were highly dependent on the degree of sulfonation
(DS). SPAK membranes with high DS exhibited not only
higher proton conductivity, but also higher swelling, larger
vanadium ion crossover, and lower mechanical strength.
And the antioxidant ability of sulfonated aromatic polymer
membranes was poorer compared with Nafionmembrane. In
order to overcome this dilemmatic problem and enhance the
antioxidant ability, various nanoparticles were incorporated
into the SPAK membrane.

As shown in Figure 3, Zhang and coworkers prepared
SPI/TiO

2
composite membrane through blend technique by

using TiO
2
due to properties of mesoporous TiO

2
parti-

cle such as good stability, easy availability, and low price
[43]. The physicochemical properties of SPI/TiO

2
composite

membrane were compared to SPI andNafion 117membranes.
The SPI/TiO

2
composite membrane exhibited lower water

uptake and swelling ratio than the pure SPI membrane
due to the less hydrophilic TiO

2
. At room temperature, the

proton conductivity of the SPI/TiO
2
membrane indicated

3.12 × 10−2 S⋅cm−1, which was higher than plain SPI mem-
brane (2.47 × 10−2 S⋅cm−1). The synergistic effect between
the hydrated sulfonic group and the hydrated mesoporous
titanium dioxide particles facilitates the proton transport
behavior through the mesoporous structure. Compared
to Nafion 117 membrane, the proton conductivity of the
SPI/TiO

2
membrane was a little lower than Nafion 117 (5.82 ×

10−2 S⋅cm−1) due to the unique hydrophilic-hydrophobic



Journal of Nanomaterials 5
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Figure 4: SEM images of (a) GO nanosheets and cross sections of (b) SPEEK, (c) SPEEK/GO2, and (d) SPEEK/GO3 membranes. The insets
are the corresponding digital photos of the membranes. The scale bar in (a) is 500 nm, while that in (b), (c), and (d) is 20 𝜇m, reproduced
with permission of RSC [33].

structure of Nafion. Nevertheless, the ion selectivity of
SPI/TiO

2
membrane was the highest on account of the

vanadium ion permeability. The vanadium ion permeability
of SPI/TiO

2
membrane was much lower than that of Nafion

117 membrane. Also, the vanadium resistance of SPI/TiO
2

membrane was higher than pure SPI membrane due to the
better size stability of the composite membrane as presented
in physicochemical properties. As a result, the VRB with
SPI/TiO

2
composite membrane was always higher in CE and

EE than that with Nafion 117 membrane especially at low
current densities and the OCV performance of the VRB
with the SPI/TiO

2
composite membrane showed superior

performance than that with Nafion 117 membrane.
In the following publications, Qiu’s group fabricated

SPEEK/Graphene (SPEEK/G) composite membrane [2].
Graphene also had a unique two-dimensional layered struc-
ture like GO, which was stable under ambient conditions
and had good mechanical property. Although the graphene
ratio of SPEEK/G composite membrane was very small
amount of about 1 wt%, the effect of graphene in SPEEK
membrane could be confirmed by the results of physico-
chemical properties, permeability of vanadium ions, selec-
tivity, and VRB cell performance. The SPEEK/G composite
membrane showed good physicochemical properties for
VRB application. Despite a lower proton conductivity than
Nafion 117, ion selectivity of SPEEK/G composite membrane
(1.62 × 104 S⋅min⋅cm−3) was higher than Nafion 117 (0.95
× 104 S⋅min⋅cm−3) due to a sharp decrease of vanadium

ion permeability. VRB single cell performance of SPEEK/G
composite membrane exhibited a lower self-discharge rate as
well as the CE of 96.4% and EE of 83.8% at the current density
of 80mA cm−2, which were higher than those of Nafion 117
(92.8% and 79.5%, resp.).

And then the same group reported a series of SPEEK/
Graphene oxide nanocomposite membranes with various
amounts of GO loadings [37]. Beyond the formation of
an effective barrier for the transport of vanadium ions by
the two-dimensional layered structure of GO nanosheets,
the incorporation of GO into SPEEK membranes for VRB
can form the hydrophobic/hydrophilic phase separation
structure because the hydrophilic surface of GO, which is
originated from the oxygen-containing functional groups
of GO, was prone to form hydrogen bonds with polymer
chains and consequently enhance ion selectivity. The strong
interfacial interaction between GO and the SPEEK mem-
brane served the uniform dispersion of GO nanosheets in the
polymer matrix which improved the mechanical stability of
the pristine SPEEK membranes due to the great mechanical
strength of GO.The SPEEK/GO composite membranes were
prepared with 1, 2, 3, or 5 wt% of GO and denoted by
SPEEK/GOX, where X was the weight ratio of GO (Figure 4).
With increasing GO content, the water uptake, swelling ratio,
and IEC of SPEEK/GO composite membrane increased due
to hydrophilic nature of GO, whereas the proton conductivity
decreased by blocking effect of the GO filler. The permeation
of VO2+ across the composite membranes decreased with
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Table 1: Comparison of general properties between Nafion 117 and various nanocomposite membranes.

Membranes [ref. #] VO2+ permeability
(×10−7 cm2⋅min−1)

Conductivity
(mS⋅cm−1)/

area resistance
(Ω⋅cm2)

CE (%)
[@40mA⋅cm−2]

VE (%)
[@40mA⋅cm−2]

EE (%)
[@40mA⋅cm−2]

Nafion 117 [31] ≈30 58.7/— ≈87 ≈82.5 ≈72.5
Nafion/SiO

2
[31] ≈3.8 56.2/— ≈90 ≈85 ≈76.5

Nafion/GO [73] 6.1 ≈62/— ≈90 ≈87.5 ≈79
ZNM-5 [74] — —/0.55 ≈92 ≈88 ≈81
SPI/TiO

2
[34] 2.02 31.2/— ≈96.5 ≈77 ≈79

SPEEK/G [2] 8.7 14.1/1.28 ≈94.5 ≈91 ≈89
SPEEK/GO2 [37] 7.9 14.9/— ≈94 ≈92 ≈88

SPEEK/GO2@PTFE [37] — —/— 98.4
[@80mA⋅cm−2]

82.5
[@80mA⋅cm−2]

81.2
[@80mA⋅cm−2]

Silica nanocomposite AEM [75] 4.24 —/1.088 ≈91 ≈80 73

increasing of the GO weight ratio because the imperme-
able two-dimensional layered GO nanosheets can serve as
effective barriers and the interfacial interaction between GO
and SPEEK matrix restricts the formation of hydrophilic
channels used for the transport of vanadium ions. Based on
all the above results, the SPEEK/GO2 composite membrane
showed the highest selectivity of 1.88 × 104 S⋅min⋅cm−3,
which was about two times higher than that of Nafion
117 membrane (0.91 × 104 S⋅min⋅cm−3). The CE and EE of
VRB single cell performance with SPEEK/GO2 membrane
(96.9% and 84.2%, resp.) were much higher than those
with Nafion 117 membrane (92.8% and 79.5%, resp.) at
the current density of 80mA⋅cm−2. The results of charge-
discharge cycle performance showed the capacity retention
after 300 cycles of SPEEK/GO2 and Nafion 117 was 50.1% and
16.2%, respectively. The SPEEK/GO2 composite membrane
demonstrated the excellent VRB cell performance in com-
parison to Nafion 117. In addition, a pore-filling membrane
(denoted as SPEEK/GO2@PTFE) was fabricated by using
poly(tetrafluoroethylene) (PTFE) as the porous substrate to
further improve the cycling stability of SPEEK/GO composite
membrane for application in long-life VRB systems. Porous
PTFE film was a robust host with a highly porous structure,
which can contribute to the improvement in mechanical
strength and chemical stability of the SPEEK/GO2@PTFE.
The SPEEK/GO2@PTFEmembrane exhibited higher CE and
EE of 98.4% and 81.2% due to high ion selectivity (1.92 ×
104 S⋅min⋅cm−3) and the capacity retention of the resultant
pore-filling membrane was 78.7%, higher than SPEEK/GO2
and Nafion 117 membranes (Figure 5). Table 1 summarizes
the basic properties of nanocomposite and Nafion 117 mem-
branes and VRB performance employing them.

Recent studies suggested anion exchange membrane
(AEM) as another hydrocarbon-based membrane, which
exhibited lower vanadium ion permeability than cation
exchange membranes.The AEM tends to suppress vanadium
crossover due to the charge repulsion effect, known as
Donnan exclusion, between positively charged groups of the
membrane and the vanadium ions. Leung et al. modified
an AEM (Fumasep’s FAP) via in situ sol-gel reaction of
TEOS to minimize the crossover of vanadium ions [75].
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Figure 5: Cycle performance of VRBs with SPEEK@PTFE mem-
brane and SPEEK/GO2@PTFE membrane, reproduced with per-
mission of RSC [33].

A silica nanocomposite AEM (c.a. 5.60wt% by 30 sec sol-
gel reaction) was compared with Nafion 115 and pristine
AEM.Thepermeability of vanadium ion showed a decreasing
order of Nafion 115 (1.62 ×10−6 cm2⋅min−1) > pristine AEM
(5.24 × 10−7 cm2⋅min−1) > silica nanocomposite AEM (4.24 ×
10−7 cm2⋅min−1). The positive charged groups within the
membrane repelled vanadium cations by mean of electro-
statics. Besides, the silica nanoparticles within the cannel
network or hydrophilic clusters of themodifiedAEMblocked
diffusion of vanadium ion. Due to the lowest vanadium
permeability, the silica nanocomposite AEM exhibited the
lowest self-discharge rate and the highest CE. The VE of
the silica nanocomposite AEM was slightly lower than those
of the pristine AEM and Nafion 115 owing to the increased
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hybrid membrane.

area resistance after silica modification. As a result, the
EE of silica nanocomposite AEM was found to be higher
than that of Nafion 115 but lower than that of pristine
AEM. Nevertheless, the silica nanocomposite AEM can be
an alternative candidate for VRB application because the
discharge capacity of the VRB with the silica nanocomposite
AEMwas the highest in comparison to the pristine AEM and
Nafion 115.

2.2. Functionalized Nanocomposite Membrane. There has
been extensive research on the Nafion/inorganic nanocom-
posite membranes to reduce the vanadium permeability
including recasting with inorganic nanoparticles and in
situ sol-gel reaction to incorporate inorganic nanoparti-
cles within the pores of Nafion [31–33, 76, 77]. However,
the Nafion/inorganic nanocomposite membranes decreased
the crossover of vanadium as well as proton conductivity.
To solve the conflict between membrane ion selectivity
and conductivity, Yang’s group prepared the Nafion/amino-
SiO
2
hybrid membrane through the sol-gel reactions of N-

(2-aminoethyl)-3-aminopropyltrimethoxysilane (AAPS) as
shown in Figure 6 [78].The IEC of the hybrid membrane was
increased due to the amino group of the amino-SiO

2
, which

can improve the ion selectivitywhile keeping the conductivity
nearly unchanged. The permeability of vanadium ions across
the hybrid membrane (2.32 × 10−7 cm2⋅min−1) was lower
than that across the pristine Nafion membrane (8.65 ×
10−7 cm2⋅min−1) because the amino-SiO

2
nanoparticles were

filled into the polar clusters of the Nafion membrane. The
results of VRB single cell test indicated the Nafion/amino-
SiO
2
hybridmembrane which showed higher CE, VE, and EE

than the pristine Nafion at the current density ranging from
20 to 80mA⋅cm−2. Higher CE was attributed to less crossover
of vanadium ions. The higher VE of the VRB with the hybrid
membrane was affected by conductivity, which depended on
water uptake and IEC. Because the IEC was increased by the
amino groups of amino-SiO

2
in spite of lower water uptake,

Nafion/amino-SiO
2
hybridmembrane exhibited a higher VE.

As a result, the EE of the VRB with Nafion/amino-SiO
2

hybrid membrane exhibited a 4.2% increase compared with
the pristine Nafion membrane at 80mA⋅cm−2.

In the follow-up publication, Cao and coworkers
prepared a series of novel acid-base hybrid membranes
(SPI/PEI-rGO) based on sulfonated polyimide (SPI) with
polyethyleneimine-functionalized reduced graphene oxide
(PEI-rGO) by solution-casting method [79], which was
inspired by the SPEEK/polyetherimide acid-base blend
membrane developed by Liu et al. [23]. Figure 7 gave the
detailed preparation process of PEI-rGO and SPI matrix.
The appearing basic groups such as NH

2
-GO further

provided the positive charge, which can expect a Donnan
exclusion effect on the vanadium ion. The SPI/PEI-rGO
membranes with various contents of PEI-rGO were denoted
by SPI/PEI-rGO-X, where X (X = 0.5, 1, 2 and 4) was
the mass ratio of PEI-rGO to SPI. The physicochemical
properties such as water uptake, swelling ration, and IEC of
membrane decreased with the PEI-rGO contents increasing.
The electrostatic interaction between –NH

2
and –SO

3
H in

the interfacial zone decreased the water-absorbing ability
of the –SO

3
H groups, further restricted the mobility of

polymer chains, and played a dilution effect on –SO
3
H

in the hybrid membranes. The proton conductivity of
SPI/PEI-rGO-0.5 hybrid membrane was similar to that of
the pure SPI membrane, but the proton conductivity firstly
increased and then decreased with the content of PEI-rGO
increasing. This is due to the acid-base pairs formed by the
proton acceptor (–NH

2
groups) and the proton donator

(–SO
3
H groups) in the interfacial zone between PEI-rGO

filler and SPI matrix, whereas the vanadium permeability
decreased with the increasing PEI-rGO content, and the
vanadium permeability of all hybrid membranes was much
lower than that of Nafion 117 membrane. Firstly, an effective
barrier was formed by the impermeable two-dimensional
graphene-based filler, preventing vanadium ions from
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crossing the hybrid membranes due to the significant
increase in tortuosity [37]. Secondly, the –NH3

+ groups
on the surface of PEI-rGO prevented the vanadium ion
crossover by Donnan exclusion effect, which means the
positive charged –NH3

+ effectively hindered vanadium ions
permeation under the strong electrostatic exclusion effect.
Finally, the formation of transport channels to vanadium
ions is restricted by the existing strong interfacial interaction
between PEI-rGO and SPI matrix [80]. The selectivity,
defined as the ratio of proton conductivity and vanadium
ion permeability, of SPI/PEI-rGO membranes first increased
with the PEI-rGO filler and then dropped. When 2wt%
PEI-rGO was incorporated into SPI matrix, the maximum
value appeared owing to the good balance between proton
conductivity and vanadium ion permeability. From results,
SPI/PEI-rGO-2 membrane was investigated for the single
cell performance of VRB. SPI/PEI-rGO-2 hybrid membrane
exhibited higher VRB performance of CE (95% versus 91%)
and EE (75.6% versus 66.8%) than Nafion 117 membrane at

40mA⋅cm−2. Furthermore, the hybrid membrane showed a
stable performance over 100-cycle charge-discharge tests.

More recently, Li et al. reported the composite mem-
branes (SPI/s-MoS

2
) of sulfonated polyimide (SPI) and

sulfonated molybdenum disulfide (s-MoS
2
) (Figure 8) for

VRB application [81]. A new type of sulfonated MoS
2
had

graphene-like two-dimensional layered structure, which was
advantageous to the proton transport. Also, s-MoS

2
was in

possession of good chemical stability, which can improve
the chemical stability of SPI membrane. Finally, s-MoS

2

contains sulfonic group (–SO
3
H) attached to its surface,

which increased the proton conductivity and provided a
strong interfacial interaction between s-MoS

2
and SPI due to

the formation of hydrogen bond. The SPI/s-MoS
2
composite

membrane was compared to SPI, SPI/MoS
2
, and Nafion

117 membranes. The oxidative stability test of membranes,
which was investigated by the weight retention ofmembranes
and the color change of the V(V) solution after soaking
membranes at 40∘C for some time, showed the weight loss
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Table 2: Comparison of general properties between prefunctionalized nanocomposite and functionalized nanocomposite membranes.

Membranes [ref. #] VO2+ permeability
(×10−7 cm2⋅min−1)

Conductivity
(mS⋅cm−1)/

area resistance
(Ω⋅cm2)

CE (%)
[@40mA⋅cm−2]

VE (%)
[@40mA⋅cm−2]

EE (%)
[@40mA⋅cm−2]

Nafion/amino-SiO
2
[78] 2.32 —/3.45 ≈91 ≈79 ≈73

SPI/PEI-rGO-2 [79] ≈7.5 ≈6.2/— 95 ≈79 75.6
SPI/GO-4 [79] — —/— ≈90 ≈72.5 ≈70
SPI/s-MoS

2
[81] 1.23 27.5/— ≈91 ≈82 ≈75

SPI/MoS
2
[81] 2.02 21.5/— ≈89 ≈81 ≈72

of SPI/s-MoS
2
membrane (2.29%) was lower than both SPI

(3.76%) and SPI/MoS
2
membranes (2.81%) after 360 h. How-

ever, the yellow V(V) solution gradually became green since
a small quantity of the V(V) ions was reduced to be V(IV)
ions by membranes except Nafion 117, which means Nafion
117 membrane has the most excellent oxidative stability. The
water uptake and swelling ratio of SPI/s-MoS

2
membrane

were lower than those of SPI and SPI/MoS
2
membranes due

to the “blocking effect” of inorganic component and the
interfacial adhesion between polymer matrix and inorganic
component. The interfacial interaction of SPI/s-MoS

2
mem-

brane is stronger than that of SPI/MoS
2
membrane because

the s-MoS
2
has more hydrogen bonding sites than MoS

2

by the additional –SO
3
H groups of s-MoS

2
as well as –OH

groups of MoS
2
. The IEC value of SPI/s-MoS

2
membrane

was the highest among SPI/s-MoS
2
, SPI/MoS

2
, the pure SPI,

and Nafion 117 membranes due to the introduction of s-
MoS
2
particles with sulfonic acid groups (–SO

3
H) as fixed

charge sites. Although the proton conductivity of Nafion
117 exhibited the highest value of 5.82 × 10−2 S⋅cm−1, the
proton conductivity of SPI/s-MoS

2
membrane was improved

up to 2.75 × 10−2 S⋅cm−1 in comparison with the pristine
SPI (2.27 × 10−2 S⋅cm−1) and SPI/MoS

2
(2.15 × 10−2 S⋅cm−1)

membranes owing to the unique two-dimensional structure
together with sulfonated acid groups of s-MoS

2
. A “blocking

effect” of s-MoS
2
particles in the polymer led to a decrease

in vanadium ion permeability of SPI/s-MoS
2
membrane to

1.23 × 10−7 cm2⋅min−1, which was the lowest value among
all membranes. Thus, SPI/s-MoS

2
membrane presented the

highest proton selectivity of 2.24 × 105 S⋅min⋅cm−3. Owing
to the good balance of proton conductivity and vanadium
ion permeability, the CE and EE of the VRB with SPI/s-
MoS
2
membrane were higher than those with SPI/MoS

2
and

Nafion 117 membranes, indicating great potential for long
life VRB system. Table 2 summarizes the basic properties of
functionalized nanocomposite membranes and VRB perfor-
mance employing them, comparing with prefunctionalized
nanocomposite membranes.

3. Conclusion

VRBs become more and more important as a promising
choice for large-scale electrochemical energy storage systems.
However, the VRB technology has not yet achieved a real
breakthrough and further researches are required to reach full
commercial potential. The IEM as a critical component of a

VRB is still the main factor which limits further commer-
cialization. Perfluorosulfonic acid polymers with excellent
long-term stability and high proton conductivity are themost
often used ones, but much greater cost reduction and larger
selectivity increase are necessary. Significant cost reduction
and large performance improvement should be achieved for
the membrane material.

This review shows the possible approaches for devel-
opment of various nanocomposite membranes. Numerous
modifications of Nafion proved that the modification was
very effective in decreasing the vanadium ion permeability
but usually accompanied the reduction of proton conductiv-
ity. Also, extensive studies on sulfonated hydrocarbon-based
nanocomposite membranes are ongoing as low cost alterna-
tives to Nafion membranes, but chemical stability issues still
plague this search area of hydrocarbon membranes.

In conclusion, considering the ion selectivity and the
energy efficiency, functionalized nanocomposite membranes
show better performance than prefunctionalized nanocom-
posite membranes. Nevertheless, the nanocomposite mem-
brane research for applications in VRB is still in its infancy,
and more efforts need new strategies to design and prepare
the next-generation membranes having outstanding VRB
performance over long period of time.
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ZnO nanorod thin films grown on fluorine-doped tin oxide (FTO) glasses have been synthesized via facile thermal evaporation.
To optimize the performance of dye-sensitized solar cells (DSSCs), we fabricated ZnO@TiO

2
core-shell composite by a simple dip-

coating method immersed in the mixed solution of Ti(OC
4
H
9
) and ethanol. Results of solar cell testing showed that ZnO@TiO

2

core-shell nanorod thin films on FTO significantly increased open circuit voltage (from 0.47V to 0.53V), short circuit current
(from 10.78mA/cm2 to 13.98mA/cm2), and fill factor (from 51% to 55%). The photoelectric conversion efficiency (PEC) increased
from 3.3% for bare ZnO DSSCs to 4.85% for ZnO@TiO

2
core-shell structured DSSCs. This is mainly ascribed to the improvement

in light harvesting efficiency, electron transfer, and the effective suppression of charge recombination.

1. Introduction

Dye-sensitized solar cells (DSSCs) have attracted extensive
attention during the past two decades due to their low
cost, simple fabrication process, and relatively high energy
conversion efficiency (PEC) [1–3]. The PEC of DSSCs is
governed by the following three aspects: (i) light harvesting
efficiency, (ii) electrons injection efficiency, and (iii) electrons
collection efficiency [4–6]. To develop high-efficiencyDSSCs,
much effortwas devoted to the optimization of performances.
So far, the PEC up to ∼12% has been obtained by using a
photoanode of TiO

2
nanoparticles (NPs) film because of the

large specific surface area that can enhance the dye adsorption
[7]. However, the PEC of TiO

2
NPs-based DSSCs has reached

the limitation due to the slow transportation of electrons
through the randomly arranged NPs as well as the energy
losses caused by the recombination [8]. Fabrication of film
electrodes of one-dimensional (1D) nanostructures which are
capable of providing a direct electron transport pathway has
proven to be an effective way to facilitate electrons transfer
[9, 10]. It is expected that 1D nanostructure as the photoanode
electrodes could potentially facilitate electrons transport and

effectively decrease the interfacial recombination, further
improving the conversion efficiency.

As a versatile semiconductor (Eg = 3.37 eV), ZnO has
been applied in many fields including gas sensors [11],
field-effect transistors [12], lithium-ion battery [13], and
photocatalysis [14]. Particularly, ZnO has attracted much
attention as a fascinating alternative to TiO

2
photoanode in

DSSCs because both ZnO and TiO
2
exhibit similar lowest

conduction band edges and quickly electron injection process
from the excited dyes [15]. More importantly, ZnO has
higher electron mobility than TiO

2
, which is favorable for

electron transfer [16]. Therefore, it is expected that reduced
recombination would be achieved when ZnO is used as
photoanode in DSSC due to rapid electron transfer and
collection. Recently,DSSCs based on 1DZnOnanostructures,
including nanowires [17], nanorods [18], and nanotubes [19],
have attracted wide attention because of better electron
mobility in 1D nanostructures, which is quite beneficial
for DSSCs application. However, ZnO are not chemically
stable and are prone to form insulating complexes (Zn2+/dye
agglomerates) when exposed to dye-loading solutions, which
may hinder electron injection from the dye molecules to the
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semiconductor [20]. The way to overcome this issue is to
coat a chemically stable (e.g., Al

2
O
3
, SiO
2
, or TiO

2
) shell

on 1D ZnO nanostructures. The role of the shell was always
to suppress the formation of Zn2+/dye complex and thereby
to reduce the recombination between injected electrons and
triiodide (I3−) ions at ZnO surface. Among the numerous
semiconductors oxides, TiO

2
is an excellent coating material

to modify ZnO due to its higher overall conversion efficiency.
Recently, the ZnO-TiO

2
core-shell nanostructures such as

NRs [21], NFs [22], NWs [23], and NTs [24] for DSSCs have
been reported, which can enhance the conversion efficiencies
compared with the bare ZnO nanostructures.

In this work, a simple two-step process was used to
synthesize ZnO@TiO

2
core-shell nanorod thin films. First,

ZnO nanorod thin films are fabricated via facile thermal
evaporation. In the following, the ZnO nanorod thin films
were immersed into the TiO

2
growth solution to coat

a thin layer of TiO
2
on the surface of individual ZnO

nanorod uniformly. In order to demonstrate their energy
conversion behavior, we havemeasured the ZnO@TiO

2
core-

shell nanorod thin films as anode materials for DSSCs. An
enhancement of performance was observed by the core-shell
structured DSSCs (the PEC of 4.85%), compared to the bare
ZnO nanorods DSSCs (3.3%).

2. Experiment

2.1. Synthesis. The thin films of ZnO nanorod on FTO
substrate were prepared as illustrated in Scheme 1(a–d).
First, a ZnO seed layer was coated on the FTO, as demon-
strated by Feng et al. [25]. Briefly, zinc acetate dehydrate
(Zn(CH

3
COO)

2
⋅2H
2
O) and diethanolamine were added to

ethanol according to the certain proportion at 60∘C and
stirred for 30min to yield a clear and homogeneous solution.
Then, a piece of FTO substrate which is washed by sonication
was immersed in the abovementioned solution for 2min and
slowly lifted up and finally annealed at 400∘C in air for 1 h.
For the thermal evaporation growth nanorod thin films, the
seeded substrate with conductive surface facing down was
placed on an alumina boat including Zn(CH

3
COO)

2
⋅2H
2
O

powder and annealed at 350∘C in air for 9 h. As a result,
ZnO nanorod thin films could be obtained. For coating TiO

2
,

ZnO nanorod thin film grown on FTO was immersed into
C
16
H
36
O
4
Ti ethanol solution for 30min and slowly taken out.

Then, the immersed product was annealed at 400∘C for 2 h,
resulting in the formation of ZnO@TiO

2
nanorod thin films.

2.2. Characterization and Cell Fabrication. The samples of
ZnO and ZnO@TiO

2
nanorod thin films on FTO substrates

were characterized by X-ray powder diffraction (XRD, Y-
2000, 𝜆 = 1.5418 Å) and scanning electron microscopy
(SEM, JSM-6700F, 10 kV).

ZnO and ZnO@TiO
2
nanorod thin films were immersed

into N719 dye at 60∘C for 2 h before assembling solar cells.
The DSSCs are photoelectrochemical system; the schematic
illustration is as illustrated in Scheme 2.

At the heart of the device is the ZnO@TiO
2
nanorod thin

film with adsorbed dye molecules deposited on FTO, which
act as dye-sensitized photoanode. Pt-coated FTO substrate

was used as the counter electrode. The dye-sensitized elec-
trode and counter electrode were assembled in a typical
sandwich-type cell and the counter electrode was placed over
the dye-sensitized electrode. The electrolyte (containing LiI,
I
2
, 4-tert-butylpyridine, and tetrabutylammonium iodide in

acetonitrile) was injected into the dye-sensitized electrode
and the counter electrode. During operation, photoexcitation
of the dye molecules results in injection of an electron into
the conduction of the oxide film and holes are released by
the redox couples in the liquid electrolyte.The photocurrent-
voltage characteristics of different assembled solar cells were
evaluated in air under AM 1.5 filter 100mWcm−2 illumina-
tion from a solar simulator (Oriel, 91192).

3. Results and Discussion

Figure 1 shows the XRD pattern of ZnO@TiO
2
nanorod

thin film. As observed, the diffraction peaks marked by star
match well with standard powder diffraction pattern of ZnO
(JCPDS card number 36-1451). Other peaksmarked by circles
originate from the FTO substrate and the diffraction peaks
markedwith rhombus are all indexed toTiO

2
.With respect to

the formation of ZnO@TiO
2
structure, the overall chemical

reactions can be expressed as follows:

Ti (C
4
H
9
O)
4
+ 4H
2
O → Ti (OH)

4
+ 4C
4
H
9
OH (1)

Ti (OH)
4
→ TiO

2
+ 2H
2
O (2)

It is known that the hydrolysis of C
16
H
36
O
4
Ti (see (1))

readily takes place in aH
2
O-containing atmosphere. To avoid

or slow down its hydrolysis, C
16
H
36
O
4
Ti is usually dissolved

or stored in organic solvents. In the following step, Ti(OH)
4

could be completely transformed into TiO
2
by annealing at

400∘C, as described in (2).
Figure 2(a) shows the SEM image of ZnO nanorod thin

film on FTO substrate. As can be seen, the prepared ZnO
nanorods have a diameter range of 30–40 nm and uniformly
grown on the FTO substrate. More importantly, there is
enough space between nanorods, which is crucial for the
formation of TiO

2
shell but also helpful for the entrance of dye

molecules. Figure 2(b) displays the SEM image of ZnO@TiO
2

nanorod thin film. It can be seen that ZnO@TiO
2
also exhibits

the same morphology, but the diameter of nanorods has a
change of 40–50 nm, revealing the formed TiO

2
shell.

Figure 3 shows the UV-vis absorption spectra of the ZnO
and ZnO@TiO

2
nanorod thin films with sensitization by

N719 dye. It may be clearly seen that the ZnO@TiO
2
nanorod

thin film shows a higher absorption than that of the bare
ZnO nanorod thin film for the same sensitization time in the
range of 450–650 nm, indicating that the ZnO@TiO

2
core-

shell structure enhances the light absorption largely, which
may result from the higher light harvesting properties of
TiO
2
-decorated materials.

The photocurrent-voltage characteristic of ZnO and
ZnO@TiO

2
nanorod thin films DSSC is shown in Figure 4.

Generally, the fill factor (FF) and PEC can be calculated using
the relations FF = 𝑃max/(𝑉oc × 𝐽sc) and PEC = [(FF × 𝑉oc ×
𝐽sc)/𝑃in] × 100, respectively, where 𝐽sc = short circuit current,
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Dip-coating and annealing treatment Thermal evaporation Dip-coating and annealing treatment

(a) (b) (c) (d)

Scheme 1: Schematic illustration showing the evolution of the ZnO@TiO
2
thin film: (a) a clean FTO substrate, (b) ZnO seed layer coated

substrate obtained from dip-coating and annealing treatment, (c) ZnO nanorod thin film obtained from thermal evaporation, and (d)
ZnO@TiO

2
thin film obtained from dip-coating and annealing treatment.
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Scheme 2: Schematic illustration of a dye-sensitized solar cell.
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Figure 1: XRD pattern of ZnO@TiO
2
nanorod thin film.

𝑉oc = open circuit voltage, 𝑃max = the maximum power, and
𝑃in = input power, respectively. As observed, for the bare
ZnO nanorod thin film electrode, the device exhibits 𝐽sc of
10.78mA/cm2,𝑉oc of 0.47V, and FF of 51%. An overall energy
conversion efficiency of 3.3% is achieved. Meanwhile, it can

be seen that the addition of TiO
2
shells to the ZnO nanorods

resulted in considerable improvement of cell performances.
For the ZnO@TiO

2
nanorod thin film electrode, 𝐽sc increases

to 13.98mA/cm2, 𝑉oc increases to 0.53V, and FF jumps to
55%. Overall, the cell conversion efficiency is 4.85%, which
is increased by 47% in comparison with that of the DSSCs
based on the bare ZnO.

There are several reasons resulting in the improvement
of performances of ZnO@TiO

2
nanorod thin films DSSCs.

First, TiO
2
is more chemically stable than ZnO in acidic dye

solutions [26].Thus, the presence of TiO
2
shell would prevent

ZnO surface atoms from being dissolved and formation of
Zn2+/dye agglomerates. It is believed that the TiO

2
shell

plays a role in increasing the injected electrons and more
dye absorption, which lead to a higher light harvesting
efficiency. Second, it is reported that the conformal shell
will reduce recombination by forming an energy barrier
between the photoinjected electrons and the oxidized species
in the electrolyte, by forming a tunneling barrier to con-
fine the photoinjected electrons within the core, and by
passivating the recombination centres on the core surface
[20]. Thus, the TiO

2
shell would effectively reduce recom-

bination. Thirdly, the charge transfer would be significantly
improved because ZnO hasmuch higher electronmobility (∼
155 cm2/Vs) than TiO

2
(∼105 cm2/Vs). Therefore, all of these

advantages contribute to the improved cell performance for
ZnO@TiO

2
nanorod thin films. Though 1D nanostructures

as the photoanode are capable of providing a direct electron
transport pathway which could potentially facilitate electrons
transport, insufficient surface area for dye absorption limits
the number of photoelectrons by photoexcitation of the dye
molecules. As is now well known, mesoporous nanoparticles
have large surface area and strong light scattering property.
In the subsequent work, we would like to design hierarchical
structures photoanode by combining the advantage of meso-
porous nanoparticles for rich dye absorption and themerit of
1D nanostructure for rapid electron transfer. It is anticipated
that hierarchical structures will help improve the efficiency of
solar cells. More work needs to be done about this issue.

4. Conclusion

In summary, ZnO nanorod thin films have been grown on
FTO substrates using facile thermal evaporation. TiO

2
thin

shells were grown on the ZnO nanorods by dip-coating
method. With the DSSC fabricated by ZnO@TiO

2
, its overall
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(a) (b)

Figure 2: SEM image of (a) bare ZnO and (b) ZnO@TiO
2
nanorod thin films.
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Figure 3: UV-vis absorption spectra of bare ZnO and ZnO@TiO
2

nanorod thin films.
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Figure 4: I-V curves of DSSCs under AM 1.5 simulated full sunlight
(100mWcm−2) illumination based on bare ZnO and ZnO@TiO

2

nanorod thin films.

conversion efficiency is 4.85%, which exhibits improvements
of 47% over the DSSC based on bare ZnO.This improvement
of overall conversion efficiency is mainly due to the increase
of the loading dye, the reduced recombination, and the high
electron mobility.
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