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Preface

Recently, global warming and its effect on the environment have been critical issues and the

subject of significant discussion in society. To reduce global warming, unnecessary production of

heat should be avoided. Heat is a kind of energy that cannot be fully converted to other forms of

energy, whereas electrical energy almost always can. Hence, day-by-day, the demand for electrical

energy is continuously increasing. However, to meet this demand, energy storage or production

devices should be highly efficient.

With continuous advancements in the science and technology of energy devices, polymers have

become integral parts of these devices due to the stability of their mechanical and electrical properties.

However, specific polymers have specific roles in these systems. Therefore, research on functional

polymers or polymer composite materials should be focused on specific applications.

This reprint provides readers with insights into various techniques that can be used to

fabricate energy-harvesting and energy storage devices with functional polymers. It offers valuable

investigations of the mechanisms of energy conversion and the critical factors for higher efficiency.

Additionally, the book discusses alternative polymers that could be beneficial for environmental

remediation or have economic advantages. Each chapter thoroughly covers the background of

the innovations, presents results and discussions, and concludes with important findings. We are

confident that readers will be introduced to several innovative ideas that will be beneficial for their

research or academic pursuits.

Md Najib Alam and Vineet Kumar

Guest Editors
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Editorial

Polymeric Materials in Energy Conversion and Storage
Vineet Kumar and Md Najib Alam *
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1. Introduction

Energy conversion and storage devices based on polymeric materials are emerging
as a promising avenue for renewable power sources. These features are attributed to
their versatility, tunable properties, and ease of processing for polymer-based energy
materials [1]. Due to their versatile nature, these polymeric materials are currently used in
a wide range of applications, such as batteries, fuel cells, solar cells, nanogenerators, and
supercapacitors [2]. Moreover, the ability to engineer these materials at the molecular level
provides significant advantages in optimizing the performance, efficiency, and longevity of
energy systems. Therefore, these materials emerge as promising renewable power sources
with high efficiency and durability [3]. There are various advantages to using polymer
materials in energy harvesting applications. For example, their unique properties—such
as flexibility, lightweight nature, chemical stability, and ease of processing—make them
attractive for energy applications. Additionally, these polymers can be chemically modified
to enhance specific functionalities like conductivity, ion transport, or mechanical strength,
depending on the need [4].

There are various energy conversion applications for polymer-based energy gener-
ation systems. Some important applications include solar cells, fuel cells, and energy
generators [5,6]. Solar cells utilize polymer-based organic photovoltaic cells that harvest
light energy and convert it into electrical energy. For example, organic semiconductors
made from conjugated polymers can absorb sunlight and generate electrical energy. These
polymer-based harvesting materials are promising due to their lightweight nature, flexi-
bility, low cost, and ease of production via 3D and 4D printing [7]. In addition, fuel cells
use polymer-based Nafion membranes (also known as proton exchange membranes) to
conduct protons from the anode to the cathode. These membranes are crucial because
they separate the fuel and oxidant while allowing ion transport, which is essential for the
electrochemical reactions that generate electricity [8]. Finally, energy generators based on
piezoelectricity or triboelectricity are frequently used as energy nanogenerators. Compos-
ites made from elastomers, piezoelectric materials, or electrically conductive materials are
commonly employed in energy harvesting applications [9].

In addition to energy conversion applications, polymeric materials also play a dom-
inant role in energy storage devices. Frequently used materials include those found in
batteries and supercapacitors. In lithium-ion batteries and other types of rechargeable
batteries, polymers are used as electrolytes, binders, and separators [10]. For example, solid
polymer electrolytes (SPEs) are of great interest because they can improve battery safety
by replacing liquid electrolytes, which are often flammable. Moreover, polymer-based
electrodes offer flexibility and lightweight properties, making battery systems suitable for
portable and wearable electronics [11]. For supercapacitors, energy is stored through the
accumulation of electrical charges at the interface between an electrode and an electrolyte.
Some conductive polymers, such as polyaniline and polypyrrole, are used in supercapacitor
electrodes to increase the device’s charge storage capacity [12]. These materials exhibit high
surface area, high conductivity, and robust electrochemical activity. Keeping these aspects
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in mind, the present editorial summarizes the latest novel articles in the field of polymeric
materials for energy conversion and storage. The next section is dedicated to an overview
of the latest articles, summarizing the prospects of different polymeric materials for energy
applications.

2. Overview of Published Articles

Alam et al. [13] presented an energy harvesting system using rubber composites based
on silicone rubber, nano-carbon black (NCB), and molybdenum disulfide (MoS2). The
results reported that at a 17:3 NCB to MoS2 ratio, the fracture toughness improved by 184%
and elongation at break increased by 93% compared to a sample with 20 phr of NCB as
the only filler. The results further indicated that the hybrid filler (17:3 NCB to MoS2 ratio)
exhibited an over 100% higher output voltage, reaching up to 3.2 mV compared to NCB
as the only filler at 20 phr. Jeżowski et al. [14] developed a robust biopolymer membrane
for green electrochemical devices. The results showed that a capacitance of 30 F/g, a
resistance of 3 Ω, and a voltage of approximately 1.6 V were achieved. These results support
the use of this biopolymer membrane as a sustainable alternative for high-performance
storage devices. In another study, Guo et al. [15] reported an interesting concept involving
redox-active polymers for capacitors as energy storage devices. Automatic sequential
polymerization equipment was used to synthesize redox-active polymers on gold electrodes.
The total charge generated varied from 2.17 to 7.14 × 10−4 C. Alam et al. [16] fabricated
high-performance composites based on natural rubber, diatomaceous earth, and carbon
nanotubes. The results demonstrated robust performance after adding these reinforcing
fillers. For example, the fracture toughness was 9.74 MJ/m3 for the unfilled sample and
increased by 484% to 56.86 MJ/m3 at the 40 phr hybrid sample. The electrical conductivity
was around 1.75 × 10−6 S/m, and the output voltage was approximately 25 mV for the
composite containing 3 phr CNT.

Zappia et al. [17] fabricated composites based on silver nanoparticles for possible
water-processable anodes. The results showed that the viscosity of the composites changed
from 14.1 to 0.2 Pa·s. The composites also exhibited remarkable photovoltaic properties
in organic cells. Alshammari et al. [18] presented a study on the dielectric properties of
PVA-based polymeric films. The results indicated that the electrical conductivity increased
from 0.82 × 10−9 S/cm (unfilled) to 6.82 × 10−9 S/cm for the composite sample. More-
over, the relaxation time decreased from 14.2 × 10−5 s (unfilled) to 6.35 × 10−5 s for the
composite sample. Another study by Muñoz et al. [19] investigated the electro-mechanical
performance of supercapacitors based on PVA and H3PO4. The results demonstrated
that the composites exhibited high electro-mechanical performance, such as 1.4 F/g and
0.961 W/kg. Additionally, robust performance was reported, with the fabricated device
able to recover 96.12% of its original capacitance once the external strain was removed.
Surisetty et al. [20] demonstrated the aging behavior of high-density polyethylene (HDPE)
and polyketone in liquid organic hydrogen carriers. The aging tests showed that the
crystallinity of HDPE at 25 ◦C was 48.6% after 500 h of aging; however, with an increase
in temperature to 60 ◦C for 500 h, the crystallinity decreased to 46.8%. Yuan et al. [21]
presented theoretical studies on the electrothermal response of liquid crystal elastomers
for high-performance applications, focusing on various aspects of elastomer-based tunable
circuits. Another interesting study by Xu et al. [22] investigated flexible actuators fabricated
using polymer ionogels, determining their electromechanical aspects theoretically. The
results indicated that with changes in modulus, the mechanical displacement decreased
while the blocking force increased, both of which are favorable for actuation properties.

Liu et al. [23] fabricated flexible films from electrically conducting PEDOT materials for
thermoelectric energy harvesting. The final samples exhibited a high electrical conductivity
of 62.91 S/cm, a Seebeck coefficient of 14.43 µV/K, and a power factor of 1.32 µW/m·K2.
Tameev et al. [24] reported the charge carrier mobility of poly-TPD-based composites
with electron acceptor molecules. The electron and hole mobilities were lower for poly-
TPD composites and higher for poly-TPD:PCBM. For example, the electronic mobility
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was approximately 4.2 × 10−6 cm2/V·s for poly-TPD and as high as 8.3 × 10−6 cm2/V·s
for poly-TPD:PCBM. In another work, Cho et al. [25] prepared hydrogel electrolytes in
rechargeable batteries based on Zn-MnO2. They reported very interesting results, such as
the battery’s high durability, with negligible capacity loss from approximately 0.4 Ah/g at
the 100th cycle to about 0.38 Ah/g at the 800th cycle. Similarly, Hrostea et al. [26] studied
the influence of phase change materials as a third component on the optoelectric properties
of organic blends. The best sample exhibited superior absorption of 1.07 × 105 cm−1 at a
wavelength of 628 nm. Moreover, a carrier mobility of 1.41 × 10−4 cm2/V·s was reported.
Lastly, Wei et al. [27] reported a theoretical study of light actuation facilitated by a crystal
elastomer fiber. The results were promising, with the elastic coefficient improving by 0.25%
and light intensity showing a 20.88% increase. This study is useful for non-circular curved
tracks, offering improved adaptability and versatility.

3. Summary and Future Outlook

Energy devices based on polymeric materials hold tremendous potential for the future
of energy conversion and storage technologies. Continuous innovations in polymer chem-
istry and materials science are driving the development of new polymer-based systems
with enhanced performance [28]. Moreover, the future of flexible and stretchable energy
devices, sustainable polymers, and multifunctional materials is bright. For example, stretch-
able devices made from polymeric materials enable the development of energy systems
that can be integrated into clothing, medical devices, and flexible electronics. Additionally,
sustainable polymers are being prioritized for the development of biodegradable or recy-
clable polymeric materials for energy applications [29]. Finally, next-generation materials
with diverse functionalities hold promise. For instance, these multifunctional materials can
combine energy storage and structural properties within a single material, making them
ideal for applications like electric vehicles and smart grids [30]. Overall, the versatility
of polymeric materials can be enhanced by ongoing advancements in materials science.
These novel materials position themselves as key enablers for next-generation energy tech-
nologies, leading to the evolution of new devices that offer more efficient, flexible, and
sustainable energy solutions.

Acknowledgments: The authors thank to all the contributors and reviewers for their valuable
contributions and support from section editors of this Special Issue.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Rodrigues-Marinho, T.; Perinka, N.; Costa, P.; Lanceros-Mendez, S. Printable lightweight polymer-based energy harvesting

systems: Materials, processes, and applications. Mater. Today Sustain. 2023, 21, 100292. [CrossRef]
2. Dissanayake, K.; Kularatna-Abeywardana, D. A review of supercapacitors: Materials, technology, challenges, and renewable

energy applications. J. Energy Storage 2024, 96, 112563. [CrossRef]
3. Parin, F.N.; Demirci, F. Durability of polymer composite materials for high-temperature applications. In Aging and Durability of

FRP Composites and Nanocomposites; Woodhead Publishing: Cambridge, UK, 2024; pp. 135–170.
4. Li, Z.; Fu, J.; Zhou, X.; Gui, S.; Wei, L.; Yang, H.; Guo, X. Ionic conduction in polymer-based solid electrolytes. Adv. Sci. 2023, 10,

2201718. [CrossRef] [PubMed]
5. Nandi, A.K.; Chatterjee, D.P. Hybrid polymer gels for energy applications. J. Mater. Chem. A 2023, 11, 12593–12642. [CrossRef]
6. Verma, S.K.; Dutt, S.; Jadhav, V.; Sabavath, G. Application of a polymer nanocomposite for energy harvesting. In Recent Advances

in Energy Harvesting Technologies; River Publishers: Aalborg, Denmark, 2024; pp. 109–144.
7. Kausar, A.; Ahmad, I.; Zhao, T.; Aldaghri, O.; Eisa, M.H. Polymer/graphene nanocomposites via 3D and 4D printing—Design

and technical potential. Processes 2023, 11, 868. [CrossRef]
8. Fu, X.; Wen, J.; Xia, C.; Liu, Q.; Zhang, R.; Hu, S. Nafion doped polyaniline/graphene oxide composites as electrode materials for

high-performance flexible supercapacitors based on Nafion membrane. Mater. Des. 2023, 236, 112506. [CrossRef]
9. Shanbedi, M.; Ardebili, H.; Karim, A. Polymer-based triboelectric nanogenerators: Materials, characterization, and applications.

Prog. Polym. Sci. 2023, 144, 101723. [CrossRef]
10. Lu, X.; Wang, Y.; Xu, X.; Yan, B.; Wu, T.; Lu, L. Polymer-based solid-state electrolytes for high-energy-density lithium-ion

batteries—Review. Adv. Energy Mater. 2023, 13, 2301746. [CrossRef]

3



Polymers 2024, 16, 3132

11. Pal, A.; Das, N.C. Polymeric materials for flexible batteries. In Recent Advancements in Polymeric Materials for Electrochemical Energy
Storage; Springer Nature: Singapore, 2023; pp. 401–417.

12. Varghese, A.; Devi K R, S.; Kausar, F.; Pinheiro, D. Evaluative study on supercapacitance behavior of polyaniline/polypyrrole–
metal oxide based composite electrodes: A review. Mater. Today Chem. 2023, 29, 101424. [CrossRef]

13. Alam, M.N.; Kumar, V.; Jeong, T.; Park, S.S. Nanocarbon black and molybdenum disulfide hybrid filler system for the enhancement
of fracture toughness and electromechanical sensing properties in the silicone rubber-based energy harvester. Polymers 2023,
15, 2189. [CrossRef]
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Abstract: Self-vibrating systems obtaining energy from their surroundings to sustain motion can
offer great potential in micro-robots, biomedicine, radar systems, and amusement equipment owing
to their adaptability, efficiency, and sustainability. However, there is a growing need for simpler,
faster-responding, and easier-to-control systems. In the study, we theoretically present an advanced
light-actuated liquid crystal elastomer (LCE) fiber–mass system which can initiate self-sliding motion
along a rigid circular track under constant light exposure. Based on an LCE dynamic model and
the theorem of angular momentum, the equations for dynamic control of the system are deduced
to investigate the dynamic behavior of self-sliding. Numerical analyses show that the theoretical
LCE fiber–mass system operates in two distinct states: a static state and a self-sliding state. The
impact of various dimensionless variables on the self-sliding amplitude and frequency is further
investigated, specifically considering variables like light intensity, initial tangential velocity, the angle
of the non-illuminated zone, and the inherent properties of the LCE material. For every increment of
π/180 in the amplitude, the elastic coefficient increases by 0.25% and the angle of the non-illuminated
zone by 1.63%, while the light intensity contributes to a 20.88% increase. Our findings reveal that,
under constant light exposure, the mass element exhibits a robust self-sliding response, indicating
its potential for use in energy harvesting and other applications that require sustained periodic
motion. Additionally, this system can be extended to other non-circular curved tracks, highlighting
its adaptability and versatility.

Keywords: self-sliding; liquid crystal elastomer; light-actuated; sliding mass; curved track

1. Introduction

Self-vibration exists widely in natural phenomena and engineering applications [1–3].
It is a phenomenon wherein the system changes periodically under consistent external stim-
uli [4–6], equivalent to stimulation, controlling the phase of the movement. A self-vibrating
system typically comprises vibrating elements, reliable energy sources and mechanisms
for feedback control [7,8]. In particular, self-vibration is a steady-state cycle movement
maintained by the system itself, which means that it can be sustained without the external
force of periodic change [9]. This is why it is fundamentally different from forced vibration;
hence, self-actuated vibration merits in-depth investigation [10–12]. Self-actuated vibration
has varied positive aspects, namely, self-actuated vibration is capable of constantly main-
taining periodic motion without periodic external stimuli and additional manual control
components [13,14], which greatly reduces the requirements for system motion regulation,
eliminating the necessity of designing intricate control systems [15–17]. Furthermore, this
characteristic enables the control system to directly draw energy from a consistent external
source to sustain periodic motion [3–5]. The self-vibration phenomenon exists in many
fields, for instance, non-linear friction inspirational self-vibration [2], steering wheel vibra-
tion [11], rotor vortex [18], fluid incentive tremor [13], fluid electromagnetic vibration [19],
chemical reaction system vibration [9], and similar instances.
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In recent years, significant advancements have been achieved in the research on self-
vibration systems, among which, active material-based self-vibration systems have attracted
widespread research interest [20–24]. Active materials can respond to various external
stimuli to undergo deformation and movement, such as light [2,3], heat [1], electricity [6],
magnetism [19,23], etc. Light stands out among the various stimuli due to its distinct
advantages, including environmental friendliness [25–27], precise controllability, contact-
free nature, repeatability, and multifunctionality. In addition, with the intention of upsetting
the system’s equilibrium, advanced feedback systems have been established for energy
compensation [6,9]. This disturbance prompts a steady and enduring response from the
active material, subsequently leading to self-vibration. Examples of such systems include
the self-adjusting shading device [28], the integration of large-scale deformation with
chemical reactions [9], the connection of fluid evaporation and structural deformation [29],
and gradients in surface tension due to photothermal heating [30,31]. The active materials
that have the potential to produce self-actuated vibration phenomena include, but are not
restricted to, hydrophilic polymer gel [32,33], ionic polymer gel [34], and liquid crystal
elastomers (LCEs) [35–37].

Among these numerous active materials, LCEs are a Liquid Crystal Polymer material
synthesized through the cross-linking of liquid crystal monomer molecules. When syn-
thesizing liquid crystal elastomers, different intermediate molecules can be introduced to
create different types of LCEs, providing them with the ability to react to multiple external
triggers, including light [38], heat [39,40], electricity [41], magnetism [33], and so forth.
LCE materials generally have numerous advantages, such as a rapid deformation response,
recoverable deformation, and no noise [42–44]. Compared with other active materials cate-
gories, these materials have distinctive advantages, such as wireless non-contact driving, a
lightweight structural design, and a reduced environmental impact [45,46]. Considering
the advantageous characteristics of light, there is a wide range of self-vibrating systems
enabled by light-actuated liquid crystal elastomers (LCEs), encompassing actions like bend-
ing [47,48], synchronization [49], rolling [50,51], shuttling [52], jumping [31], flying [53],
floating [16], swimming [22], spinning [54], chaos [55,56], and various other self-vibration
mechanisms. Light-responsive LCEs exhibit extensive applicability and broad prospects in
the fields of micro robots [57–59], biomimetic soft robots [60–63], biomedicine [64], and en-
ergy harvesting [65], due to their reversible contraction [66] and relaxation properties [67,68]
under light stimuli.

There have been many studies on self-vibration based on liquid crystal elastomers,
especially the self-vibration mode. However, the diversity of self-vibration modes is not
sufficient, and the construction of self-vibration systems is not systematic, which limits the
application of self-vibration phenomena in many fields, such as energy harvesting, soft
robots, medical equipment, amusement equipment and micro nano devices. In summary, it
is imperative to fabricate additional LCE self-vibration structures which exhibit simplicity,
controllability, and integrability. In light of this, the paper creatively proposes the LCE
fiber–sliding mass system, which consists of a light-actuated LCE fiber, a sliding mass, and
a rigid circular track, and investigates several critical aspects, including the conditions for
obtaining self-sliding modes, the dynamic mechanisms underlying self-sliding, and the
influence of system dimensionless variables on self-sliding modes, amplitudes, and periods.
Compared with previous self-oscillating systems, the proposed system features a simplified
structure, rapid response, high controllability, and multifunctionality. Importantly, the
system’s adaptability extends beyond circular tracks, accommodating a range of non-
circular curved paths as well. The objective is to develop a novel light-actuated self-sliding
system based on active materials.

The structure of this paper is outlined below. Firstly, based on the available dynamic
behavior model of LCE materials and the theorem of angular momentum, the equations for
dynamic control of the sliding mass enabled by LCE fibers are deduced in Section 2. Next,
the two unique motion states of the LCE fiber–sliding mass system, namely, the static state
and self-sliding state, are presented, and a detailed explanation of the operational principle
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of self-sliding is presented in Section 3. Then, a quantitative analysis is performed to
explore the impact of diverse dimensionless variables on both the amplitude and frequency
characteristics of self-sliding of the system, as explained in Section 4. Finally, this study’s
critical conclusions are precisely abstracted in Section 5.

2. Theoretical Model and Formulation

This section begins with a description of a light-actuated self-sliding system, which
includes an LCE fiber, a sliding mass, and a rigid circular track. Subsequently, we derive
the equations used for dynamic control of the sliding mass enabled by LCE fibers based
on the dynamic model of LCE, the theorem of angular momentum, and vibrating theory.
Finally, the nondimensionalization and the numerical solution method of the dynamic
control equation are introduced.

2.1. Dynamics of Self-Sliding System

Figure 1 and Video S1 schematically present a dynamic simulation of a self-sliding
actuated system via light, which is capable of sliding continuously and stably under
designated initial tangential speed and illumination conditions. The self-sliding system
comprises an azobenzene-based LCE fiber, a sliding mass, and a rigid circular track. The
photosensitive molecules in LCE fibers, such as azobenzene molecules, are aligned along
the fiber axis. The lower end of the LCE fiber is fastened to a horizontal fixed support,
while the upper end is linked to a sliding mass with a weight of m. The sliding mass is
mounted on the rigid circular track and can slide on it, while the upper end of the track
is fixed to a horizontal rigid base. In addition, the weight of the LCE fiber is much lower
than the weight of the sliding ball, so it is neglected in this study. In the reference state,
the radius of the rigid circular track is denoted as r and the LCE fiber is stress-free with
an original length of L0, as shown in Figure 1a. We designate the starting position of the
sliding mass as the center point of the polar coordinate system, establishing the polar axis,
which extends in a radial direction from the core of the circular track. Since the sliding
mass is set on the rigid circular track, it can only slide along the tangential direction of the
track, with an angular displacement of θ.
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Figure 1. Diagram of the side view of a self-sliding system comprised of a light-actuated LCE fiber,
a sliding mass, and a rigid circular track: (a) reference state; (b) initial state; (c) current state; and
(d) force analysis. In the self-sliding model, the sliding mass with the LCE fiber can slide continuously
and periodically along the rigid circular track under sustained illumination.

As depicted in Figure 1b,c, the bright section denotes the illuminated region, while
the gray triangular section denotes the shadowed region, i.e., the non-illuminated region,

7



Polymers 2024, 16, 1696

with the angle from the origin to the first intersection point between the right side of the
shade and the circular track being denoted as θ0. Due to the initial tangential velocity in
the tangential direction, the sliding mass continues its right counterclockwise motion until
it enters the illuminated region. Within this region, the azobenzene molecules in the LCE
fibers can absorb light energy and isomerize from straight trans to bent cis, so the LCE
fibers contract. As the LCE fiber contracts and extends within the illuminated region, the
system’s elastic potential energy peaks when the sliding mass reaches maximum angular
displacement. Subsequently, propelled by the tensile force in the LCE fiber, the sliding mass
slides in the reverse direction. Upon entering the non-illuminated region, the light-actuated
shrinkage of the LCE fiber is restored, resulting in a decrease in its tension until it reaches
the lighted region on the opposite side. In this way, it stores potential energy from its
elastic deformation and subsequently repeats the entire process. By appropriately selecting
system variables and initial conditions, the light-actuated sliding mass structure can sustain
consistent and steady self-sliding motion.

The sliding mass bears a tensile force FL from the LCE fiber; the damping force FD,
and its gravity mg, as depicted in Figure 1d. Along the tangential direction, the dynamic
control equation of the sliding mass can be expressed as follows [69]:

mr2
..
θ = −mgsinθ·r− FLcosα·r− FD·r (1)

where
..
θ represents the acceleration of the sliding mass; FL denotes the tensile force of the

LCE fiber; FD refers to the damping force; θ is an angular displacement, measured relative
to the vertical line, with a counterclockwise direction designated as positive; α is the angle
between the force FD and the force FD; g is the gravitational acceleration.

According to the geometric relations in Figure 1d, cosα = (L0+r)sinθ√
r2+(L0+r)2−2r(L0+r)cosθ

,

where L0 is the initial length of the LCE fiber in a stress-free condition and r is the radius of
the rigid circular track.

The tension of the LCE fiber is assumed to be proportional to elastic strain, and can be
expressed as [70]:

FL = KL0εe(t) (2)

where K represents the elastic coefficient of LCE; εe(t) denotes the elastic strain in the LCE
fiber. For simplicity, the elastic strain εe(t) under small deformation can be assumed to
be a linear combination of the total strain εtot(t) and the light-actuated contraction strain
εL(t), i.e., εtot(t) = εe(t) + εL(t). Therefore, the tension of LCE fiber in Equation (2) can be
rewritten as:

FL = KL0(εtot(t)− εL(t)) (3)

For simplicity, the total strain εtot(t) is defined as εtot(t) = L−L0
L0

. Thus, the tension of
FL in Equation (3) can be rewritten as:

FL = K(L− L0(1 + εL(t))) (4)

where L is the length of the LCE fiber under stress, which can be expressed as√
r2 + (L0 + r)2 − 2r(L0 + r)cosθ based on the cosine theorem of a triangle.

For simplicity, when the velocity is low, the damping force is assumed to be approxi-
mately a quadratic function, which is always opposite to the direction of motion:

FD = β1r
.
θ + β2r2

.
θ

2
(5)

where β1 and β2 represent the linear and quadratic damping coefficients, and
.
θ refers to

the angular speed of the system.
By inserting Equations (4) and (5) into Equation (1), considering the counterclockwise

and clockwise motion directions, we can obtain:
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mr
..
θ = −sgn(θ)mgsinθ − sgn(θ)Kr


1−

L0
r (1 + εL(t))√

1 +
(

1 + L0
r

)2
− 2
(

1 + L0
r

)
cosθ


(1 +

L0

r
) sin θ − β1r

.
θ − β2r2

.
θ
∣∣∣

.
θ
∣∣∣ (6)

2.2. Dynamic LCE Model

This part primarily illustrates the dynamic behavior of the light-actuated contraction
in LCE fibers. For simplicity, the contraction of LCE fibers under small deformation is
assumed to be a linearly related to the number fraction ϕ(t) cis-isomer in LCE fibers, i.e.,

εL(t) = −C0 ϕ(t) (7)

where C0 denotes the contraction coefficient of LCE fibers.
The light-actuated strain of LCE fibers during contraction is dependent on the cis-

isomer number fraction ϕ(t) in the LCE. According to the research, the cis-isomer number
fraction can be manipulated through exposure to UV light or laser irradiation at wave-
lengths specifically below 400 nm [71]. However, the precise wavelength within this range
significantly impacts the efficiency and dynamics of the isomerization process, with 365 nm
being a common choice for azobenzene-based systems due to its effectiveness in trigger-
ing the trans-to-cis transition [72]. The cis-isomer number fraction depends on thermally
excited trans-to-cis isomerization, thermally driven relaxation from cis to trans, and light-
driven trans-to-cis isomerization. Typically, thermally excited trans-to-cis isomerization can
be neglected relative to light-powered trans-to-cis isomerization. Therefore, the number
fraction of the cis-isomer in the LCE is governed by the following equation [73–75]:

∂ϕ

∂t
= η0 I(1− ϕ)− ϕ

T0
(8)

where η0 refers to the constant for light absorption, T0 denotes the duration of thermally
induced relaxation process from cis to trans, and I represents the intensity of light. By
solving Equation (8), the number fraction of cis-isomer can be deduced as:

ϕ(t) =
η0T0 I

η0T0 I + 1
+

(
ϕ0 −

η0T0 I
η0T0 I + 1

)
exp
[
− t

T0
(η0T0 I + 1)

]
(9)

where ϕ0 is the initial cis number fraction at t = 0.
In the region that is illuminated, the initial number fraction is ϕ0 = 0. Then,

Equation (9) can be simplified as:

ϕ(t) =
η0T0 I

η0T0 I + 1

{
1− exp

[
− t

T0
(1 + η0T0 I)

]}
(10)

In the region that is non-illuminated, when the light intensity is set to I = 0, we can
derive the following:

ϕ(t) = ϕ0exp
(
− t

T0

)
(11)

where ϕ0 can be designated as the peak value of ϕ in Equation (9), i.e., ϕ0 = η0T0 I
η0T0 I+1 . Then,

Equation (11) can be simplified as:

ϕ(t) =
η0T0 I

η0T0 I + 1
exp
(
− t

T0

)
(12)
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2.3. Nondimensionalization

To simplify calculations, enhance solution efficiency, and improve generality, the

following quantities are subjected to nondimensionalization: t = t/T0,
.
θ =

.
θT0,

..
θ =

..
θT2

0 ,

g = gT2
0 /r, K = KT2

0 /m, I = η0T0 I, β1 = β1T0/m, β2=β2r/m and ϕ = ϕ(η0T0 I+1)
η0T0 I . Thus,

Equation (6) can be written in a dimensionless form as:

..
θ = −sgn(θ)gsinθ − sgn(θ)K


1−

L0
r (1 + εL(t))√

1 +
(

1 + L0
r

)2
− 2
(

1 + L0
r

)
cosθ


(1 +

L0

r
) sin θ − β1

.
θ − β2

.
θ

∣∣∣∣
.
θ

∣∣∣∣ (13)

In the region that is illuminated, Equation (11) can be expressed in another way, as:

ϕ(t) = 1− exp
[
−t
(

I + 1
)]

(14)

In the region that is non-illuminated, Equation (12) can be rewritten as:

ϕ(t) = exp(−t) (15)

Meanwhile, the tension of the LCE fiber in Equation (4) and the damping force in
Equation (5) can be written in a dimensionless form as:

FL = K


1−

L0
r (1 + εL(t))√

1 +
(

1 + L0
r

)2
− 2
(

1 + L0
r

)
cosθ


(1 +

L0

r
) sin θ (16)

FD = β1
.
θ + β2

.
θ

∣∣∣∣
.
θ

∣∣∣∣ (17)

The dynamics of the light-actuated sliding mass system are governed by
Equations (13)–(15), where the time-dependent number fraction of cis-isomer is intri-
cately linked to the position of the sliding mass. Making use of dimensionless and given
variables, including I, C0, g, K, β1, β2, and θ0, we can derive the temporal evolution of the
light-actuated contraction strain and the position of the sliding mass. Equations (13)–(15)
are evidently nonlinear differential equations, and it is challenging to acquire the analytical
calculation. In the study, the standard fourth-stage Runge–Kutta method and MATLAB
R2021a software are applied to numerically calculate the steady-state responses, including
the light-actuated contraction strain of the LCE fiber, and the angle and angular velocity of
the sliding mass at any time. Moreover, we can further obtain the tension of the LCE fiber
from Equation (16) and the damping force from Equation (17).

3. Two Motion States and Mechanism of Self-Sliding

Rooted in the control equations deduced in Section 2, in this section we discuss the
dynamics of the light-actuated sliding mass system under a state of steady illumination.
Two typical dynamic modes of self-sliding are first presented, which are categorized as the
static state and self-sliding state. Subsequently, we describe the corresponding mechanism
of self-sliding.

3.1. Two Motion States

To further investigate the self-sliding motion behavior of the LCE fiber–sliding mass
system, it is first necessary to determine the typical values of the parameters in the dimen-
sionless equations in Section 2. Based on previously studied outcomes and experimental
results [76–78], the empirical values of the parameters required in a sliding mass system are
collected and presented in Table 1. Using the variable data from Table 1, the corresponding
dimensionless variable values can be derived and are listed in Table 2.
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Table 1. Material properties and geometric parameters.

Parameter Definition Value Unit

I light intensity 0~80 kW/m2

C0 contraction coefficient of LCE fiber 0~0.5 /
K elastic coefficient of LCE fiber 20~40 N/m
T0 Cis to trans thermal relaxation time 0.02~0.45 s
η0 light absorption constant 0.002 m2/(s·W)
m mass of sliding mass 0~0.02 kg
β1 linear damping coefficient 0~0.3 kg/s
β2 quadratic damping coefficient 0~0.15 kg/m
v0 initial tangential velocity 0~2.5 m/s
θ0 angle of non-illuminated zone 0~0.5 rad
r radius of circular track 0.01~0.15 m

L0 original length of LCE fiber 0.1~0.5 m

Table 2. Dimensionless parameters.

Parameter ¯
I C0

¯
K v0 β1 β2 θ0

Value 0~5 0~0.5 0~10 0~1 0~0.2 0~0.1 0~0.5

By numerically solving Equation (11), we can acquire the time–history curve of sliding as
well as the phase trajectory diagram for the LCE fiber–sliding mass system, which are depicted
in Figure 2. The results show the presence of two clearly distinguishable motion states, namely,
the static state and self-sliding state, under different light intensities: I = 0.15 and I = 0.6.
During the numerical computation, we set the other dimensionless variables of the sliding mass
system, including C0 = 0.45, K = 2.7, v0 = 0.7, β1 = 0.015, β2 = 0.003, θ0 = 0.09. For I = 0.15,
the system initially slides left and right but eventually comes to a stop due to the damping force,
reaching a static state as depicted in Figure 2a. Corresponding to Figure 2a, the phase trajectory
in Figure 2b stabilizes at a stationary point. In contrast, as illustrated in Figure 2c,d, where
I = 0.6, the sliding amplitude of the LCE fiber–sliding mass system progressively decreases
until it reaches a steady value, which is termed the self-sliding mode. Similarly, in the phase
trajectory diagram, the amplitude of the sliding mass gradually becomes constant, with its state
eventually settling into a limit cycle, signifying a periodic and stable behavior.

3.2. Mechanism of Self-Sliding

This section is specifically intended to elaborate the self-sliding mechanism, focusing
on the inherent energy-balancing mechanism in the system. To aid in a deeper under-
standing of this complex process, through the plotting of relationship curves, we depict
the correlations among several vital variables that are involved in the self-sliding process,
as depicted in Figure 3. Herein, the dimensionless variables of the system are selected as
I = 0.6, C0 = 0.45, K = 2.7, v0 = 0.7, β1 = 0.015, β2 = 0.003, and θ0 = 0.09. Figure 3a
depicts the change in the angular displacement of the LCE fiber–sliding mass system over
time. The yellow highlighted area denotes the illumination region where the LCE fiber
is illuminated. It is apparent that the LCE fiber–sliding mass system maintains a steady
amplitude and cycle, with the sliding mass moving to and fro within the illuminated
regions on the right and left sides. Figure 3b illustrates how the number fraction in the LCE
fiber varies with time due to light exposure. When the angular displacement of the sliding
mass is more than the angle of non-illuminated zone θ0, the LCE fiber enters the illumi-
nated regions, and the LCE fiber’s number fraction progressively goes up, approaching a
specific maximum. When the sliding mass moves from the illuminated regions into the
non-illuminated regions, the LCE fiber’s number fraction sharply decreases to zero. With
the system consistently traversing in and out of the illuminated regions, the LCE fiber’s
number fraction experiences recurring variations.
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Figure 2. Two typical dynamic modes of the self-sliding structure: static state and self-sliding state.
(a) Chronological graph of the angular displacement when I = 0.15; (b) phase space plot when
I = 0.15; (c) chronological graph of the angular displacement when I = 0.6; (d) the limit cycle in
phase space when I = 0.6. If the other dimensionless variables are the same, two distinct dynamic
states can be attained under different light intensities.
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(e) Dependence of the tension of the LCE fiber on the angular displacement. (f) Dependence of the
damping force on the angular displacement. Stable self-sliding is maintained in the system due to the
light-actuated elastic force, compensating for damping dissipation.
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Figure 3c demonstrates the time-dependent tension variations in LCE fiber. The
tension changes due to the cyclical self-sliding of the system, showing a periodic trend.
As the LCE fiber enters the illuminated regions, the tension in the LCE fiber increases as
a consequence of the light-actuated shrinkage. However, when the system departs from
the illuminated regions, the tension decreases as the light-actuated contraction reverses,
as clearly shown in Figure 3c. As is evident from Figure 3d, the damping force displays a
periodic variation over time, similar to the tension variations observed in the LCE fiber.

From Figure 3e, it is evident that the hysteresis loop formed by the tension of the LCE
fiber illustrates the net work carried out the tension in one complete sliding cycle, which is
numerically evaluated to be 0.085. Similarly, Figure 3f reveals the linkage of the damping force
with the angular displacement, with the enclosed hysteresis curve signifying the amount of
work carried out by the damping force in a full sliding cycle, representing the system’s damping
dissipation. Calculations reveal that the area encompassed by the hysteresis loop in Figure 3f
also equals 0.085, indicating that the energy dissipated due to the damping force during self-
sliding is balanced by the work generated by the tensile force of the LCE fiber. Consequently,
the self-sliding of the LCE fiber–sliding mass system remains sustainable.

Additionally, Figure 4 displays several defining snapshots representing the self-sliding
motion of the LCE-fiber-based mass system during a complete sliding cycle under constant
light exposure. As the LCE-fiber-based mass system moves from a non-illuminated region
to an illuminated region, the increase in the number fraction ϕ(t) of the LCE fiber results
in a corresponding increase in the contraction strain, reaching a maximum value, as shown
in Figure 4a,c. During this process, the system decelerates due to the combined effects of
damping forces and the negative work performed via the tension of the LCE fiber, ultimately
reducing the velocity to zero. Conversely, when the sliding mass moves from the illuminated
regions into the non-illuminated regions, the sharp decrease in the LCE fiber’s number fraction
leads to a gradual reduction in the contraction strain, as depicted in Figure 4b,d. Despite
this decrease in contraction strain, the tension of the LCE fiber has a positive effect, enabling
the system to re-enter the illuminated region and absorb light energy to compensate for the
negative effects of damping. This cyclic process allows for continuous self-sliding motion.
The variation in the contraction strain of the LCE fiber, as described in Figure 4, aligns with
the theoretical framework outlined in the study and specifically with Equation (7).
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illuminated region. Under constant light exposure, the periodic changes in contraction actuated by
light result in a continual and recurring self-sliding behavior of the system.
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4. Parameter Study

When dynamically modeling the self-sliding behavior of the LCE fiber–sliding mass
system, we consider six dimensionless system variables, namely, I, C0, K, v0, β1, β2,
and θ0. In this section, we undertake a quantitative analysis to examine the impact of
these variables on the self-sliding characteristics of the LCE fiber–sliding mass system,
particularly highlighting their influence on the amplitude and frequency. Specifically, the
dimensionless amplitude and frequency of self-sliding are denoted as A and F, respectively.

4.1. Influence of the Light Intensity

Figure 5 demonstrates how light intensity influences the self-sliding, considering
specific values of the additional dimensionless variables where C0 = 0.45, K = 2.7, v0 = 0.7,
β1 = 0.015, β2 = 0.003, and θ0 = 0.09. The corresponding limit cycles of self-sliding
for I values 0.6, 0.9, and 1.2 are presented in Figure 5a. The amplitude of self-sliding is
expressed through the horizontally measured width of the limit cycle, with the vertical
height representing the angular velocity of the self-sliding. It can be seen from Figure 5a that
the critical light intensity separating the static state from self-sliding state is I = 0.596. At
light intensities lower than 0.596, the LCE fiber lacks the necessary light energy absorption
to overcome the damping dissipation, resulting in a transition to a static state due to an
inability to sustain motion. In contrast, light intensities exceeding 0.596 allow the LCE fiber
to absorb sufficient energy to overcome damping dissipation, thereby sustaining continuous
and steady self-sliding, which characterizes the self-sliding state. The relationship between
light intensity and its influence on amplitude and frequency is shown in Figure 5b. It can
be seen from Figure 5b that the amplitude and frequency exhibit a direct correlation as the
light intensity rises. The reason for this is stronger light intensities facilitate the LCE fiber’s
ability to obtain a greater amount of energy and convert it into kinetic energy, enabling
the system to achieve a higher amplitude. The findings indicate that increasing the light
intensity plays an important role in enhancing the efficiency of energy utilization within
the LCE fiber–sliding mass system.
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4.2. Influence of the Contraction Coefficient of LCE

Figure 6 demonstrates how the contraction coefficient influences the self-sliding con-
sidering specific values of the additional dimensionless variables, where I = 0.6, K = 2.7,
v0 = 0.7, β1 = 0.015, β2 = 0.003, and θ0 = 0.09. The corresponding limit cycles of self-
sliding for C0 values 0.4, 0.45, and 0.5 are presented in Figure 6a. As observed in Figure 6a,
the limit cycle associated with a higher contraction coefficient completely envelopes the one
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with a lower coefficient, showing that a decrease in the contraction coefficient weakens the
LCE fiber–sliding mass system’s ability to absorb light, leading to a decreased amplitude
and kinetic energy. Figure 6b illustrates how the amplitude and frequency of self-sliding
are influenced by the contraction coefficient. As observed in Figure 6b, a distinct threshold
value exists for the contraction coefficient, which is mathematically determined to be 0.398,
and serves as the tipping point for inducing self-sliding. Below a contraction coefficient of
0.398, the sliding mass maintains a stationary condition. However, once the contraction
coefficient rises above 0.398, the system enters a self-sliding state. The finding suggests that
the efficient conversion of light energy to mechanical energy can be improved by increasing
the contraction coefficient of the LCE fiber.
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4.3. Influence of the Elastic Coefficient of LCE

Figure 7 demonstrates how the elastic coefficient influences the self-sliding, consider-
ing the specific values of the additional dimensionless variables, where I = 0.6, C0 = 0.45,
v0 = 0.7, β1 = 0.015, β2 = 0.003, and θ0 = 0.09. For K = 2.7, K = 3.7, and K = 4.7, the
corresponding limit cycles of self-sliding are presented in Figure 7a. From Figure 7a, it is ev-
ident that K = 2.257 represents the threshold value of the elastic coefficient that determines
whether the system remains in static mode or self-sliding mode. Under steady illumination,
if the elastic coefficient is smaller than 2.257, the LCE fiber is unable to absorb adequate light
energy. Consequently, the system lacks sufficient energy to counteract damping dissipation
and eventually settles into a static state. Conversely, when the elastic coefficient is more
than 2.257, the LCE fiber has the ability to absorb an ample amount of energy, counteract-
ing the system’s damping dissipation and thereby sustaining self-sliding. As depicted in
Figure 7b, the elastic coefficient plays a vital role in determining the magnitude and period-
icity of the self-sliding. As the elastic coefficient increases, there is a corresponding increase
in the magnitude and periodicity of self-sliding. This is because a greater elastic coefficient
generates a stronger elastic force from the LCE fiber. As a result, the system gains more
elastic potential energy that can be converted into kinetic energy, thus leading to a higher
amplitude of self-sliding. Therefore, selecting the appropriate elastic coefficient is essential
in achieving superior performance when designing an LCE-based tension system.
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4.4. Influence of the Initial Tangential Velocity

Figure 8 demonstrates how initial tangential velocity influences the self-sliding, con-
sidering specific values of the additional dimensionless variables where I = 0.6, C0 = 0.45,
K = 2.7, β1 = 0.015, β2 = 0.003, and θ0 = 0.09. The numerical simulations reveal that
initiating self-sliding in the LCE fiber–sliding mass system is possible with initial tangential
velocities of v0 = 0.3, v0 = 0.5, and v0 = 0.7. The limit cycles resulting from these velocities
are presented in Figure 8a and it is worth mentioning that all three limit cycles overlap.
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Figure 8b represents the dependency of the characteristics of self-sliding on the initial
tangential velocity, namely its amplitude and frequency. Based on Figure 8b, it is evident
that the system enters a static state when the initial tangential velocity is below 0.267.
This occurs because the insufficient initial tangential velocity prevents the LCE fiber from
accessing the illumination zone, thereby hindering the absorption of the light energy
necessary to maintain dynamic motion, ultimately resulting in a static state. When the
initial tangential velocity exceeds 0.267, given v0 = 0.3, v0 = 0.5, and v0 = 0.7, the
system enters a self-sliding state, during which the ultimate amplitude and frequency
are unaffected by the variable initial tangential velocities. The reason for this is that the
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amplitude of self-sliding is determined by the energy conversion process between damping
dissipation and the net work carried out by the LCE fiber, which form the system’s internal
properties. Since the initial tangential velocity has no impact on the system’s energy
conversion mechanism, the amplitude remains unaffected.

4.5. Influence of the Damping Coefficients

Figure 9 demonstrates how damping coefficients influence the self-sliding, considering
specific values of the additional dimensionless variables where I = 0.6, C0 = 0.45, K = 2.7,
v0 = 0.7, and θ0 = 0.09.
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Figure 9. Influence of damping coefficients on the self-sliding system. (a) Limit cycles with β1 = 0.005,
β1 = 0.01, and β1 = 0.015. (c) Limit cycles with β2 = 0.001, β2 = 0.003, and β2 = 0.005. (b,d) Changes
in amplitude and frequency with varying damping coefficients.

Figure 9a,c further illustrate that as the damping coefficient increases, the limit cycle
decreases in size. When the damping coefficient surpasses a certain critical value, the system
transitions from a self-sliding state to a static state. As the damping coefficient rises, a
greater amount of energy becomes necessary to overcome the energy dissipation that occurs
due to the damping forces, thus marking this transitional change. The energy harvested
by the LCE in the illuminated zone becomes insufficient to overcome the damping forces,
ultimately leading the system to settle into a static state. In practical system design, it is
imperative to devise strategies that minimize energy losses due to resistance, enabling the
energy generated by the LCE fiber in the illuminated zone to be more efficiently utilized
for the system’s intrinsic self-sliding motion. From Figure 9b,d, it is evident that whether it
is β1 or β2, a smaller damping coefficient results in a larger amplitude of self-sliding, and
vice versa. The amplitude is significantly affected by the damping coefficient, whereas the
impact on the frequency of self-sliding is less significant.
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4.6. Influence of the Angle of Non-Illuminated Zone

Figure 10 demonstrates how non-illuminated zone angle influences the self-sliding,
considering specific values of the additional dimensionless variables where I = 0.6,
C0 = 0.45, K = 2.7, v0 = 0.7, β1 = 0.015, and β2 = 0.003. For θ0 = 0.03, θ0 = 0.09,
and θ0 = 0.15, the corresponding limit cycles of self-sliding are presented in Figure 10a. It
can be seen from Figure 10a that the critical angle of the non-illuminated zone separating the
static state from the self-sliding state is θ0 = 0.154. Once the angle of the non-illuminated
zone exceeds 0.154, the LCE fiber is incapable of entering the illuminated zone to gather
sufficient light energy to overcome the damping-induced energy loss. Consequently, due to
the exhaustion of the kinetic energy, the system inevitably transitions into a static state. In
contrast, when the angle of the non-illuminated zone is less than 0.154, the LCE fiber is able
to reach the illuminated zone to absorb sufficient energy to overcome damping dissipation,
thereby sustaining continuous and steady self-sliding, which characterizes the self-sliding
state. The relationship between the angle of the non-illuminated zone and its influence on
amplitude and frequency is shown in Figure 10b. It can be seen from Figure 10b that the
amplitude exhibits a direct correlation with the increase in the angle of the non-illuminated
zone. The explanation lies in the fact that, with a small angular non-illumination, the LCE
fiber promptly enters the illuminated zone, causing its increasing tension to restrict the
sliding mass from continuing its forward movement and thereby limiting the amplitude
of self-sliding. In contrast, a larger angular non-illumination allows for greater angular
displacement of the LCE fiber–sliding mass system before it reaches the illuminated zone,
subsequently enhancing the total amplitude of self-sliding.
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5. Conclusions

Existing self-vibrating systems, despite offering adaptability, efficiency, and sustain-
ability, are complex, hard to produce, and challenging to control. This highlights the
urgency of developing more advanced and practical self-oscillation structures. In the
study, we propose a light-actuated LCE fiber–sliding mass system consisting of a light-
actuated LCE fiber, a sliding mass, and a rigid circular track, which can sustain periodic
and continuous sliding under constant light exposure. Derived from the available dynamic
behavior model of LCEs, and the theorem of angular momentum and vibration theory,
the equations for dynamic control of the sliding mass enabled by the light-actuated LCE
fiber are deduced. Using the standard fourth-stage Runge–Kutta method and MATLAB
R2021a software, the numerical calculation of the dynamic control equations is acquired.
According to the results, two motion states of the self-sliding mass system are explained
in detail, which are categorized as the static state and self-sliding state. In particular, the
self-sliding process, along with its energy balancing system, is clarified. Herein, the energy
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drawn from a constant external source serves to balance out the dissipation caused by
system damping, preserving its dynamic equilibrium.

Moreover, the influences of light intensity, contraction coefficient, elastic coefficient,
initial tangential velocity, linear and quadratic damping coefficients, and angle of the non-
illuminated zone are quantitatively analyzed. The numerical calculation results reveal
an increase in light intensity, contraction coefficient, elastic coefficient, and angle of the
non-illuminated zone, which leads to an augmentation in both the amplitude and frequency
of the system. Specifically, the elastic coefficient and the angle of the non-illuminated zone
exert a profound influence on the amplitude, with each π/180 increment in amplitude
leading to a 0.25% increase in the elastic coefficient and a 1.63% expansion in the angle of
the non-illuminated zone. Additionally, light intensity plays a crucial role, contributing to a
20.88% augmentation for every increment of π/180 in the amplitude. In contrast, while an
increase in the damping coefficient leads to a notable reduction in both the amplitude and
frequency, the initial tangential velocity has no discernible effect on either the amplitude or
the frequency of the system.

While the simplicity, controllability, and rapid response to the light of the proposed
LCE fiber–sliding mass system render it a promising candidate for widespread adoption,
it is important to acknowledge the limitations of the small deformation assumption, the
simplified damping consideration, and the neglect of viscoelastic effects in LCE fibers. To
further enhance the system’s potential for broad applications, future research will aim to
incorporate viscoelasticity into the model and investigate the system’s performance on
non-circular curved tracks.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym16121696/s1, Video S1: The process of the self-sliding
motion of the system in a cycle.
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Abstract: This paper investigates the influence of constituent weight ratios on optical and elec-
trical properties, with a particular focus on the intrinsic properties (such as electrical mobility)
of ternary organic blends, highlighting the role of a third component. The study explores novel
donor:acceptor1:acceptor2 (D:A1:A2) matrix blends with photovoltaic potential, systematically ad-
justing the ratio of the two acceptors in the mixtures, while keeping constant the donor:acceptor
weight ratio (D:A = 1:1.4). Herein, depending on this adjustment, six different samples of 100–400 nm
thickness are methodically characterized. Optical analysis demonstrates the spectral complemen-
tarity of the component materials and exposes the optimal weight ratio (D:A1:A2 = 1:1:0.4) for the
highest optical absorption coefficient. Atomic force microscopy (AFM) analysis reveals improved
and superior morphological attributes with the addition of the third component (fullerene). In terms
of the electrical mobility of charge carriers, this study finds that the sample in which A1 = A2 has
the greatest recorded value [µmax = 1.41 × 10−4cm2/(Vs)]. This thorough study on ternary organic
blends reveals the crucial relationship between acceptor ratios and the properties of the final blend,
highlighting the critical function of the third component in influencing the intrinsic factors such as
electrical mobility, offering valuable insights for the optimization of ternary organic solar cells.

Keywords: ternary organic films; fullerenes; constituents’ compatibility; electrical mobility;
CELIV method

1. Introduction

In the context of the worldwide energy crisis and the issues arising from the green-
house effect, renewable energy sources are gradually overtaking traditional sources of
energy [1–4]. The sun is the most significant and cleanest energy resource since it is a limit-
less source of free fuel that has the enormous potential to supply much more energy than
the planet needs. Nevertheless, there are certain restrictions on how photovoltaic devices
(solar cells) can absorb solar energy and convert it into electricity [5]. The most crucial
requirements for solar cells are a high photon-to-electron conversion efficiency and afford-
able production costs, adding to these the lifetime, stability, availability, and performance
of the materials on which they are based [6]. Although first- and second-generation silicon
solar cells have shown themselves to be a successful evolving photovoltaic technology,
their current high costs restrict them from being used widely around the world. As a result
of this, the development of photovoltaics has progressed along two paths: either silicon is
substituted with other materials, or silicon is used in various solar cell architectures (such as
silicon-based tandem solar cells and perovskite solar cells) [7]. In contrast, third-generation
photovoltaics (OSCs—organic solar cells), based on organic materials, have shown notable
scientific and technological progress [8].
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In organic solar cells, the development of acceptor materials can be distinguished
by comparing fullerenes with the more modern non-fullerene acceptors (NFAs) [8,9]. Al-
though fullerenes have benefits, such as strong electron withdrawal and good miscibility
with donor polymers, they also have disadvantages, including poor light absorption and
challenging chemical tuning. However, because of their wide absorption range, simplicity
in synthesis, and chemical tunability, NFAs show great promise. Furthermore, this field’s
research recognizes commensurate developments in donor polymers, emphasizing the
application of chlorinated conjugated polymers for accurate molecular-level modifica-
tions [10,11].

An approach to improving the photovoltaic performance of solar cell devices consists
of the development of ternary organic solar cells (TOSCs) [12], which exploit the synergistic
effects of tandem solar cells with those of classical bulk-heterojunction solar cells—all-in-
one. TOSCs are based on an active layer consisting of the classical donor/acceptor (D/A)
matrix that incorporates, as a third element, an electron donor or an electron acceptor
material [13,14]. This approach gives the opportunity of choosing materials with the most
promising photovoltaic potential and complementary features [15,16], while the role of
the third component is crucial, as it supports an expanded optical absorption spectrum
and facilitates the charge carrier transport, demonstrated in previous papers [17]. More
than that, improvements to the polymers’ chemical structures, which serve as donor
materials, can be carried out concomitantly [18,19]. Another important advantage, besides
the photovoltaic potential improvement, is the simplicity and the ease of fabricating this
type of cell, requiring only a combination of straightforward steps similar to those used in
bi-layered cells fabrication. The latest (2024) record efficiency of a ternary organic solar cell
is 19.13% [20].

Knowledge about the transport mechanism in ternary organic blends helps in under-
standing and developing further photovoltaic devices, given that charge carrier transit
may limit solar energy conversion. Experimentally, a precise charge transport model in
multi-component bulk heterojunction films has not yet been fully developed, despite the
existence of some empirical criteria for mobility evaluation [21]. Thus, four different models
are proposed to suitably describe the transport mechanism. Based on the energy properties
and matrix type, they can be used to explain the basic mechanism of ternary cells. The
charge transfer model, the parallel model, the alloy model, and the energy transfer model
are the corresponding models [14].

Since charge carrier mobility is one of the inherent difficulties, assessing it might help
identify any constraints or potential challenges to raising the efficiency of photon-to-electron
conversion. Due to these key details, a number of methods for measuring charge carrier
mobility have been created. The well-known method for measuring electrical mobility,
presented by G. Juska in 2000 [22], called Charge Extraction by Linearly Increasing Voltage
(CELIV), still has a number of advantages over other methods, the including Space Charge
Limited Current (SCLC) and Time-of-Flight (TOF) techniques. One significant benefit is the
ability to investigate multiple factors at once, including charge carrier mobility, relaxation
time, and charge density. A triangle voltage pulse is applied to the blocking electrode
(anode) of a sample structure in order to evaluate the equilibrium charge carrier current
transients. As a result, the applied voltage pulse will move the equilibrium charge carriers
to the opposite electrode (cathode, which is an ITO electrode connected to the negative
terminal), where they will be extracted [23–29].

The novelty of this study is in how the adjustment of the constituents’ weight ratio in a
ternary organic blend, especially the presence of the third component, impacts the electrical
mobility and other significant intrinsic parameters. New emergent donor:acceptor1:acceptor2
matrix blends for ternary solar cell applications, based on a polymer (PBDB-T-2Cl), a
non-fullerene (ITIC-F), and a fullerene (PCBM), are a main focus of this study.
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2. Materials and Methods

The samples include blended constituent materials, separately bought from Sigma
Aldrich (Steinheim, Germany): a conjugated polymer, PBDB-T-2Cl (Poly[(2,6-(4,8-bis(5-
(2-ethylhexyl-3-chloro) thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-
thienyl-5’,7’-is(2ethyl hexyl)benzo[1’,2’-c:4’,5’-c’] dithiophene-4,8-dione)]), a non-fullerene
ITIC–F (3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,
11tetrakis(4-exyl phenyl)-dithieno[2,3d:2’,3’-d’]-sindaceno[1,2-b:5,6-b’]dithiophene), and a
fullerene, ([6,6]-Phenyl-C61-butyric acid methyl ester).

Both Figure 1a,b show the schematic device construction (not to scale) and the optical
characteristics of the neat constituents (polymer, non-fullerene, and fullerene as individual
thin films). Furthermore, Figure 1c describes the molecular orbital energy levels (HOMO
and LUMO) [30].
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Figure 1. Schematic device structure (a); normalized absorption spectra of neat PBDB-T-2Cl, ITIC-F
and PCBM thin films (b); and energy levels diagram of constituent materials (c).

Chlorobenzene was used as a solvent. In advance, a mixture containing chlorobenzene
(CB) and 1,8-diiodooctane (DIO) with a concentration of 3% was prepared. The first step
was to dissolve the total amount of polymer in the prepared solvent (CB:DIO). This solution
was magnetically stirred for 1.5 h at a temperature of 50 ◦C. Subsequently, five mixtures
of 20 mg/mL concentration were prepared using the initial polymer solution, varying
the acceptors’ weight ratio, labelled as [sample name = polymer:non-fullerene:fullerene]:
#S1 = 1:0:0; #S2 = 1:1.4:0; #S3 = 1:1:0.4; #S4 = 1:0.7:0.7; #S5 = 1:0.4:1; #S6 = 1:0:1.4. The
substrates were cleaned for 10 min in an ultrasonic bath with acetone, ethanol and detergent
and the solutions were spun coated as thin films (100–400 nm thickness as presented in
Table 1) at 1500 rpm spinning speed. Samples were dried at 100 ◦C for 10 min after
deposition. The entire preparation process was carried out in a clean room under a lab
hood that provided a normal/constant environment, and samples were kept in the dark.
The aluminum digital cathode was deposited by thermal evaporation in a vacuum.
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Table 1. Thickness and roughness values of investigated samples.

Sample D:A1:A2 Weight
Ratio

Thickness
(nm) Absorption Edge (nm) RRMS (nm)

S1 1:0:0 100 656 4.97
S2 1:1.4:0 400 685 8.24
S3 1:1:0.4 250 780 4.65
S4 1:0.7:0.7 285 775 3.91
S5 1:0.4:1 350 775 3.37
S6 1:0:1.4 210 656 2.42

A DektakXT Stylus profilometer (Bruker France S.A.S., Wissembourg, France) was uti-
lized to determine the thickness of the samples. A TEC5 spectrophotometer was used for the
analysis of the optical absorption. Using an NT-MDT Solver Pro-M system (from NT-MDT,
Moscow, Russia), atomic force microscopy (AFM) pictures were acquired. The measure-
ments were performed using a SiN cantilever (NSC21 from Mikromasch, Tallinn, Estonia)
in non-contact mode at room temperature. Using Nova software (version 1.0.26.1443)
from NT-MDT, the samples’ root mean square roughness (RRMS) was calculated for a
1.5 × 1.5 µm2 scanned area. The XPS analysis was performed on a Physical Electronics
PHI 5000 VersaProbe instrument (Ulvac-PHI, Inc., Chikasaki, Japan), equipped with a
monochromatic AlKα X-ray source (hv = 1486.6 eV). The take-off angle of the photoelec-
trons was equal to 45◦. All the XPS peak positions in the survey spectra were calibrated
with respect to the C 1 s peak−binding energy (BE) = 284.6 eV. The CELIV (charge extrac-
tion by linearly increasing voltage) method was used to determinate the electrical mobility,
wherein a triangular-shaped bias voltage pulse was applied from a AFG31022 function
generator and the extracted current transient’s signal was recorded by a digital oscilloscope.
The analysis involved changing the applied voltage from 1 V to 10 V while maintaining a
consistent signal period of 30 µs. Under normal lighting conditions, several heating and
cooling cycles were applied during the electrical measurements, which were performed in
a perpendicular geometry configuration. The temperatures ranged from 30 ◦C to 120 ◦C.

3. Results and Discussions

Figure 1b shows the optical absorption spectra (normalized to 1) of the components in
the blends. The preferred photon-harvesting wavelength ranges of each of the constituent
materials, deposited as individual material thin films, are as follows: PBDB-T-2Cl thin film
reveals an absorption band within the visible range between 450 and 700 nm, ITIC-F thin
film displays a red-shifted extended band ranging between 500 and 850 nm with a maxi-
mum peak at 760 nm, and, in comparison to the non-fullerene and polymer components’
properties, PCBM thin film shows a notable absorption near the ultraviolet wavelengths,
up to 400 nm, with a smaller absorption peak. Furthermore, the absorption of photons
with wavelengths longer than 500 nm by PCBM continues to decrease towards the infrared
region [31]. Because of the optical absorption complementarity of these materials, the
photon harvesting of ternary blend thin films is increased and extended, as seen in Figure 2.
As a result, NFA-based (binary and ternary) blends have broadened absorption spectra
ranging from 500 to 800 nm, with two peaks indicating polymer and NFA fingerprints’
involvement. Small adjustments in the quantity of the third element can result in significant
changes to the dielectric constant. The dielectric environment changes as acceptor elements
are introduced into the polymeric matrix, enhancing its character, as previously reported
in [32]. Considering solely ternary blends, the absorption coefficient decreases as the
amount of NFA in the blends diminishes. Sample #S3 (1:1:0.4) has the highest absorption
coefficient and the longest wavelength as absorption edge (Table 1), considering the fact
that the optical absorption edge shifts to lower energies (longer wavelengths) when the
non-fullerene is present in the matrix.
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Figure 2. Absorption coefficient spectra of binary and ternary blends thin films.

Thus, the AFM height images (2D and 3D—Figure 3a) and the AFM phase images
(Figure 3b) illustrate a key characteristic of the samples. The AFM height images describe
the samples by determining the roughness. According to Table 1, the nanoscale smooth
topography of the samples is observed, where the specific root mean square roughness
(RRMS) of the polymer thin film (#S1) is 4.97 nm. By adding the non-fullerenes, this value
increases to 8.24 nm and then gradually moderates with the addition of fullerene. This
is due to a higher miscibility of the fullerenes and non-fullerenes in the polymer ma-
trix. Good miscibility between materials reduces the driving force for phase separation,
which results in smaller impurity domains, Figure 3b, that support efficient electron-hole
dissociation [31,33]. Higher-performance OSCs require compatible and favorable film
morphology in the active layer. The ternary blend thin films exhibit smoother topography
compared to polymer (#S1) or fullerene-free thin films (#S2), confirming the enhanced
miscibility of the three constituent materials and remarking on the crucial role of the third
component—PCBM, which can be considered a morphology regulator in adjusting the
molecular arrangement of the polymer:non-fullerene host matrix [34]. When the amount
of fullerene in the polymer:non-fullerene host matrix is raised, it is evident, from com-
paring the AFM phase images of all the samples, that highly well-defined and shaped
nanodomains are revealed. This fact is based on PCBM’s higher tendency to form clus-
ters, which favors the development of nanodomains. In contrast to fullerene-free blends,
the composition differences between fullerene domains, non-fullerene domains, and the
polymer matrix become more prominent at increasing PCBM concentrations, providing a
stronger contrast in AFM phase images of more easily discernible nanodomains [35].

A well-mixed material surface is revealed by the XPS survey spectra, Figure 4, which
displays the surface compositional profiles down to around 10 nm in depth. Even though
the third component, PCBM, is hydrophilic, this surface composition is consistent with [17],
which emphasizes the hydrophobic nature of the layer surface even though it may not
accurately reflect the distribution of elements within the complete layers. According to
this information, PCBM is anticipated to settle in the region between the polymer and
non-fullerene host matrix. In addition, certain non-fullerene’s atoms, such the fluor atom,
are likely to be highlighted at the surface of thin films based on binary and ternary blends.
As a result, this does suggest that the polymer matrix contains the two integrated acceptor
materials, fullerene and non-fullerene. Together with the XPS data, [34] also confirms
the compatibility and good miscibility of the PCBM and ITIC-F materials, which are
incorporated in the polymeric matrix to form an effective electron transport network.
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Figure 4. XPS survey spectra of individual material thin films coated on glass (a) and binary and
ternary organic thin films (b).

To analyze the intrinsic parameters, such as charge carrier mobility, the CELIV method
is widely used for determining the bulk transport properties of materials in sandwich
geometry, especially in disordered materials such as organics [36–38]. Regarding the
transport mechanism, the parallel model provides the best description of the transport
process in the case of the investigated D:A1:A2 matrix, where the active layer functions as
two intercalated bilayers (D:A1 and D:A2) [17]. Due to the third element’s function as an
electron transfer channel, the compounds’ compatibility and miscibility are crucial. In this
case, holes are created in the D domains as electrons move to the nanoscale domains of A1
and A2. Therefore, knowing that the investigated samples are based on donor:acceptor
blends of a 1:1.4 weight ratio, this suggests that since the acceptor concentration is higher,
the positive charge carriers (holes) are the majority carriers. The method is based on
investigation of the extraction of equilibrium carries, in which a linearly increasing voltage
is applied. Hence, by applying the voltage [U(t) = A·t, where A is the voltage ramp], a
current transient signal is obtained, as shown in Figure 5a. Charge injection is avoided due
to the presence of a blocking contact from the sandwich-like structure of the device. The
total current transient signal is composed from j(0), the initial current step, caused by the
geometrical capacity of the sample, giving information about the material permittivity or
about the interelectrode distance [j(0) = εε0 A

d ], and ∆j, caused by the electrical conductivity
of the sample [ σ = 3εε0∆j

2tmax j(0) ], which is the supplementary current formed by the extracted
charge carrier. The total current transient, jmax, reaches a maximum value at tmax, as is
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exemplified in Figure 5a inset. By applying Formula (1), knowing the thickness d, the
mobility of the faster charges can be determined:

µ =
2
3

2d2

At2
max

[
1 + 0.36

(
∆j

j(0)

)] (1)
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The electric-field dependence of the intrinsic behavior of the charge carrier was deter-
mined by varying the maximum of a triangular voltage pulse between 1 and 10 V, and the
current transient signals can be seen in Figure 5a for one sample, #S4.

Herein, the current transient increases rapidly until the majority of charge carriers
have been extracted at tmax, at which point it sharply declines [28]. Compared to other
methods, CELIV is based on the extraction of equilibrium charge carriers (shallow trapped)
and, increasing the voltage, the extracted carriers are located even on deeper states, leading
to a prominent CELIV current [39]. More than that, the evolution of some parameters is
presented in Figure 5b.

Using the analyses of sample #S4 as an example, it is noticeable that the increase of
the voltage exerts an influence on the transport of charge carriers within the thin film
(Table 2). In this context, the mobility exhibits a proportional increase with the applied
voltage, attaining its maximum value at µ10V = 1.41 × 10−4cm2/Vs, corresponding to the
values reported in [31] or even higher [40]. This fact is based on Poole–Frenkel model,
consisting of an increased probability of electric-field-stimulated charge carrier release from
localized states [41]. Conversely, there is an anticipated inverse correlation observed in the
time required for the current to reach its peak value [42], denoted as tmax = 2.66 × 10−6 s.
Tmax increases as the speed of the voltage rise A decreases, indicating the electrical field
dependence of mobility [42]. The concentration of extracted charge carriers ( c ∼ 1020 m−3)
is estimated, calculated from the area under the extraction peak. As inferred from the
current transient components [j(0) and ∆j], it also manifests an elevation concomitant with
the incremental voltage ramp.

Table 2. Determined parameters compared to the literature.

Parameters Maximum Determined Values Literature Reported Values

µmax 1.41 × 10−4 cm2/Vs 1 ÷ 6 × 10−5 cm2/Vs [40]
c 1020 m−3 4.73 × 1020 m−3 [43]

ttr 0.57 µs 0.55 ÷ 0.70 µs [44]
α 105 cm−1 3.5 × 104 cm−1 [45]
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Acceptors may affect the morphology of the blend inside the layer, as the AFM images
demonstrate. For hole transfer, a well-defined interconnected network is essential. The
ideal ratio of constituents can be found by adjusting the weight ratio of the acceptors, which
will improve the packing of the donor polymer while making hole hopping between donor
molecules easier. Furthermore, the effectiveness of charge hopping depends on the energy
levels of the donor polymer and both acceptors. The right weight ratio minimizes the
energy barrier for charge transport and facilitates effective transfer from the donor to the
acceptors. By adding more intermolecular interactions to the blend, the PCBM acceptor
acting as third component has an impact on mobility and the electronic coupling between
donor molecules.

Despite maintaining a constant donor:acceptor ratio across all the blends of thin films
(D:A = 1:1.4), the variation in the weight ratio of the acceptors (A1:A2) is observed to impact
charge carrier transport, as illustrated in Figure 6. Notably, the electrical conductivity
experiences an increase with the augmentation of fullerene content in the blend, a fact
confirmed by four-probe method assessment, wherein the highest conductivity value is
σS4 = 4.4× 10−7Ω−1cm−1, corresponding to sample #S4. Additionally, in terms of mobility,
sample #S4 (wherein A1:A2 = 1) attains the highest value [µmax = 1.41 × 10−4 cm2/(Vs)],
at U = 10 V, followed by sample #S5, wherein the non-fullerene component is absent. Once
the fullerene amount decreases, the electrical mobility registers lower values. Consequently,
both tmax and ttr (carrier transit time of interelectrode distance) reach their minimal values
for the same blend (tS4

max = 2.66 µs and tS4
tr = 0.57 µs).
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4. Conclusions

The present study into donor:acceptor1:acceptor2 (D:A1:A2 = PBDB-T-2Cl:ITIC-F:PCBM)
ternary organic blends demonstrates the significant impact of varying the acceptors’ weight
ratio on their optical, morphological, and electrical properties. Sample #S3, with a weight
ratio A1 > A2 and an absorption maximum α = 1.07× 105cm−1 at 628 nm wavelength, has
superior optical properties. AFM characterization shows a very smooth nanoscale topog-
raphy, remarking that a decrease in roughness is correlated with an increase in fullerene
content in the blend. This fact indicates that fullerenes function as binders in the polymer-
fullerene matrix. The electrical properties are also improved as the amount of fullerene
in the blends increases; sample #S4 (A1 = A2) exhibits the highest electrical conductivity
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(σS4 = 4.4 × 10−7Ω−1cm−1) and charge carrier mobility [µS4 = 1.41 × 10−4 cm2/(Vs)].
This study also reveals the electric-field dependence of intrinsic parameters, determined us-
ing the CELIV method, and the variability of the applied voltage shows significant changes
in the transient current density, highlighted by #S4 analysis. These results highlight how
important it is to take into consideration the trade-off between optical, morphological, and
electrical properties when designing ternary blends suitable for photovoltaic applications.
This work shows that electrical mobility and other intrinsic properties are significantly
influenced by varying the weight ratio of acceptors, specifically the impact of the third
component. This study offers perspectives for developing highly efficient organic solar
cells with an optimized structure.
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Abstract: Achieving commercially acceptable Zn-MnO2 rechargeable batteries depends on the re-
versibility of active zinc and manganese materials, and avoiding side reactions during the second
electron reaction of MnO2. Typically, liquid electrolytes such as potassium hydroxide (KOH) are
used for Zn-MnO2 rechargeable batteries. However, it is known that using liquid electrolytes causes
the formation of electrochemically inactive materials, such as precipitation Mn3O4 or ZnMn2O4

resulting from the uncontrollable reaction of Mn3+ dissolved species with zincate ions. In this paper,
hydrogel electrolytes are tested for MnO2 electrodes undergoing two-electron cycling. Improved
cell safety is achieved because the hydrogel electrolyte is non-spillable, according to standards from
the US Department of Transportation (DOT). The cycling of “half cells” with advanced-formulation
MnO2 cathodes paired with commercial NiOOH electrodes is tested with hydrogel and a normal
electrolyte, to detect changes to the zincate crossover and reaction from anode to cathode. These half
cells achieved ≥700 cycles with 99% coulombic efficiency and 63% energy efficiency at C/3 rates
based on the second electron capacity of MnO2. Other cycling tests with “full cells” of Zn anodes
with the same MnO2 cathodes achieved ~300 cycles until reaching 50% capacity fade, a comparable
performance to cells using liquid electrolyte. Electrodes dissected after cycling showed that the liquid
electrolyte allowed Cu ions to migrate more than the hydrogel electrolyte. However, measurements
of the Cu diffusion coefficient showed no difference between liquid and gel electrolytes; thus, it
was hypothesized that the gel electrolytes reduced the occurrence of Cu short circuits by either
(a) reducing electrode physical contact to the separator or (b) reducing electro-convective electrolyte
transport that may be as important as diffusive transport.

Keywords: hydrogel; zinc; manganese dioxide; rechargeable; diffusion; energy storage

1. Introduction

Zinc (Zn)–manganese dioxide (MnO2) rechargeable batteries have drawn research
interest because of their safe, affordable, and environmentally friendly properties. Further,
both Zn and MnO2 have high theoretical specific capacities of 820 mAh/g and 617 mAh/g,
respectively, which creates an opportunity for a commercially feasible battery. The high ca-
pacity of MnO2 is predicated on it hosting two-electron reaction chemistry. Aqueous potas-
sium hydroxide (KOH) has facilitated these electrochemical reactions in MnO2 rechargeable
batteries [1–4], shown to be a first electron reaction involving a proton insertion reaction
and a second electron reaction involving an MnO2 dissolution—precipitation reaction. For
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the anode, Zn undergoes dissolution on discharge and precipitation on charge, as described
in Equations (1)–(4):

Zn anode:
Zn + 4OH− ↔ Zn(OH)2−

4 + 2e− (1)

Zn(OH)2−
4 ↔ ZnO + 2OH− + H2O direct dissolution–precipitation (2)

MnO2 cathode:

MnO2 + H2O + e− → MnOOH + OH− proton insertion reaction (3)

MnOOH + H2O + e− → Mn(OH)2 + OH− dissolution–precipitation reaction (4)

It is hypothesized that using liquid electrolytes can exacerbate battery failure. Mn
ions dissolve during the second electron reaction process, which can lead to Mn loss due
to migration and diffusion to distant sites, hypothetically accelerating the formation of
inactive phases like spinel hausmannite (Mn3O4) when [Mn-OH] complexes react with each
other or re-precipitate at non-local sites, all resulting in the loss of active Mn ions. At the Zn
electrode, liquid electrolytes amplify Zn redistribution, which can lead to Zn electrode shape
change and passivation, in turn leading to pore plugging and uncontrollable redeposition
of Zn during charge at high current densities and dendrite formation [5,6]. Also, liquid
electrolytes used for Zn-MnO2 rechargeable batteries have lower viscosity (relative to gelled
electrolytes) and therefore leak easily through cracks in the battery housing, if damaged,
thereby creating safety issues for battery transportation. The previous literature [7–12]
found that copper (Cu) and bismuth (Bi) helped Mn reversibility, accessing the second
electron reaction region with long battery cycle life. Compared to the recent research [13,14],
our group’s method of electrode fabrication [9,10] is easier than electrodeposition, and
the cycling performance paired with Zn achieved a longer cycle life. We thus denote this
electrode fabrication as “advanced” compared to previous methods. However, failure
mechanisms during the second electron reaction region were also reported, specifically,
that if zincate ions diffuse across the separator into the cathode region, they can react with
dissolved Mn3+ ions to form hetaerolite (ZnMn2O4), which is electrochemically inert. This
results in the loss of active Mn3+ ions, and battery performance is directly affected by the
reversibility of Zn and MnO2 during the dissolution–precipitation reaction, as shown in
Equations (1)–(4).

Our group previously reported that gel electrolytes can mitigate failure mechanisms
for Zn-MnO2 batteries constrained to just the first electron reaction of MnO2 [15]. Gel
electrolytes have been under research for beneficial properties between solid and liquid
electrolytes, with improved safety, yet retaining the self-healing property of liquid elec-
trolyte [16–19]. We showed that the gel electrolyte reduced the migration of zincate ions
(Zn(OH)4

2−), suggesting that the formation of the electrochemically inactive material,
hetaerolite (ZnMn2O4), was mitigated. Moreover, we found that gel electrolyte reduced
dissolution of each active material. Recent studies containing hydrogels, which are chemi-
cally similar to the hydrogel reported in this manuscript, have demonstrated their ability
to enhance the performance of zinc-based batteries when compared to the use of liquid
KOH electrolytes [20–22]. However, the battery chemistry referenced in Ref. [20] is based
on zinc–nickel, which typically yields an energy density of approximately 140 Wh L−1.
This is lower than that of Zn-MnO2 batteries, which can reach >400 Wh L−1. In the cases of
Refs. [21,22], Zn-MnO2 battery chemistry was utilized. However, the results obtained were
cycled in the first electron reaction of MnO2, suggesting that higher energy achievement
can be made by accessing the second electron reaction of MnO2.

Here, we expand those experiments into the second electron reaction of MnO2 where
higher cathode capacity is accessed. We also report on our safety analysis of the liquid
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vs. hydrogel electrolytes, via U.S. Department of Transportation (DOT) standards that
define a battery to be non-spillable if the electrolyte does not flow from a rupture or crack
in the battery case [23]. To develop highly energy-dense batteries for the second electron
reaction technology of Zn-MnO2 batteries with gel electrolytes, we present battery cycling
results under second electron reaction chemistry, along with ion diffusion properties in
hydrogel electrolytes.

2. Materials and Methods
2.1. Hydrogel Synthesis

Hydrogel electrolytes, specifically potassium polyacrylate gels, were synthesized
with liquid KOH electrolytes, acrylic acid (AA, Sigma Aldrich, St. Louis, MO, USA),
N,N′-methylenebisacrylamide (MBA, cross-linker, Sigma Aldrich), and potassium per-
sulfate (K2S2O8, initiator, Sigma Aldrich). The final pH of the hydrogel electrolyte was
ensured to be ~25 wt.% KOH. The synthesis process is the same as reported in Ref. [15].
Liquid KOH electrolytes were made with KOH pellets purchased from Fisher Scientific,
and the AA, MBA, and K2S2O8 were purchased from Sigma Aldrich. All components
were used without further treatment. The mole fraction composition of the hydrogel
was 1:0.156:0.0484:4.096 × 10−6 in terms of H2O:KOH:Acrylic acid:Initiator, and the MBA
addition to this was varied and optimized as described below.

2.2. Battery Preparation

The cathode comprised electrolytic manganese dioxide (EMD, γ-MnO2) at 55 wt.%,
carbon nanotubes (CNTs) at 35 wt.%, and bismuth oxide at 10 wt.%, the same as proposed
by Ref. [9]. Each component was ball-milled together for 1 h. EMD was purchased from
Borman (Henderson, NV, USA). CNTs were purchased from Cnano Technology Ltd., (Santa
Clara, CA, USA), and bismuth oxide was purchased from Sigma Aldrich. The ball-milled
mix was wetted with deionized (DI) water and then hand-cast onto a Cu-Ni current
collector; then, the cathode was sealed with pellon and cellophane and pressed until the
desired thickness of ~0.035 inches. Each current collector held ~23 mg of copper per cm2.
Commercial sintered nickel (NiOOH) electrodes were used and purchased from Jiangsu
Highstar Battery Manufacturing (Qidong, China). The size of the anodes and cathodes
was 2.54 cm × 2.54 cm for the cyclic voltammetry (CV) and galvanostatic experiments,
and was 5.08 cm × 7.62 cm for Zn-MnO2 full-cell cycling. Anodes and cathodes were
assembled into a polysulfone box (8.255 cm width × 5.3975 cm depth × 15.875 cm height)
and compressed with polypropylene shims. Then, the box was filled with 75 mL electrolyte
on average. All cells were under vacuum for 30 min to soak the porous Zn and MnO2
electrodes. Mercury mercuric oxide (Hg-HgO) reference electrodes were used in each cell
box to track half-cell voltages.

2.3. Electrolyte Spillability Safety Measurements

Battery “spillability” was measured according to U.S. DOT rules that declare the
electrolyte is non-spillable if it does not flow through cracks or rupture in a battery case.
Since commercial battery cases are packed tight with electrode stacks, creating typical
flow gaps of ~1 mm, we measured spillability as the flow from 2.4 mm I.D. glass capillary
tubes. Once 30 mm of hydrogel electrolyte was set up inside the end of these capillary
tubes; each tube was dropped 10 mm end-first, under their own gravity, onto a hard
surface to provide force promoting the electrolyte to flow out. Electrolyte flow out was
recorded for different hydrogel cross-linking formulations. Additional hydrogel flow
measurements were recorded when 100 mL of hydrogel fabricated in the bottom of a
250 mL beaker (diameter 75 mm) was tipped over to provide a force promoting flow;
however, these measurements were not important for defining spillability according to US
DOT regulations, because ruptured batteries have flow from capillary length scales much
smaller than 75 mm.
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2.4. Electrochemical Measurements

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were
performed through Biologic potentiostat/galvanostat (VSP Modular 5-channel). A multi-
channel Arbin BT 2000 was used for galvanostatic experiments. After cycling, electrodes
were removed, washed, and then soaked in DI water for 6 h and dried overnight in
the air dryer at 50 ◦C. Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectrometry (EDX, EDS) were performed. SEM and EDX were performed by a FEI Helios
Nanolab 660 Dualbeam FIB-SEM Operation fitted with an EDX (Thermo Fisher Scientific,
Waltham, MA, USA).

2.5. Cu Diffusion Coefficient

Glass cuvettes (3.5 cm width × 1 cm depth × 4.5 cm height) were filled with either liq-
uid or gel electrolytes that contained a known concentration of copper hydroxide (Cu(OH)2,
from Alfa Aesar, Haverhill, MA, USA); see Figure S1. At the start of an experiment, a
cuvette containing 1 molar Cu(OH)2 was fixed as the bottom cuvette. Next, in the case
of hydrogel experiments, a cuvette with zero molar Cu(OH)2 hydrogel electrolyte was
quickly fixed upside down on top of the first cuvette, creating a “step function” in Cu2+

concentration at the initiation of the experiment, as clearly seen by the sharp step in blue
color in Figure S1. In the case of a liquid electrolyte experiment, an empty cuvette was
fixed upside down on top of the bottom cuvette, and the liquid electrolyte with zero molar
Cu(OH)2 was filled into the top cuvette via a hole drilled through the cuvette at its top.
Photographs were taken on an hourly basis. The concentration profile of Cu2+ ions was
calculated “colorimetrically” by use of the Beer–Lambert law, as explained in the Sup-
plemental Information near Figure S1. Due to the precision shape of the glass cuvettes,
there was no leakage between the cuvettes over the experiment. The experiments were
conducted for 120 h.

3. Results and Discussion
3.1. Non-Spillable Hydrogel Experiment

To find the optimal hydrogel cross-linker formulation, the US DOT spillability methods
described above were repeated on hydrogels with varying amounts of cross-linker. More
cross-linker causes a higher overvoltage during cycling, so less cross-linker was preferred.
We settled on a hydrogel formulation that had the smallest amount of cross-linker but
kept zero flow from the 2.4 mm glass capillary experiments. In other words, we kept the
electrolyte “non-spillable” but otherwise minimized hydrogel cross-linking (data shown in
Table 1). As the data of Table 1 show, a 3.92 × 10−5 mole fraction of MBA was determined
as the optimal cross-linked hydrogel. All the tested hydrogels in Table 1 retained their
initial rheology over the time studied.

Table 1. Hydrogel flow measurement used to optimize hydrogel formulation. Mole fraction of MBA
to H2O is the first column. Cross-linking was allowed to proceed for at least 16 h prior to experiments.

Mole Fraction MBA:H2O Flow from ~1 mm Gap Flow from ~75 mm Gap

2.61 × 10−5 Flow Flow
3.40 × 10−5 Flow Flow
3.92 × 10−5 No Flow Flow
4.70 × 10−5 No Flow Flow
5.20 × 10−5 No Flow Flow
6.00 × 10−5 No Flow Flow
6.50 × 10−5 No Flow No Flow
7.30 × 10−5 No Flow No Flow
7.80 × 10−5 No Flow No Flow

Using the optimized hydrogel formulation from Table 1, the optimized hydrogel
electrolyte was tested for spillability from a real battery cell manufactured by Urban
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Electric Power (UEP), as described in Figure 1a. Figure S2 shows the electrode stack inside
the cell box, which confirms the ~2 mm capillary length scales of our spillability methods.
The UEP manufactured batteries were filled with liquid and gel electrolyte separately up to
the top of the electrodes. Cuts in the cell box were intentionally made using a razor blade,
at locations 2 cm height from the bottom of the cells. The width of each cut was 2 cm, as
shown in Figure 1a. Due to gravitational force, the electrolyte attempted to flow from the
cracks. Any electrolyte emerging from the cracks was wiped away with paper towels, and
the total weight of the batteries was measured every 30 min for several hours. Mass loss is
due to leakage of electrolyte through the cut to the case. Figure 1b shows the resulting data,
wherein the cell with liquid electrolyte had 49.69 g of mass loss, while the cell with gel
electrolyte had only 0.36 g of mass loss. Therefore, the hydrogel electrolyte was determined
to satisfy the DOT regulation for non-spillable batteries.
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3.2. Electrochemical Performance

The non-spillable optimized hydrogel electrolyte was then used in measurements of
Zn2+ and Cu2+ ion diffusion. To understand Zn2+ diffusion behavior, two Zn foil symmetric
electrodes were used (as shown in Figure S3) for EIS measurements, which were repeated
three times with liquid and gel electrolyte. The EIS scanning frequency range was 100 kHz
to 0.01 Hz. As shown in Figure 2a, due to the viscous properties and polymer chain of the
gel electrolyte, the solution resistance of the gel electrolyte was ~0.4 Ohm higher than the
liquid electrolyte, and the curve had a deeper sigmoidal shape. In the low-frequency range,
the plots of the liquid electrolyte had a slope close to 45 degrees, whereas the gel electrolyte
plots showed a lower slope. This suggests that the zinc transfer rate in the gel electrolyte is
slower than in the liquid electrolyte but not negligible, as evidenced by the plotted slope.
The ionic conductivity was calculated by Equation (5):

σ =

(
1
R

)
∗
(

l
A

)
(5)

where R is charge-transfer resistance, l is thickness, and A is area [24]. From Figure 2a,
the value of charge-transfer resistance was obtained, and the ionic conductivity of Zn
with the gel electrolyte was ~5.45 mS/cm. One of the recent studies reported that their
hydrogel electrolyte had 83 mS/cm [25]. Even though their components are similar to
our gel electrolytes, the difference could be due to soaking their hydrogel electrolyte in
ZnSO4 solutions overnight, so that additional species such as sulfate ions helped obtain
higher ionic conductivity than ours. Moreover, Figure S12 of Ref. [25] showed that their gel
electrolyte was solid-like. The phase difference also made the difference.
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Figure 3a,b present CV plots with liquid and gel electrolyte, respectively. With liquid
electrolyte, the Mn3+ to Mn2+ peaks at −0.7 V vs. Hg-HgO were sharper than with gel.
As this voltage range is for the dissolution–precipitation reaction, dissolved Mn ions were
intercalated with dissolved Cu ions, leading to Cu2+-intercalated Bi-birnessite [9]. However,
as the Cu1+ to Cu0 peak at −0.6 V vs. Hg-HgO started fading at the 12th cycle, it suggested
that dissolved Cu ions were not able to react with Mn ions during the cycle. Cu and
Mn peaks at the same voltage were stronger than with hydrogel electrolyte until the 20th
cycle. In the oxidation portion, the gel electrolyte cell showed Mn peaks at −0.2 and 0.2
vs. Hg-HgO for all cycles, stronger than for liquid electrolyte, especially after the first few
cycles. This is because hydrogel electrolyte limited the dissolution of active materials, and
thereby mitigated active ion loss.

To investigate the reason for the CV measurement, with liquid electrolyte showing
the Cu peak reduced after the 12th cycle, two identical cells with MnO2 vs. NiOOH
electrodes at C/20 (capacity of MnO2) were built, one with liquid KOH and the other with
hydrogel KOH, and both were cycled until the 1st, 5th, or 12th cycle and dissected. The
blue color seen in the dissected materials (see Figure 3c,d and Table 2) is due to Cu2+ ions.
This increased migration of blue-colored Cu2+ in cells with liquid KOH correlates with
more metallic-colored Cu deposited on the separators of cells with liquid electrolyte; see
Table 2 and Figure S4. But with hydrogel electrolyte, this deposition of Cu ions was limited
and more localized in the electrode area. After the first cycle with liquid electrolyte, the
deposition of Cu ions was observed on the second layer of the separator. After the fifth
cycle, the separator was observed to be degraded and the blue color was significantly
denser than in the experiment with hydrogel electrolyte. To quantify Cu ions from the
separators, identical experiments conducted as in Table 2 were carried out. The amount of
cathode materials and the dimension of the electrodes were proportionally scaled down
to fit 1.27 cm × 1.27 cm and then dissected after their cycling. The cells were cycled until
the fifth cycle so that the separator would retain structural integrity, as shown in Table 2,
enabling the analysis of the blue color in separators for both electrolytes. As specifically
described in Figure 4a, SEM/EDX analysis was conducted at the four corners, and the EDX
mapping results are shown in Figures S5–S8. The mapping analysis detected six species
corresponding to the initial battery species, and elemental Cu, one of the six, was diffused
in the separators of both liquid and gel electrolyte. However, it is noted that, in Figure 4b,
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the corners of the gel electrolyte separator detected less than 0.05 atomic % Cu, while the
separator of cycled liquid electrolyte had detected 6–15 atomic % times higher Cu. This
supports the results from Figure 3 and Figure S4 and Table 2 and agrees that hydrogel
electrolytes mitigated Cu ion diffusion while cycling.
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Table 2. Separators from dissected cells after C/20 galvanostatic experiments.

1st Cycle 5th Cycle 12th Cycle

Liquid KOH
Electrolyte

Gel
Electrolyte

Figure 5a,b demonstrate galvanostatic cycling performance from two identical MnO2
half cells (vs. NiOOH) with gel electrolyte, which achieved≥700 cycles with 99% coulombic
efficiency and 63% energy efficiency. Our group reported [9] that the cycle life with liquid
electrolyte is over 1000 cycles at the same cycling rate. Even though our present study
of gelled KOH did not replicate the cycling performance reported in Ref. [9], our present
results indicate optimistic outcomes, as we have observed that the gel electrolyte mitigated
Cu diffusion so that it keeps MnO2 reversibility. In Figure 5c,d, the two liquid-containing
cells achieved ~500 cycles, while the cell with gel electrolyte performed 300 cycles until it
showed 50% theoretical capacity fade. This is because the gel-containing cell had a twice
greater Zn utilization than the two liquid-containing cells. If the gel-containing cell had
the same Zn utilization, it is hypothesized that its cycle life would be at least equal to the
liquid-containing cell’s performance due to the mitigation of failure mechanisms caused
by zinc. These electrochemical results indicated that the gel electrolyte helps reduce Cu
ion loss so that active ions, such as Mn, Cu, and Bi, were able to react with each other,
leading to the stable electrochemical reaction reversibility of the [(Cu-Bi)Mn] complex.
In this way, using gel electrolytes will deliver a longer battery cycle life than cells with
liquid electrolyte.

A reduction of Cu2+ diffusion was hypothesized to explain why copper migrates less
in a cell with hydrogel electrolyte. To test this hypothesis, we measured the Cu2+ diffusion
coefficient in liquid and gel electrolyte by fitting analytical solutions of Fick’s law to the
data we collected on time-varying concentration of Cu2+ in our cuvette experiments; see
Methods Section and Supplemental Information near Figure S1. Fick’s law holds

∂C
∂t

= D
∂2C
∂y2 (6)

where C is the concentration of Cu, t is time, D is the diffusion coefficient, y is position. The
cuvette experiments were homogenous in all directions except the y-direction. The bound-
ary conditions (B.C.) and the initial conditions (I.C.) were experimentally, and analytically,
as follows:

B.C.
∂C
∂y

= 0 at y = 0 and L (7)

I.C. C(y, 0) =
{

0, H < y < L
1, 0 < y < H

(8)

The analytical solution C(y,t) satisfies B.C., I.C., and the governing equation, and
was determined by separation of variables, then Fourier series reconstruction. Using the
eigenfunctions of this system, the entire solution is described as

Cn(y, t) = A0 + ∑∞
n=1 Ancos

nπy
L

e−λ2
nt and λn =

√
D

nπ

7
(9)
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The coefficients, A0 and An, were determined by Fourier cosine series. In our experi-
ments, L is 7 cm and H is 3.5 cm, so the final analytical solution is

C(y, t) =
1
2
+ ∑∞

n=1
2

nπ
sin

nπ

2
cos

nπy
7

e−λ2
nt and λn =

√
D

nπ

7
(10)

Using the first 30 terms of this Fourier series, the experimental data and analytical
solution are overplotted in Figure 6. The diffusion coefficient was determined by fitting the
experimental and theoretical data, with D = 1.9× 10−6 cm2

s being the best fit. We find the
same diffusion coefficient in liquid and hydrogel electrolytes to within and experimental
error of ~0.3× 10−6 cm2

s , which in retrospect is less surprising when considering the volume
fraction of water in the hydrogel is 95%. The spike in data points near the middle (near
y = 3.5 cm) of the plots in Figure 6 have a high experimental error due to this location being
where the two cuvettes touched, which caused optical refraction due to the glass edges.
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Since Cu2+ ion diffusion on the molecular level appears to be the same in gel and liquid
KOH electrolyte, we must hypothesize a different explanation for the dissected battery
cells showing reduced Cu migration. We speculate that gel electrolyte reduced convection
of the electrolyte, which is forced by several factors (electrical, expansion/shrinkage cycles,
bubble growth) [26,27]. This can be supported with Figure S9. The pictures in Figure S9
were taken while charging. As shown, bubbles went upwards and were removed from the
same spot where they generated. They did not go anywhere in the electrolyte, supporting

43



Polymers 2024, 16, 658

the speculation of reduced convection by gel electrolyte. Further, the separators with gel
electrolyte in Table 2 showed light reflection on each layer of separators. This means that the
gel electrolyte was evenly applied during the vacuum process. With this, we hypothesize
that gel electrolyte leaves a thin film between the separators that can reduce the direct
contact of conductive Cu depositions on the separator, thus reducing short circuit severity
or frequency. Further studies will be needed to confirm these hypotheses.
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4. Conclusions

Cross-linked hydrogel electrolytes were optimized to pass the US Department of
Transportation guidelines for non-spillable batteries to allow transportability. This was
achieved by investigating electrolyte flow from cracks or ruptures to the battery cell box.
The optimized gel electrolyte was then studied for the second electron Mn cathode reaction.
A series of electrochemical experiments with the hydrogel electrolyte showed a successful
electrochemical reaction of each active material under the second electron reaction chemistry.
The CV experiments suggested that the gel electrolyte helped stabilize the Cu-Bi Mn
complex, helping the reversibility of Bi-birnessite and therefore the long-term cycle life of
the battery. Dissected cells showed less Cu2+ migration in gel electrolyte as compared to
liquid electrolyte. The Cu2+ diffusion coefficient was measured to be the same in liquid and
gel electrolyte, and so we suggest the reason for the reduced Cu2+ migration is that hydrogel
electrolyte reduces convection and also provides a non-conductive physical barrier between
conductive materials and the separator itself. This study supports the optimism that gel
electrolytes could be applied to long-duration energy storage applications, continuously
providing a second electron Mn cathode reaction and a two-electron Zn anode reaction.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/polym16050658/s1, Figure S1: Cu diffusion coefficient
measured by colorimetry applied to diffusion of Cu(OH)2 from bottom cuvette into top inverted
cuvette, photos taken at (a) the beginning of an experiment, and (b) 120 hours afterwards. The four
cuvettes sitting on the table on the left hold reference concentrations of 0, 0.3, 0.6 and 1 molarity;
Figure S2: The top view of a prismatic cell and the information of the gap between the electrodes and
left and right side of the cell box; Figure S3: The view of Zn plate symmetric experiment; Figure S4:
Identical cell construction after the 60th cycle with liquid and gel electrolyte cycled at C/20 where C
is 2-electron MnO2 capacity; Figure S5: SEM images and EDX mapping results from the four corners
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of the separator with liquid electrolyte. All scale bars are 500 µm; Figure S6: SEM images and EDX
mapping results from the four corners of the separator with gel electrolyte. All scale bars are 500 µm;
Figure S7: The peak intensity results for the 6 species with liquid electrolyte; Figure S8: The peak
intensity results for the 6 species with gel electrolyte; Figure S9: Bubble behavior in the gel electrolyte
while charging; Table S1: Molar absorptivity of reference cuvettes.
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Charge Carrier Mobility in Poly(N,N′-bis-4-butylphenyl-
N,N′-bisphenyl)benzidine Composites with Electron
Acceptor Molecules
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Abstract: Polymer composites based on poly(N,N′-bis-4-butylphenyl-N,N′-bisphenyl)benzidine
(poly-TPD) with PCBM and copper(II) pyropheophorbide derivative (Cu-PP) were developed. In
thin films of the poly-TPD and Cu-PP composites, the charge carrier mobility was investigated for
the first time. In the ternary poly-TPD:PCBM:Cu-PP composite, the electron and hole mobilities are
the most balanced compared to binary composites and the photoconductivity is enhanced due to the
sensitization by Cu-PP in blue and red spectral ranges. The new composites are promising for use in
the development of photodetectors.

Keywords: poly-TPD; copper (II) pyropheophorbide; polymer composite; charge carrier mobility;
CELIV; SCLC; photoconductivity

1. Introduction

In materials design, polymers are important because their electronic properties can be
controlled during both the synthesis and the creation of solid-state materials for various
applications, particularly those related to organic electronics [1]. Charge carrier mobil-
ity is a key parameter characterizing the electrical properties of polymer and organic
semiconductors being developed for use in electronic devices. [2]. Interest in poly(N,N′-
bis-4-butylphenyl-N,N′-bisphenyl)benzidine, also known as poly-TPD (Figure 1), is caused
by its ability to form thin films of high quality with excellent hole transport, i.e., monopolar
electrical conductivity. The hole mobility in thin polymer layers was reported in the order
of (1 ÷ 2) × 10−3 cm2V−1s−1 [3,4], 1.7 × 10−4 cm2V−1s−1 [5] and 4 × 10−7 cm2V−1s−1 [6]
as extracted from the space charge limited current (SCLC) mode. In the organic field-effect
transistor architecture, the hole mobility of poly-TPD was found to be 1× 10−4 cm2V−1s−1 [7].
Possessing reasonably extended hole mobility, poly-TPD is applicable as a hole transport
layer (HTL) in thin film devices due to its highest occupied molecular orbital (HOMO)
energy level providing the hole transport matches well with HOMO levels of hole transport
polymers and organic photoconductors. In particular, the polymer was used as an HTL in
the development of organic photodiodes [8], organic light-emitting diodes (OLEDs) [4,7],
quantum-dot-based light-emitting diodes (QLEDs) [5,9,10], and organic phototransistors [8].
In addition, due to the HOMO level of poly-TPD matching well with the work function of
ITO and valence band of perovskite derivatives, the polymer successfully served as an HTL
in perovskite solar cells [6,11,12]. Moreover, poly-TPD can exhibit photoconductivity. A
blend of an electron donor (D) derivative of poly-TPD and an electron acceptor (A) PCBM
(phenyl-C61-butyric acid methyl ester) was shown to enhance light absorption and pro-
mote the separation of electron–hole pairs in the photoactive film of an inorganic/organic
heterojunction-based photodetector [13] and organic photovoltaic cell [14]. The photo-
conductivity spectrum of the poly-TPD:PCBM blend was additively composed of the
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absorption spectra of the polymer and PCBM, and to expand the photosensitive spectrum,
sensitizing additives were introduced into the D-A composite. Nevertheless, the mobility
of charge carriers in D-A composites based on poly-TPD remains poorly studied.
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Semisynthetic macrocyclic compounds (such as porphyrins, pheophorbide-a,
pheophorbide-b, chlorins, and bacteriochlorins) extracted from animal blood, plant chloro-
phyll or from bacterial cultures and followed by their chemical modification [15] are of
great interest as active components of composite materials for research in photodynamic
therapy of cancer diseases [16], water photolysis for hydrogen generation [17], converting
solar energy into chemical energy [18], and electroluminescent devices [19,20]. Unlike
semisynthetic coproporphyrins, mesoporphyrins, and etioporphyrins [20], pheophorbides
and bacteriochlorins contain stereocenter carbon atoms associated with the aromatic cycle.
Due to stereocenters, the molecules can absorb photon incidents not only at right angles to
the planes of aromatic rings [21,22], but also with a significant deviation from orthogonality
increasing the harvest of incident light. In addition, stereocenters in the molecules can
exhibit the effect of circularly polarized luminescence, for example, similar to polymers
containing chiral fragments of cholesterol [23].

In this work, the copper (II) complex with pyropheophorbide-a (Cu-PP) is used as a
component of composites. The copper (II) complex with pyropheophorbide-a exhibits no
luminescence in the visible range while the free base of pyropheophorbide-a demonstrates
intense fluorescence in the red band of the spectrum. Therefore, we can expect that in a
composite containing Cu-PP, the possible luminescent loss of absorbed light energy is not
caused by the Cu-PP component. We have experience in forming a polymer composite with
chlorin. Chlorin Cu-C-e6, an analog of Cu-PP, incorporated into the polymer composite
exhibits electroluminescence and is applicable in light-emitting diodes [20]. In the present
work, we develop composite materials based on poly-TPD with the addition of Cu-PP,
which is able to enhance absorption in the blue and red ranges of the spectrum. For the first
time, we study the mobility of charge carriers in a poly-TPD composite with Cu-PP and
in a ternary composite based on poly-TPD, Cu-PP, and PCBM (Figure 1) using the linear
increasing voltage (CELIV) technique and space charge limited current (SCLC) mode.

2. Materials and Methods
2.1. Materials and Synthesis

Poly[N,N′-bis(4-butylphenyl)-N,N′-bis(phenyl)-benzidine] (poly-TPD) from Ameri-
can Dye Source, Inc. (ADS254BE) (Baie-D’Urfe, QC, Canada), [6,6]-Phenyl-C61-butyric acid
methyl ester (PCBM) from SES Research, C60 fullerene from MST (“Modern Synthesis Tech-
nology”, St. Petersburg, Russia) and bathocuproine (BCP) from Kintec (Hong Kong, China)
were used as received. PEDOT:PSS (poly(3,4-ethylene-dioxythiophene):polystyrenesulfonate)
from Heraeus (Clevios P VP AI 4083) (Hanau, Germany) was filtered prior to use, The
ITO-coated glass (7 Ohm/�) was purchased from Kaivo (Zhuhai, Guangdong, China).
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The free base of methyl ester of pyropheophorbide-a (Figure A1) was obtained ac-
cording to procedure [24]. The structure and purity of the compound were confirmed by
NMR, UV–Vis, and luminescent spectroscopy. For the synthesis of Cu(II) methyl ester of
pyropheophorbide-a (Cu-PP) shown in Figure 1, 10 mg of the free base of methyl ester of
pyropheophorbide-a was dissolved in 25 mL of methylene chloride and a solution of 7 mg
of Cu(II) acetate in 15 mL of ethanol was added to the resulting solution. The solutions
were mixed, and the resulting solution was stirred at 35 ◦C for 40 min. The solvents were
removed in a vacuum. The product was dissolved in methylene chloride and purified by
column chromatography from traces of the original methyl ester of pyropheophorbide-a,
and the solvent was removed in vacuum. The yield of Cu-PP was 10.5 mg (95%). The struc-
ture of the resulting Cu-PP compound was confirmed by MALDI TOF mass spectrometry
and UV–Vis spectroscopy in a chlorobenzene solution.

2.2. Cyclic Voltammetry and Energy Levels

Cyclic voltammetry (CV) measurements were performed for calculation of the lowest
unoccupied molecular orbital (LUMO) and HOMO energy levels. The CV experiment
was carried out at the scan rate of 20 mV/s in a three-electrode, three-compartment elec-
trochemical cell in the glove box with dry argon atmosphere. Platinum sheets served
as working and counter electrodes. A 0.2 M solution of tetrabutylammonium hexafluo-
rophosphate (NBu4PF6, Fluka) (Pittsburgh, PA, USA) in acetonitrile (ACN) was used as an
electrolyte. An Ag wire immersed into the electrolyte solution with the addition of 0.1 M
AgNO3 was used as a pseudo reference electrode (Ag/Ag+). It was calibrated against
ferrocene/ferricenium couple (−0.039 V vs. Ag/Ag+) and its potential was recalculated
to the energy scale using −4.988 eV value for Fc/Fc+ in ACN. Thus, the energy level of
Ag/Ag+ is as Eref = −5.03 eV. The values of potentials corresponding to the HOMO and
LUMO levels were determined by applying a tangent to the onset of anodic and cathodic
currents (Figure 2a), with EHOMO = Eref − Ea (typically, Ea > 0), ELUMO = Eref − Ec (typically,
Ec < 0).
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Other details of the CV were the same as described in our previous article [19]. The
obtained values of the HOMO and LUMO energy levels for Cu-PP as well as for poly-TPD
and PCBM [14] are shown in Figure 2b.
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2.3. Thin Films and Device Preparation

The mobility of charge carriers was studied in films of poly-TPD:PCBM, poly-TPD:Cu-
PP, and poly-TPD:PCBM:Cu-PP composites in molar ratios of 6.33:1, 6.33:1, and 6.33:1:1,
respectively.

To measure the mobility of charge carriers in the transient current mode of the CELIV
technique, samples of the ITO/SiO2/composite/Al structure were prepared as follows.
A 70 nm thick SiO2 layer was deposited onto a glass substrate with an electrically con-
ductive ITO layer using magnetron sputtering. A solution of the polymer composite in
chlorobenzene was deposited on top of the dielectric layer by spin-coating method at a
speed of 1500 rpm, then the sample was dried in an argon atmosphere at 80 ◦C for 2 h. The
80 nm thick Al counter electrode was deposited by the resistive thermal evaporation (RTE)
technique using an MB Evap vacuum thermal evaporator (CreaPhys, Dresden, Germany)
at a vacuum of 6 × 10−6 mbar as described earlier [19].

To measure electron mobility in the SCLC mode, electron-only and hole-only devices
were prepared with a structure of Al/composite/Al and ITO/PEDOT:PSS/composite/MoO3/
Al, respectively. A 20 nm thick MoO3 layer was deposited by the RTE technique and
30 nm thick PEDOT:PSS layer was deposited by spin-coating to block electrons. Thick-
nesses of the poly-TPD composite layers and both Al electrodes were 75 ÷ 80 nm and
80 nm, respectively.

The photoconductivity of the composites was investigated using ITO/PEDOT:PSS/
composite/C60/BCP/Al devices (Figure 3), with the 30 nm thick PEDOT:PSS layer serves
as a hole transport (electron blocking) layer, and the 10 nm/7.5 nm thick C60/BCP layers
provide electron transport (hole blocking). The C60 and BCP layers were deposited by the
RTE technique. The thickness of the composite layers ranged from 75 to 80 nm.
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2.4. Electrical Characterization

For mobility measurements, the MIS-CELIV mode was used, which allows recording
of the current of monopolar charge carriers. The experimental setup included a USB
oscilloscope (DL-Analog Discovery, Digilent Co., Pullman, WA, USA), which generated
master pulse and recorded transient current, as described in our works [19,20,25]. The
mobility µ was calculated according to the expression:

µ =
2d2

3At2
max

(
1 + 0.36 ∆J

J(0)

) ,

here A is the voltage ramp, d is the composite film thickness, J(0) is the capacitance current,
and ∆J is the conduction current at the time tmax.

In the SCLC mode, the charge carrier transport occurs in the nontrapping regime and
the current JSCLC obeys the Mott–Gurney equation [26]

JSCLC =
9µSCLCεε0V2

8d3
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where µSCLC is the charge carrier mobility, ε is the dielectric constant of the composite, ε0 is
the vacuum permittivity, V is the applied voltage. We used ε = 3.5 for the composites studied.

J–V characteristics of the devices were recorded by an SMU Keithley 2400 (Solon, OH,
USA, photocurrent was measured under illumination provided by a solar simulator with
a 150 W Xe lamp (Newport 67005) (Newport Corp., Irvine, CA, USA). The relative error
of J–V measurements was 5%. Processing of J–V curves in SCLC mode for calculation of
mobility was shown earlier [19,27].

All the measurements were carried out at room temperature in an inert atmosphere of
Ar with an oxygen and water content of <10 ppm.

3. Results and Discussion
3.1. UV–Vis Spectroscopy

UV–Vis absorption spectra were recorded with a Shimadzu UV-3101PC spectropho-
tometer (Shimadzu Corp., Kyoto, Japan). Absorption spectra of the individual components
are shown in Figure 4a. PCBM exhibits typical absorption in the UV range. The UV–visible
spectrum of Cu-PP exhibits a Soret band between 340 and 435 nm and a Q band between
590 and 690 nm (Figure 4a), which are characteristic of compounds such as chlorophyll A. In
the absorption spectra of the composites in chlorobenzene solution presented in Figure 4b,
the absorption bands of the individual components are clearly visible. The absorption of
the poly-TPD (Figure 4c) is slightly different from the absorption for TPD small molecules
(Figure 4a). TPD molecules are characterized by two absorption bands in the ranges of
300–330 nm and 350–390 nm, corresponding to π-π* transitions for peripheral rings and the
biphenyl fragment, respectively [28]. The dominance of the latter is more pronounced for
the poly-TPD than for the small molecules. This is typical for polymers with a fairly high
degree of polymerization and a small number of terminal groups.

The absorption spectra of the composite films are shown in Figure 4c. The absorption
spectra of the poly-TPD:Cu-PP and poly-TPD:PCBM:Cu-PP composite films are identical in
the visible range. The absorption spectrum of the poly-TPD:PCBM composite film is simply
the addition of the absorption bands of PCBM and poly-TPD, peaking at wavelengths
around 340 and 390 nm, respectively. In contrast to the poly-TPD:PCBM composite, in the
spectrum of the poly-TPD:CuPP composite film, in addition to the intrinsic absorption
bands of poly-TPD and CuPP, a new absorption band appears in the range of 450–500 nm.
This band reflects the donor–acceptor interaction between TPD donor and Cu-PP acceptor
forming the charge transfer complex. In addition, TPD cation radicals are known to absorb
in this range [28]. Thus, Cu-PP can both sensitize poly-TPD in the red spectral range and
enhance the absorption of the composite in the blue–cyan range.
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3.2. AFM of Solid Layers

Surfaces of the 80 nm thick composite layers were characterized by AFM (Appendix B).
The AFM provides reasonable resolution in z-direction for the surface topography of the
studied samples (Figure 5).

The surface image of the ternary composite layer resembles a superposition of the
poly-TPD:PCBM and poly-TPD:CuPP images. The surface topography of all layers is
quite smooth with the root mean square roughness (RMS) not exceeding 2 nm: 0.8–1.1 nm
for the polyTPD:PCBM, 0.8–1.0 nm for the polyTPD:PCBM:CuPP, and 0.6–0.9 nm for the
polyTPD:CuPP sample (95% confidence intervals for six measurements). However, in the
poly-TPD:PCBM topography, spherical inclusions (up to 10 nm in height) are clearly visible,
which are actually invisible in the poly-TPD:CuPP image. The addition of PCBM to a
polymer composite with a rough surface layer usually promotes a reduction in the RMS
value. Yet, for a polymer composite with a smooth surface layer, the addition of PCBM
can lead to the opposite result due to the formation of fullerene clusters in the composite
layer [29].
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3.3. Charge Carrier Mobility

In thin films of the studied composites, the mobility of charge carriers measured
by the CELIV method is on the orders of 10−5 and 10−4 cm2V−1s−1 (Table 1). The poly-
TPD:PCBM:Cu-PP ternary composite possesses the highest electron mobility and improved
balance in electron and hole mobility compared to the other two composites.

Table 1. Charge carrier mobility in poly-TPD composites and individual components measured by
the CELIV technique 1.

Composite
Mobility, cm2V−1s−1

Electrons Holes

poly-TPD:PCBM (8.0 ± 0.8) × 10−5 (1.4 ± 0.1) × 10−4

poly-TPD:Cu-PP (3.5 ± 0.5) × 10−5 (2.2 ± 0.1) × 10−4

poly-TPD:PCBM:Cu-PP (1.0 ± 0.1) × 10−4 (1.5 ± 0.1) × 10−4

poly-TPD - (2.8 ± 0.2) × 10−4

PCBM (8.0 ± 0.8) × 10−4 -
Cu-PP (6.0 ± 0.6) × 10−5 (4.5 ± 0.5) × 10−5

1 Calculated from 10 replicates, the confidence level is 90%.

Due to the small HOMO energy offsets between the donor poly-TPD and Cu-PP and
the small LUMO energy offsets between the acceptor PCBM and Cu-PP (Figure 2b), Cu-PP
molecules can provide the transport of both holes and electrons.

The hole mobility in the poly-TPD:Cu-PP composite is higher than in other composites
and slightly lower than in neat poly-TPD. The Cu-PP molecule cannot act as a hole trap
in the polymer matrix because its HOMO level is only slightly lower than that of poly-
TPD (Figure 2b). However, Cu-PP molecules can influence the spatial arrangement of
poly-TPD macromolecule fragments, making it difficult to transfer holes between them.
Cu-PP molecules can also increase the width of the density of states (DOS) σ in poly-
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TPD:Cu-PP compared to that in neat poly-TPD. An increase in σ leads to a decrease in
mobility according to expression (1) obtained in the Gaussian disorder model and the
correlated disorder model to describe the charge transport properties of organic disordered
semiconductors [2,30–32].

µ = µ0exp
[
−(3σ/5kT)2 + C0

(
(σ/kT)3/2 − Γ

)√
qRF/σ

]
(1)

where C0 = 0.78, Γ = 2, µ0 is the pre-exponential factor, R is the distance between transport
sites, k is the Boltzmann constant, T is absolute temperature, q is the elementary charge, F is
the electric field strength.

The electron mobilities in the ternary composite and in the poly-TPD:PCBM composite
are approximately an order of magnitude lower than in a neat PCBM. This is due to the
high mobility of electrons in the latter. The electron mobility in the poly-TPD:PCBM
composite is approximately two times higher than that in the poly-TPD:Cu-PP composite.
A different effect of Cu-PP and PCBM on the electron mobility in poly-TPD composites may
be associated with the different dispersion of these molecules in the poly-TPD matrix. It is
well known that a mixture of a donor polymer (D) and an acceptor fullerene (A) forms a
BHJ, the concept that was proposed for polymer solar cells about three decades ago [33,34].
In a three-dimensional BHJ, molecules D and A form a bicontinuous layer consisting of
domains D and A. The interpenetrating network of the domains provides both a greater
D–A interface for effective exciton dissociation and two channels for transporting electrons
and holes to the corresponding electrodes.

In the AFM images (Figure 5), spherical objects representing fullerene clusters are
clearly visible on the surface of the poly-TPD:PCBM and poly-TPD:PCBM:Cu-PP films,
respectively. In contrast, on the poly-TPD:Cu-PP film, such objects are invisible. Thus, in
contrast to PCBM molecules, Cu-PP molecules do not form a network of domains in the
poly-TPD matrix; therefore, they are dispersed in the free volume of the polymer. For the
homogeneous dispersion of the Cu-PP molecules in poly-TPD, the average intermolecular
distance R estimated according to Equation (2) is equal to 1.48 nm, where M = 610 g/mole
is the molecular weight of Cu-PP, ρ ≈ 1.3 g × cm−3 is the density of the solid film, c = 0.242
is the weight concentration of Cu-PP in poly-TPD and NA is the Avogadro number. This
distance is quite sufficient to implement the transport of charge carriers through the
mechanism of intermolecular hopping. Since PCBM molecules in domains are evidently
located close to each other, the electron mobility in the poly-TPD:PCBM is higher than in
poly-TPD:Cu-PP.

R = 3
√

M/ρcNA (2)

In the ternary mixture, the Cu-PP molecules serve as electron transporting centers
and thereby facilitate the transfer of electrons from separately located PCBM clusters to a
continuous network of PCBM domains.

It is noteworthy that the electron mobility in PCBM, measured by us in the CELIV
mode, is lower than that calculated using J–V characteristics of field-effect transistors
(FETs): 4.5 × 10−3 cm2V−1s−1 [35] and 9 × 10−3 cm2V−1s−1 [36]. For hole mobility
in neat poly-TPD, the same correlation is observed: the CELIV measurement shows a
value of 2.8 × 10−4 (Table 1), which is an order of magnitude less than the FET mobility
2 × 10−3 [37]. Measurements with these two methods exhibit that there always seems to
be about one order of magnitude difference in FET and CELIV mobilities for polymer and
organic semiconductors [38,39].

In the studied poly-TPD composites, the mobility of electrons and holes, calculated
from the J–V curves in the SCLC mode (Table 1), changes with changes in the additives to
polymer in the same way as the CELIV mobility does (Table 2). However, to establish a
generalized correlation between the absolute values of CELIV mobility and SCLC mobility,
a wide array of experimental data is required.
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Table 2. Charge carrier mobility in poly-TPD composite layers measured in the SCLC mode 1.

Composite
Mobility, cm2V−1s−1

Electrons Holes

polyTPD:PCBM (4.2 ± 0.5) × 10−6 (6.0 ± 0.6) × 10−6

polyTPD:Cu-PP (1.9 ± 0.2) × 10−6 (7.0 ± 0.6) × 10−6

polyTPD:PCBM:Cu-PP (8.3 ± 0.8) × 10−6 (9.8 ± 0.8) × 10−6

1 Calculated from 10 replicates, the confidence level is 90%.

3.4. Photoconductivity

The measurements of the J–V characteristics for ITO/PEDOT:PSS/composite/C60/BCP/
Al diode devices (Figure 3) were carried out in the dark and under illumination with white
light from a Xe lamp and at a wavelength of 650 nm at the Cu-PP absorption maximum.
Presented in Figures 6 and 7, J–V curves are typical characteristics of a photodiode. Under
white light illumination (Figure 6) at a reverse bias of 1 V, the ratio of photo-to-dark current
was about 1100, 1300, and 1500 for poly-TPD:Cu-PP (blue curves), poly-TPD:PCBM (black
curves), and poly-TPD:PCBM:Cu-PP (green curves) based devices, respectively. Under
illumination at a wavelength of 650 nm, (Figure 7), the ratio of photo-to-dark current was
between 30 and 50 for Cu-PP-containing devices whereas the photocurrent was negligible
in Cu-PP-free devices.
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Figure 6. J–V curves of the dark current (dashed line) and photocurrent (solid line) under white
light illumination for poly-TPD:Cu-PP- (blue), polyTPD:PCBM- (black), and poly-TPD:PCBM:Cu-PP-
(green) based devices.

Photoconductivity σph is expressed by the equation σph = q(µe × e + µh × p), where
q is the electron charge, µe and µh are the mobility of electrons and holes, respectively, e
and p are the concentration of photogenerated electrons and holes, respectively. Additional
absorption bands of Cu-PP in the red spectral band 590–690 nm and the charge transfer
complex between Cu-PP and poly-TPD in the 450–500 nm (Figure 4c) band provide an
increase in light harvesting and, as a consequence, an increase in e and p-values.

Due to the small HOMO energy offsets between the donor poly-TPD and Cu-PP
and the small LUMO energy offsets between the acceptor PCBM and Cu-PP as seen in
the energy diagram (Figure 2b), it is favorable for electrons and holes photogenerated on
Cu-PP molecules to transfer to PCBM and poly-TPD, respectively. In turn, as shown in
Section 3.3, the mobilities µe and µh are more balanced in the ternary composite than in the
binary ones (Tables 1 and 2). The strong mobility imbalance in the poly-TPD:Cu-PP film is
evident in that the J–V curve increases slowly with increasing reverse bias compared to the
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J–V curves of the TPD:Cu-PP and TPD composites, which have a more balanced mobility
(Figures 6 and 7). If the mobilities of electrons and holes are approximately equal, then the
probability of bimolecular recombination of charge carriers decreases, and, consequently,
the loss of charge carrier concentration decreases.
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Figure 7. J–V curves of the dark current (dashed line) and photocurrent (solid line) under illumination
at a wavelength of 650 nm (a power of 3 mW × cm−2) for poly-TPD:Cu-PP- (blue) and poly-
TPD:PCBM:Cu-PP- (green) based devices.

The J–V curves show that the studied composites exhibit the photovoltaic effect. The
open circuit voltage Voc decreases in the sequence poly-TPD:Cu-PP-, poly-TPD:PCBM:Cu-
PP-, and poly-TPD: PCBM-based devices. The result agrees with the empirical relation [40]:

VOC = (1/q)
(∣∣∣ED

HOMO

∣∣∣−
∣∣∣EA

LUMO

∣∣∣
)
− 0.3V (3)

here ED
HOMO is the HOMO level energy of the donor and EA

LUMO is the LUMO level energy
of the acceptor. In (3), the VOC loss of 0.3 eV is empirical, and the loss could be greater or
lesser. The reasons for voltage losses are still discussed [41,42].

The photoconductivity of the ternary composite demonstrates the promise of using
the material in photodetector devices, in particular, those with sensitivity in the red spectral
band. At the absorption maximum of Cu-PP, the external quantum efficiency (EQE) is
equal to 0.5% for an incident flux of 1.87 × 1016 photons × s−1 × cm−2 at a wavelength of
650 nm and a photocurrent of 1.5 × 10−5 A × cm−2. In turn, the calculation of the internal
quantum efficiency (IQE) gives a value of 5.7%, taking into account the decadic absorption
coefficient (0.003 nm−1) of Cu-PP.

4. Conclusions

Based on the polymer poly-TPD having excellent thin film formation and hole trans-
port abilities, we have developed a ternary composite with fullerene derivative PCBM
and Cu-PP, a copper(II) complex with pyropheophorbide-a. We used the Cu-PP complex
obtained from natural raw materials. The Cu-PP component blended with poly-TPD can
(1) expand the photoconductivity of the composite in the blue–cyan and red bands of the
spectrum, (2) serve as an electron acceptor with respect to the polymer in the same way as
fullerene, and (3) provide the transport of both electrons and holes due to the small offset
between HOMO levels of Cu-PP and poly-TPD and between LUMO levels of Cu-PP and
PCBM. We focused on studying the charge transport. For the first time, the mobility of
charge carriers in a poly-TPD composite with Cu-PP and in a ternary composite based on
poly-TPD, Cu-PP, and PCBM was investigated, with a reasonably balanced mobility found
in the ternary composite compared to the binary composites.
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Based on charge mobility data and AFM topography images, we concluded that Cu-
PP molecules are dispersed homogenously in the free volume of poly-TPD, while PCBM
molecules form a network of domains in the polymer matrix (bulk heterojunction) serving
as electron transporting pathways. Indeed, the electron mobility in poly-TPD:PCBM:Cu-PP
is higher than in poly-TPD:PCBM, so the Cu-PP molecules, providing the hopping transport
of electrons, can facilitate the transfer of electrons from separately dispersed PCBM clusters
to the continuous network of the PCBM domains.

By blending poly-TPD with Cu-PP, the polymer composites are sensitized in the red
spectral range and absorb more photons in the blue range. The results obtained on the
photoconductivity of the composites demonstrate that the ternary composite is promising
for use in photodetectors, in particular, those sensitive in the red range of the spectrum.
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Abstract: As a π-conjugated conductive polymer, poly(3,4-ethylenedioxythiophene):poly(styrene sul-
fonate) (PEDOT:PSS) is recognized as a promising environmentally friendly thermoelectric material.
However, its low conductivity has limited applications in the thermoelectric field. Although thermo-
electric efficiency can be significantly enhanced through post-treatment doping, these processes often
involve environmentally harmful organic solvents or reagents. In this study, a novel and environ-
mentally benign method using purified water (including room temperature water and subsequent
warm water) to treat PEDOT:PSS film has been developed, resulting in improved thermoelectric
performance. The morphology data, chemical composition, molecular structure, and thermoelectric
performance of the films before and after treatment were characterized and analyzed using a scanning
electron microscope (SEM), Raman spectrum, XRD pattern, X-ray photoelectron spectroscopy (XPS),
and a thin film thermoelectric measurement system. The results demonstrate that the water treatment
effectively removes nonconductive PSS from PEDOT:PSS composites, significantly enhancing their
conductivity. Treated films exhibit improved thermoelectric properties, particularly those treated
only 15 times with room temperature water, achieving a high electrical conductivity of 62.91 S/cm, a
Seebeck coefficient of 14.53 µV K−1, and an optimal power factor of 1.3282 µW·m–1·K–2. In addition,
the subsequent warm water treatment can further enhance the thermoelectric properties of the film
sample. The underlying mechanism of these improvements is also discussed.

Keywords: PEDOT:PSS; water treatment; thermoelectrics

1. Introduction

With growing concerns about the environment and energy, there is increasing demand
for renewable material-based energy technologies [1–3]. In particular, energy conversion
materials that harness sustainable energy from the surrounding environment are garnering
significant interest [4]. Thermoelectric materials, which facilitate the direct conversion of
heat energy to electric power through the movement of charge carriers in solids, are seen as
having wide-ranging applications in sustainable and clean energy [5,6]. The thermoelectric
conversion efficiency of a material is primarily associated with its Seebeck coefficient
(S), electrical conductivity (σ), thermal conductivity (κ), and absolute temperature (T),
evaluated by the dimensionless thermoelectric figure of merit, ZT = S2σT/κ. Excluding
thermal conductivity, a parameter named power factor (represented as PF = S2σ) is another
metric for assessing thermoelectric performance.

Inorganic thermoelectric materials, known for their high output power density, have
been extensively studied. However, their high cost and fragility limit their application
in flexible, portable, and wearable devices. Conversely, organic thermoelectric materials,
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marked by their low density, excellent flexibility, abundant resources, and inherent low
thermal conductivity, have recently been the focus of numerous studies. Among various
conducting polymers, PEDOT:PSS stands out for its high energy conversion efficiency,
making it an ideal organic TE material. For instance, Xu et al. prepared a doped PE-
DOT:PSS aqueous solution using acids and alkalis, investigating the effect of pH variation
on TE performance. Their results indicated that decreasing the pH value enhances TE
properties, achieving an optimal power factor of 1.35 µW m−1 K−2 [7]. Kumar et al. en-
hanced the wettability of PEDOT:PSS on a glass substrate using methanol, followed by
treatment with 1 M sulfuric acid, simultaneously increasing its electrical conductivity
and Seebeck coefficient [8]. Similarly, sulfuric acid vapor was also employed to treat PE-
DOT:PSS thin films, and the obtained samples presented significantly enhanced electrical
conductivity with an improved Seebeck coefficient, yielding a maximum power factor of
17.0 µW·m–1·K–2 [9]. Moreover, the TE properties of PEDOT:PSS films can be significantly
enhanced by adding, during and/or post treatment, organic acids [10,11], organic sol-
vents [12–15], and other chemical reagents (such as surfactants [16,17], salts solutions [18],
and ionic liquids [19,20]). Additionally, incorporating inorganic fillers with a high conduc-
tivity or Seebeck coefficient has proven effective in enhancing TE properties. For example,
Du et al. fabricated highly conductive CNTs/PEDOT:PSS composite films through a DMSO
treatment, achieving a power factor of 108.7 µW·m−1·K−2 [21]. Chen et al. developed
layer-like PEDOT:PSS/SWCNT composite films with honeycomb-like structures, which
achieved a high power factor value of around 45.72 µW·m–1·K–2 after H2SO4 treatment [22].
See et al. created a novel composite film composed of Te nanorods and PEDOT:PSS, demon-
strating an exceptional power factor of approximately 70 µW·m–1·K–2 [23]. These findings
are heartening and suggest further research is warranted.

Despite these advancements, the use of toxic solvents and fillers, along with complex
preparation processes, poses environmental concerns. Therefore, simple, green approaches
are urgently needed. This study employs purified water to treat PEDOT:PSS films through
a straightforward washing process. As is well known, water is rich in resources, and the
preparation of DI water is relatively simple, convenient, and low-cost. Notably, this treat-
ment can also selectively remove nonconductive PSS and effectively modify the crystallinity
of PEDOT molecules. The electrical conductivity of the samples significantly increases with
the water washing cycle number, reaching 76.35 S cm–1 after 20 cycles. Simultaneously,
the Seebeck coefficient decreases marginally. Continuous optimization with warm water
yields a high room temperature power factor of approximately 4.4344 µW·m–1·K–2, which
is 672 times larger than that of the pristine sample. The mechanism of this significant
enhancement of TE properties due to the water washing process is also examined.

2. Materials and Methods
2.1. Materials

A commercial PEDOT:PSS aqueous solution (PH1000, Mw = 326.388) was procured
from Heraeus Company (Hanau, Germany). Deionized (DI) water with a relatively high
resistance of approximately 18.2 MΩ cm was used to dilute the PEDOT:PSS solution during
film preparation and to treat film samples during the water washing process.

2.2. Pre-Treatment and Film Preparation

Initially, the acquired PH1000 was diluted with DI water to a concentration of 6 mg/mL
PEDOT:PSS solution. Subsequently, 150 µL of this solution was drop-coated onto a pre-
cleaned glass substrate (1.2 × 1.2 cm2) and allowed to dry under ambient conditions. The
as-prepared PEDOT:PSS films were then dipped into DI water (around 17 ◦C) for 10 s,
removed, and dried on a heating platform at 60 ◦C. This immersion and drying procedure
was repeated 20 times. PEDOT:PSS film samples treated 5, 10, 15, and 20 times were selected
for further characterizations. These as-prepared films were labelled as PH-5, PH-10, PH-15,
and PH-20, respectively. To further improve its performance, warm water (30 ◦C) was
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used in the subsequent water washing process. The immersion and drying procedure was
repeated until the electrical conductivity reached a relatively stable value (around 60 times).

2.3. Characterizations and Measurements

Film morphologies were obtained by employing a field emission scanning electron
microscope (FE-SEM, S-4800, Hitachi Limited, Tokyo, Japan). Film thickness was deter-
mined using a step profiler (ET-4000M, Kosaka Laboratory Ltd., Tokyo, Japan). Molecular
structure changes in the films were analyzed using a Nicolelis5 Fourier transform infrared
spectroscopy (FTIR) instrument (ThermoFisher, Waltham, MA, USA) scanning in the range
of 400~4000 cm–1. Raman spectroscopy was conducted with a LabRAM HR Evolution
instrument using an 514 nm excitation laser (HORIBA, Kyoto, Japan). XRD spectra were
obtained with a Smartlab 9 (Rigaku Corporation, Tokyo, Japan) X-ray Diffractometer, using
a scanning range 2θ = 5◦–60◦. Electron-binding energies of the films were measured using
a Thermo KAlpha X-ray Photoelectron Spectroscope (XPS, Thermo Fisher Scientific). The
UV-Vis absorption spectra were collected using a LAMBDA950 UV/Vis/NIR Spectropho-
tometer (PerkinElmer, Waltham, MA, USA). The conductivity and Seebeck coefficient of
PEDOT:PSS films were tested using a MRS-3 thin-film thermoelectric tested system (Wuhan
Joule Yacht Science & Technology Co., Ltd., Wuhan, China).

3. Results and Discussion
3.1. Fabrication of PEDOT:PSS Film and the Water Treatment

Figure 1 displays the schematic illustration of the water treatment process for the
PEDOT:PSS film. A typical drop coating method was used to prepare the pristine PE-
DOT:PSS film. After drying at room temperature, the prepared films were soaked in DI
water to selectively remove PSS and improve the molecular arrangement of PEDOT. Due
to the solubilizing effect of the water on the film, the soaking duration was limited to 10 s,
followed by a drying process. To thoroughly understand the impact of the water on the
film, the immersion and drying steps were repeated multiple times. Notably, the water
treatment led to the formation of an interconnected porous network. The effective removal
of PSS suggests that the resultant films would exhibit enhanced electrical conductivities
and thermoelectric properties, which are discussed subsequently.
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3.2. Structure Characterization and Analysis

The films were examined using SEM, with the results presented in Figure 2. The
pristine film displayed a relatively compact structure. In contrast, water treatment sig-
nificantly altered the film’s cross-sectional morphology, revealing sheet-like structures
with microporous morphology. Notably, the film thickness increased following the water
treatment, aligning with the measurements obtained via the step profiler. The emergence
of porous structures and increased film thickness can be attributed to DI water penetration
and the resultant microstructural changes. The film surfaces became non-uniform due to
PEDOT:PSS dissolution in water (Figure 2f). Despite these changes, all water-treated films
exhibited highly interconnected microporous structures within the PEDOT:PSS, offering
efficient channels for carrier transportation.
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Figure S1 presents the FTIR spectra of the samples before and after different cycles
of the water washing treatment. In the original PEDOT:PSS film, the transmission peaks
centered at 1161 cm–1 and 1130 cm–1 are assigned to the S–O of PSS; the peak observed
at 1011 cm–1 is related to the S-phenyl stretching of PSS. Peaks centered at 856 cm–1 and
943 cm–1 correspond to the C–S stretching of PEDOT, while peaks located at 1261 cm–1,
1371 cm–1, and 1060 cm–1 are ascribed to C–O–C, C–C, and EDOT ring structures, respec-
tively [24]. It can be seen that the peaks associated with PSS at 1161 cm–1 and 1130 cm–1

decreased slowly in intensity with water treatments. To quantify this variation, a ratio of
A1130/A1060 was defined as the ratio of the area of the PSS peak centered at 1130 cm–1 to
the area of the PEDOT peak centered at 1060 cm–1. The calculated values are presented
in Figure S2 and a declining trend was observed, indicating the removal of PSS from PE-
DOT:PSS. It is also noteworthy that a characteristic peak of the C=C quinoidal structure in
PEDOT appeared at 1450 cm–1 after 15 cycles of water washing, and became more apparent
after 20 cycles of the water treatment. The observed changes in PEDOT:PSS contribute to the
improvement of the crystallinity of the polymer, thus increasing its electrical conductivity.

As a supplement to the infrared spectra, Raman spectroscopy, a nondestructive test-
ing method, was continuously employed to identify structural variations in the organic
polymers and carbon-based materials [25–27]. Figure 3a displays the Raman spectra of the
PEDOT:PSS films including the pristine as-prepared one and those treated with different
cycles of the water washing treatment. Characteristic peaks associated with PEDOT:PSS
structures were observed, with the peak attributions summarized in Table 1 [28,29]: peaks
centered at 1566 cm–1 and 1493 cm–1, corresponding to asymmetric Cα=Cβ stretching, be-
came increasingly prominent after the water treatment; the peak at 1428 cm–1, attributed to
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symmetric Cα=Cβ(–O) stretching vibrations of the five-membered thiophene ring, became
sharper and more intense. Similar trends were observed at 1367 cm–1 (Cβ–Cβ stretching),
1254 cm–1 (inter-ring Cα–Cα stretching), 1117 cm–1 (C–C ring bending vibration), 1094 cm–1

(C–O–C deformation), 701 cm–1 (symmetric C–S–C deformation), 437 cm–1 (SO2 bending),
988 cm–1, and 576 cm–1 (deformation of oxyethylene ring). The peak centered at 522 cm–1,
indicating the presence of the PSS component, exhibited a significant reduction in intensity
after the water treatment, suggesting the effective removal of the PSS component. To quan-
tify these changes, a ratio of I522/I988 was defined as the ratio of the intensity of the PSS
peak centered at 522 cm–1 to the intensity of the PEDOT peak located at 988 cm–1 [27]. The
calculated values are displayed in Figure S3 and a declining trend was observed, further
confirming the above assertion. The peak related to the stretching vibration of symmetric
Cα=Cβ(–O) at 1425 cm–1 exhibited a red shift, similar to treatments using dielectric sol-
vents. Generally, shifts in symmetric Cα=Cβ(–O) stretching are influenced by the relative
ratio of benzene and quinoid rings, correlating with the oxidation degree of the molecular
structures and/or the configuration of the PEDOT molecule. In a quinoid-dominated struc-
ture, conjugated π-electrons are more easily delocalized across the entire PEDOT chain,
with adjacent thiophene rings nearly parallel to one another, thereby enhancing charge
carrier mobility compared to a coiled benzoid-dominated structure. Additionally, after
the water treatment a significant increase in corresponding band intensities was observed,
possibly due to PSS removal and/or the reorienting effect of water on PEDOT chains.
Further details regarding the variation of PEDOT:PSS films during treatment are discussed
in subsequent sections.
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Table 1. The characteristic Raman bands and their assignments for pristine PEDOT:PSS film.

Raman Bands (cm−1) Assignments

1566, 1493 asymmetrical Cα=Cβ vibrations

1428 symmetric Cα=Cβ(–O) stretching vibrations of the
five-membered thiophene ring

1367 Cβ–Cβ stretching
1254 Cα–Cα inter ring stretching
1117 bending vibration of C–C ring
1094 C–O–C stretching
988 deformation of the oxyethylene ring
701 deformation of the symmetric C–S–C
576 deformation of the oxyethylene ring
437 SO2 bending

X-ray diffraction (XRD) patterns were analyzed to further comprehend the impact of
the water treatment on PEDOT:PSS structures, with results displayed in Figure 3b. The PE-
DOT:PSS film without water washing revealed two distinct diffraction peaks at 2θ = 26.4◦
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and 18.5◦, corresponding to the interchain planar π-π stacking distance (d(010)) of aromatic
rings in PEDOT and the amorphous halo of PSS, respectively [30,31]. Post water treatment,
the intensity of the PSS peaks noticeably decreased, indicating either the effective removal
of PSS or increased conformational disorder. Conversely, the peak related to the planar
ring-stacking of PEDOT showed enhanced intensity, signifying increased lamellar stacking
and improved crystallinity. This ordered and oriented pattern with relatively high reflective
intensities should facilitate carrier transport in the continuous porous framework, conse-
quently boosting electrical conductivity. These alterations are attributed to the selective
removal of nonconductive PSS and subsequent molecular rearrangement in PEDOT. It is
worth mentioning that these structural changes are analogous to the results reported in
those studies [13].

UV-Vis-NIR spectra were also applied to investigate the compositional and conforma-
tional variation in PEDOT:PSS structures. No noticeable changes can be observed during
the water washing process, until the cycle of treatments reached 20. For analytic simplicity,
the data from the pristine PEDOT:PSS were compared with those from the film treated
20 times, and the results are presented in Figure S4. As depicted, the absorption peak at
256 nm can be assigned to the aromatic ring of PSS [24,29]. After a water treatment for
20 cycles, this peak decreased in density, clear evidence of PSS removal. However, the two
curves almost coincide in the visible and NIR regions, demonstrating no obvious variation
of the oxidation degree of the molecular structures [32].

To confirm the compositional changes in the treated films further, an X-ray electron
spectroscopy (XPS) analysis was also performed, and its results are presented in Figure 4.
The elements C, O, and S were identified in the full-range XPS spectra. The reduction in the
insulating PSS content from PEDOT:PSS films during the H2O treatment was confirmed by
analyzing the S2p spectrum in the XPS. As illustrated in Figure 4b–f, the binding energies
between 166 and 172 eV corresponded to sulfur atoms S2p bands in PSS, while the ones
between 162 and 166 eV were related to the S2p bands of sulfur in PEDOT [33]. Moreover,
PEDOT bands featured two peaks at approximately 164 eV and 165 eV for S2p3/2 and
S2p1/2 thiophene sulfur, while two peaks at around 168 eV and 169 eV corresponded to the
S2p3/2 and S2p1/2 sulfur of PSS. Based on the changes in peak areas corresponding to PSS
and PEDOT, the structural modifications of the films were inferred. Calculations revealed
that the PSS/PEDOT ratio decreased from 3.02 to 2.84, 2.42, 2.13, and 1.55 after 5, 10, 15, and
20 water washing cycles, respectively. This reduction can be ascribed to the conformational
changes resulting from the removal of PSS during the H2O washing process, indicating
that PSS was progressively eliminated with an increasing number of H2O treatments. The
selective removal of the nonconductive-phase PSS effectively enhanced the conductivity
of the PEDOT:PSS films. Additionally, the XPS results were consistent with the observed
increase in electrical conductivity.

3.3. Thermoelectric Performance of PEDOT:PSS Film Prepared via Water Treatment

In the experiments, the pristine PEDOT:PSS films were prepared using a drop coating
method, and the obtained samples exhibited a relatively low conductivity of 0.25 S cm–1

(Figure 5a), aligning with other research reports and attributed to the high content of PSS
in the original films. After water washing, film conductivity increased substantially. For
instance, conductivity rose to 26.88 S cm–1 after 5 wash cycles, and to 76.35 S cm–1 after
20 cycles, representing a nearly threefold increase. The ratio of PSS to PEDOT decreased
from 3.02 to 1.55 over 20 wash cycles, indicating the effective removal of PSS and the
resultant increase in carrier concentration in the films. Enhanced peak intensity in the XRD
patterns of PEDOT’s inter-chain planar ring stacking suggests improved crystallization,
which is generally known to enhance the charge transfer within and between chains,
thereby improving polymer conductivity. As shown in Figure 2, a porous structure was
generated during the water washing process, which may partly reduce the number of the
conductive pathways. Notably, as discussed above, networks for charge transport have
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become more efficient following the water washing treatment. As a result, the obtained
films showed much higher electric conductivities when compared to untreated ones.
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reported in this work before warm water washing), 672 times larger than that of the pris-
tine sample (0.0066 µW·m−1·K−2). More than that, the value of the power factor achieved is 

Figure 5. Variation of the TE performance of PEDOT:PSS film before and after treatment using room
temperature water: (a) conductivity, (b) Seebeck coefficients, and (c) power factor.

Figure 5b illustrates the Seebeck coefficient variation in PEDOT:PSS films following
different water treatment cycles. The untreated film maintained a Seebeck coefficient of
~16.34 µV K–1, which gradually decreased to 16.10, 15.24, 14.53, and 11.73 µV K–1 after 5, 10,
15, and 20 wash cycles, respectively. This decrease likely correlates with the marked increase
in carrier concentration due to PSS reduction. Figure 5c displays the power factor variation,
showing that the pristine PEDOT:PSS film had a power factor of 0.0066 µW·m–1·K–2 due
to low conductivity. Post water treatment for 5, 10, 15, and 20 cycles, the power factors
reached 0.6971, 1.3473, 1.3282, and 1.0514 µW·m–1·K–2, respectively. During heating, the
power factor of the thin film exhibited an upward trend, reaching 1.7986 µW·m–1·K–2 at
360 K after 20 wash cycles, which is at least 200 times higher than that of the pristine
film. This upward trend of the power factor with temperature may be associated with the
changes in the PEDOT:PSS structure, such as a transformation from a benzenoid type to a
quinoidal one and the subsequent increase in the crystallinity [26,34].

Certainly, this method still has the potential for further developments. We also ex-
plored the relevant strategies in the experimental part, including repeating the water
treatment at room temperature (water temperature remains at around 17 ◦C) for the first
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20 times, with a subsequent warm water (30 ◦C) washing process for further modification.
The results are shown in Figure S5. During the warm water washing process, the conductiv-
ities of the samples continued their previous incremental growth state until they reached a
maximum of 221.52 S cm−1 after 60 cycles of further treatment (these conductivity values in
Figure S5 were also confirmed by the film resistance shown in Figure S6). This conductivity
was comparable to or even higher than most films modified using polar solvents, such as
EG, DMSO, THF, etc. For example, PEDOT:PSS films doped with THF (25 vol%), DMF
(25 vol%), and DMSO (25 vol%) possessed conductivities of ~4 S cm−1, 30 S cm−1, and
80 S cm−1, respectively [12]. Additionally, the electrical conductivity could be raised to
3.5 S cm−1 when 20% of the film was EG [35]. This great enhancement in conductivity
may be mainly induced by a significant structural change in PEDOT:PSS (e.g., a better
crystallinity of PEDOT and/or more ordered molecular arrangement), rather than the
removal of a large amount of PSS component (Figures S7 and S8). It is also worth noting
that the Seebeck coefficient has been kept at around 14 µV K–1, which is very similar to that
of the sample treated using DMSO (~15 µV K–1) [36]. Therefore, an optimal power factor of
4.4344 µW·m–1·K–2 can be achieved, which is three times higher than that of the sample
treated only using room temperature water (a PF value of 1.3282 µW·m−1·K−2, as reported
in this work before warm water washing), 672 times larger than that of the pristine sample
(0.0066 µW·m−1·K−2). More than that, the value of the power factor achieved is comparable
to or even higher than those of some composites, such as PEDOT:PSS/Ca3Co4O9 compos-
ite films (3.77 µW·m–1·K–2) [37], some multilayered film systems like PEDOT:PSS/PANI
(3.0 µW·m–1·K–2) [38], and PEDOT:PSS/P3HT (5.79 µW·m–1·K–2) [39]. Although the power
factor is not as good as that of the H2SO4-treated samples (as reported in our previous
work, a high power factor of around 47 µW·m–1·K–2 can be obtained because of the strong
effect of concentrated sulfuric acid on the polymer structure, including the removal of PSS,
better crystallinity of the conductive PEDOT:PSS, and variation of the microstructures) [29],
the process of water treatment was very environmentally friendly, and no harmful reagent
was used.

Another crucial factor that affects the thermoelectric properties of TE materials is thermal
conductivity. In general, most conducting polymers, including PEDOT:PSS, possess inherent
low thermal conductivities, which remain in a narrow range of 0.1–0.4 W·m−1·K−1, substan-
tially lower (around 2–4 orders of magnitude) than those of inorganic TE materials [40]. For ex-
ample, a DMSO-doped PEDOT:PSS film showed a thermal conductivity of 0.15 W·m−1·K−1,
and the original sample showed a thermal conductivity of 0.17 W·m−1·K−1 [36,41]. It is
worth noting that the introduction of an inorganic material would lead to an increase in
thermal conductivity to a certain extent. In our experiment, no inorganic component was
incorporated, and during the water washing process only a portion of the PSS component
was removed. Considering that the PSS component is essentially a polymer, it may have
little effect on the variation of the thermal conductivity. In addition, after multiple cycles
of water treating, the PEDOT:PSS films present porous structures (as shown in Figure 2),
which can effectively promote the scattering of photons, thus reducing their thermal con-
ductivity without significant influence on their electrical performance. Therefore, it is
reasonable to speculate that the thermal conductivities of all samples prepared in this work
are kept at a relatively low level.

4. Conclusions

In conclusion, a green and innovative method was developed for treating PEDOT:PSS
films with water to enhance their thermoelectric (TE) properties. Structural characterization
confirmed the selective removal effect of water on PSS, promoting the formation of ordered
PEDOT molecular chains and a continuous conductive network, thereby enhancing electri-
cal conductivities. By varying the number of water treatments, PEDOT:PSS films achieved
a high electrical conductivity of up to 76.35 S cm–1, with only a slight decline in the Seebeck
coefficient. With 20 water wash cycles, the film’s power factor reached a high value of
1.0514 µW·m–1·K–2, escalating to 1.7986 µW·m–1·K–2 at 360 K, indicating its potential as

67



Polymers 2024, 16, 266

a TE material. When further treating the film with warm water (60 cycles), a higher con-
ductivity of 221.52 S cm−1 and a Seebeck coefficient of 14.15 µV K–1 can be achieved. As a
result, the power factor reached up to 4.4344 µW·m–1·K–2 at room temperature. This study
presents a straightforward, green, and efficient method for improving the conductivity and
TE performance of PEDOT:PSS films, paving the way for expanding their applications in
various fields.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym16020266/s1. Ref. [42] is cited in the supplementary materials.
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Abstract: Self-excited motions, characterized by their ability to harness energy from a consistent
environment and self-regulate, exhibit significant potential in micro-devices, autonomous robotics,
sensor technology, and energy generation. This study introduces an innovative turntable system
based on an electrothermally responsive liquid crystal elastomer (LCE). This system facilitates self-
rotation within a steady-state circuit. Employing an electrothermal LCE model, we have modeled
and numerically analyzed the nonlinear dynamics of an LCE-rope within steady-state circuits,
utilizing the four-order Runge–Kutta method for calculations. The numerical results reveal the
emergence of two distinct motion patterns in the turntable system under steady-state conditions: a
self-rotation pattern and a static pattern. The self-rotation is initiated when the system’s absorbed
energy surpasses the energy lost due to damping effects. Furthermore, this paper delves into the
critical conditions necessary for initiating self-rotation and examines the influence of various key
dimensionless parameters on the system’s rotation amplitude and frequency. These parameters
include gravitational acceleration, the initial position of the mass ball, elastic stiffness of the LCE
and spring, limiting temperature, heating zone angle, thermal shrinkage coefficient, and damping
factor. Our computational findings establish that these parameters exert a modulatory impact on the
rotation amplitude and period. This research enhances the understanding of self-excited motions and
offers promising avenues for applications in energy harvesting, monitoring, soft robotics, medical
devices, and micro- and nano-devices.

Keywords: liquid crystal elastomers; self-excited motion; rotation; electrothermally responsive; rope

1. Introduction

Self-excited motion is characterized by a system’s generation of periodic motion in
response to a uniform external stimulus, as documented in various studies [1–5]. This
phenomenon significantly diminishes the need for complex system control, as it relies
on a constant, rather than a periodic, external stimulus for its periodic motion [6,7]. A
key attribute of self-excited motion is its capacity to actively assimilate energy from a
stable external environment to sustain its periodic activity. The system’s intrinsic proper-
ties, including amplitude and period of the self-excited motion, contribute to its enhanced
robustness [8]. Notably, self-excited motion is inherently passive and operates without exter-
nal control. This attribute facilitates more streamlined system design, fostering intelligence,
automation, and resource efficiency, thereby enhancing overall system efficiency [9,10]. The
versatile nature of self-excited motion extends its applicability across diverse fields such as
energy control [11], autonomous robotics [12–14], micro-nano devices [15], and medical
technology [16–18].

During self-excited motion, energy is dissipated due to damping effects in the system.
In order to maintain this self-excited motion, it is usually necessary to provide energy
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compensation by means of a nonlinear feedback mechanism, which is used to counteract
the energy loss of system damping [19–21]. For example, energy replenishment can be
realized through a self-shading mechanism [22], a mechanism of chemical reaction coupled
with large deformation [23], and the coupled motion mechanisms of air expansion and
liquid column formation [24,25]. These nonlinear feedback mechanisms are crucial in
maintaining the stability of self-excited motion. There has been a notable increase in the
reports on self-excited motion systems constructed from active materials, including hydro-
gels [26,27], dielectric elastomers, ionogels [23], liquid crystal elastomers (LCEs) [28–32],
and temperature-sensitive polymers [33–36]. Meanwhile, numerous efforts have been
brought into proposing and constructing a variety of self-excited motion patterns using
these active materials, including bending [33–35], twisting [36,37], stretching and contract-
ing [38], rolling [22], oscillating [39,40], jumping [41], rotating [42], and even achieving
synchronized motions of multiple coupled self-resonators [43].

LCE is a type of electrothermally responsive material that consists of rod-like meso-
crystalline monomers with main or side chains of flexible cross-linked polymers to combine
rubbery elasticity with liquid crystal anisotropy. When encountering external stimuli such
as electricity, heat, light, and magnetism, liquid crystal monomer molecules will rotate or go
through phase transitions, modifying their structures and thereby resulting in macroscopic
deformation [44–49]. Compared to other types of active materials like temperature-sensitive
gels, moisture-sensitive gels, pneumatic artificial muscles, and polyelectrolyte gels, LCE is
able to achieve self-excited motion and exhibits superior responsiveness and controllability,
bringing innovative solutions to relevant applications. The advantageous properties of
the LCE material make these LCE-based self-excited motion systems highly stable and
reliable, and they can be driven and controlled in a wireless and non-contact manner. As
a consequence, the LCE-based self-excited motion systems are of great interest, with a
wide range of potential applications in energy control [50,51], autonomous robotics [52,53],
micro- and nano-devices [15], and medical devices.

Recent advancements have led to a notable increase in the prevalence of self-excited
motion systems utilizing LCE materials [54]. The majority of these systems operate primar-
ily through mechanisms like direct ambient heating or photothermal and photochemical
effects [11,24,28,31,55–64]. Despite this progress, the variety of self-excited motion patterns
remains limited, constraining their application potential in active motor systems. Electronic
actuation, particularly in practical applications, offers significant advantages in terms of
system control and integration. Recent research has shown success in integrating scalable
resistive heaters within LCEs, enabling system operation through controlled electrical
potentials [49]. This innovation broadens the scope for both control and application of
self-excited motion systems. The present study introduces a novel LCE-based turntable
system, designed for self-rotation within a steady-state circuit. It explores both the dynamic
rotation behavior and the impact of key system parameters. This investigation lays the
groundwork for designing more efficient and responsive control systems.

This paper is organized in the following manner. Firstly, in Section 2, we model the
nonlinear dynamics of the turntable system based on an electrothermally responsive LCE
in a steady-state circuit, and derive the corresponding control equations. In Section 3, we
numerically calculate the rotation of the system using the four-order Runge–Kutta method.
We investigate the two motion patterns of the system and the corresponding mechanism.
Then, in Section 4, we explore the triggering conditions of the system rotation and the
influence of the system parameters on the rotation frequency, and we analyze the rotation
behavior under different parameter settings as well. Finally, some conclusions and outlooks
are given.

2. Model and Formulation

This section delineates the construction of an LCE-based turntable system within a
steady-state circuit, accompanied by the development of a theoretical model predicated
on the dynamic behavior of LCEs. Key areas of focus encompass the dynamics of the
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LCE-based turntable system, the progression of molecules within the LCE material, the
approach to resolving differential control equations with variable coefficients, and the
dimensionless quantification of system parameters.

2.1. Dynamics of an LCE-Based Turntable System

As shown in Figure 1, this model is an electrothermally responsive LCE-based turntable
system rotating around a point O′. The turntable as a whole comprises two layers of discs,
with the upper disc being the driving layer, and the discs are equipped with n motion tubes,
each of which contains a small mass ball of mass m, a spring of initial length Ls, and an
LCE-rope of initial length Li. The mass ball is placed in the middle of the tube, the inner
side connects the mass ball to the turntable with a spring, and the outer side connects the
mass ball to the turntable with an LCE-rope. The initial position of the mass ball is at a
distance of L0 from the center O′ of the turntable. The lower disc is the electric heating
layer, the blue region is the heat insulation zone, whose temperature is always stable and
unchanged, and the red region denotes the heating zone, the angle of which is θ0. The
resistance wires are evenly laid in the heating zone and connected to the steady-state circuit.
The heat generated due to the thermal effect of the electric current raises the temperature of
the entire heating zone. The upper boundary of the heating zone is the starting position
of the turntable, and the angle between the first mass ball and the starting position is θi.
The current length of LCE-rope is denoted as L(t). A right-angled coordinate system Oxy
is established with the initial position of the mass ball as the coordinate origin, and the
turntable is given an initial angular velocity w0 of clockwise rotation.Polymers 2023, 15, x FOR PEER REVIEW  4  of  21 
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Figure 1. Schematic of an LCE-based turntable system in steady-state circuits, including two layers
of discs and n motion tubes. Each motion tube contains an electrothermally responsive LCE-rope,
a spring of conventional material, and a mass ball. The red region represents the heating zone
and the blue region is the heat insulation zone. (a) Initial state; (b) current state; (c) reference state;
(d) force analysis of the mass ball, which is subjected to gravity mg, damping force Ff , spring force Fs

of the spring, and tensile force Fl of the LCE-rope. The mass ball keeps entering the heating zone,
and the mass ball entering the heating zone will move outward under the tension of the LCE-rope,
thus generating a torque difference and sustaining the system in periodic motion.
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Figure 1c illustrates the modeling of electrothermally responsive LCE-rope in a steady-
state circuit. This LCE material is composed of anisotropic rod-shaped liquid crystal
molecules and stretchable long-chain polymers that are capable of achieving large and
reversible actuation strains, which are mainly caused by the phase transition from the
nematic to isotropic phase and the reorientation of the liquid crystal mesogens [28,64]. The
monodomain LCE-rope is produced by initially loosely cross-linking the mixture within a
circular mold, followed by fully cross-linking through uniaxial stretching and exposure
to ultraviolet light. The LCE-rope is in a monodomain state in which the liquid crystal
mesogens are arranged axially. When the circuit is connected, the temperature rises, and
the LCE-rope will shrink along its axial direction. When the circuit is disconnected, the
temperature decreases, and the rope is able to fully recover to its initial length. In the
disconnected state, the length of the LCE-rope is Li, which serves as a reference state.

During the rotation of the turntable, the following control equation can be derived
from the momentum moment theorem:

n

∑
i=1

( .
Ji

.
θ + Ji

..
θ
)
=

n

∑
i=1

{
mg cos

[
θ0

2
− θ − 2π

n
(i− 1)

]
xi − β

.
θ(t)(L0 + xi)

2
}

(1)

where Ji = m(L0 + xi)
2, β is the damping factor, g is the gravitational acceleration, xi(t)

is the displacement of the ith mass ball,
.
θ =

dθ(t)
dt and

..
θ =

d2θ(t)
dt2 represent the rotation

angular velocity and acceleration of the system, respectively.
As described in Figure 1b, when the motion tube enters the heating zone, the LCE-

rope experiences an electrothermally driven shrinkage and pulls the mass ball towards the
outside of the turntable, and the displacement moved by the mass ball is recorded as x(t),
which generates a gravitational moment difference to promote the rotation of the system.
The mass ball enters the heating zone and is subjected to four forces, i.e., the spring force
Fs of the spring, the tension Fl of the LCE-rope, the gravity mg of the ball itself, and the
damping force Ff . It is assumed that the gravity is negligible relative to the elastic force.
Since the ball is in equilibrium at any moment in the x-axis direction, we can obtain its
equilibrium equation as

Fs = Fl (2)

where θ(t) is the rotation angle. In accordance with Hooke’s law, we can further simplify
its equilibrium equation as

Fs = ksx(t), Fl = kl [x(t) + LiεT(t)] (3)

where ks refers to the elastic stiffness of the spring, kl refers to the elastic stiffness of the
LCE-rope, and εT(t) is the thermally driven contraction strain of the LCE-rope.

Inserting Equation (3) into Equation (2) leads to

xi(t) = −
klεT(t)LiLs

ksLi + kl Ls
(i = 1, 2, 3, . . . , n) (4)

where xi(t) is the displacement of the ith mass ball.
The thermally driven contraction strain of the LCE-rope can be calculated as

εT(t) = αT (5)

where T is the temperature difference between the LCE-rope and the environment, and α is
the coefficient of thermal contraction of the LCE-rope.
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Based on Equations (2)–(4), Equation (1) can be simplified as

..
θ =

n
∑

i=1

{
mg cos

[
θ0
2 −θ− 2π

n (i−1)
]

xi−β
.
θ(t)(L0+xi)

2−
.
Ji

.
θ
}

n
∑

i=1
Ji

(6)

2.2. Temperature Field in LCE

In this section, the thermal dynamics of an electrothermally responsive system, en-
compassing both heated and unheated zones, are detailed. The assumption is made that
heat exchange within the heating zone occurs rapidly, resulting in a uniform temperature
across the LCE-rope. The presence of electric current induces a thermal effect, leading
to heat generation in the resistance wire of the turntable’s heating zone upon activation.
The quantity of heat produced per second due to the electrothermal effect is represented
by the parameter q. The LCE-rope is capable of thermal interaction with the turntable’s
heating zone, and it is presumed that the density of heat flow is linearly correlated to the
temperature differential T between the LCE-rope and its surrounding environment. Within
the heating zone, this temperature difference T is defined as per equation [42].

.
T =

q− KT
ρc

(7)

T = TL − Te (8)

where ρc refers to the specific heat capacity, K indicates the heat transfer coefficient, TL is
the LCE-rope temperature, and Te is the ambient temperature.

By solving Equation (7), it can be seen that, in the heating zone, the temperature
difference T is expressed as

Tn+1 = Tn +
t
τ
(T0 − Tn) (9)

where T0 = q
K denotes the limiting temperature difference of the electrothermally respon-

sive LCE-rope in the case of long-time energization, τ = ρc
K is the characteristic time of heat

exchange between the LCE-rope and the environment, and the larger τ is, the longer the
time required for the LCE to reach the limiting temperature difference T0.

In the unheated zone, when T0 = 0, the temperature difference T is

Tn+1 = Tn −
t
τ

Tn (10)

2.3. Nondimensionalization and Solution Method

For convenience, the dimensionless quantities are introduced as follows: x1(t) =
x1(t)

Li
,

x2(t) = x2(t)
Li

, g = gτ2

Li
, β = βτ

m , t = t
τ , L0 = L0

Li
, Ls = Ls

Li
, L(t) = L(t)

Li
, T = T

Te
, T0 = T0

Te
,

ks =
ksτ2

m , and kl =
klτ

2

m .
Re-substituting the above dimensionless parameters into the aforementioned

Equations (3) and (6) yields the dimensionless control equations

xi
(
t
)
=

klεT(t)
ks + kl

(11)
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.
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∑
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) klα(T0−T)
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(
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)2
(12)
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where
..
θ =

d2θ(t)
dt2 and

.
θ =

dθ(t)
dt represent the dimensionless rotation angular acceleration

and velocity of the system, respectively.
Since Equation (12) is a differential equation with variable coefficients, it has no

analytic solution. In order to solve this differential equation, we utilize the classical fourth-
order Runge–Kutta method with the help of Matlab software (R2016b). The fourth-order
Runge–Kutta formula involved is as follows

θ
(
t + h

)
= θ

(
t
)
+

1
6
(K1 + 2K2 + 2K3 + K4) (13)

where Ki(i = 1, 2, 3, 4) is expressed as




K1 = f
(
t, θ
)

K2 = f
(

t + h
2 , θ + h

2 K1

)

K3 = f
(

t + h
2 , θ + h

2 K2

)

K4 = f
(
t + h, θ + hK3

)
(14)

where h is the time step. Ultimately, the dynamic response of the angle and angular velocity
for the system rotation over time can be obtained by iterative analysis.

The initial condition of the turntable system can be given as

θ = 1.75π and w = 1 at t = 0. (15)

Taking into account the dimensionless parameters including T0, θ0, α, g, β, L0, kl ,
ks, θ, and w, Equations (3), (4), (6) and (9) can be solved programmatically in Matlab
by the four-order Runge–Kutta method. In the calculation, with the position xi−1 of the
mass ball at the previous moment and the temperature change Ti of the LCE, the current
shrinkage strain εi of the LCE can be estimated by Equation (4), which is then combined
with Equation (10) to calculate the current position xi of the mass ball. On the basis of εi,
xi, and Equation (12), the current rotation angular velocity of the system can be calculated.
When 0 ≤ mod(θi, 2π) ≤ θ0, the mass ball is within the heating zone; otherwise, it is in the
heat insulation zone. Repeating the above process, the time course of the rotation angle of
the LCE-based turntable system is obtained via iterative calculation.

3. Two Motion Patterns and Mechanism of Self-Excited Motion

Utilizing the control equations established earlier and employing numerical analysis,
this section is dedicated to examining the dynamic behavior of the system within a steady-
state circuit. Initially, the two predominant motion patterns, specifically the static and self-
rotation patterns, are introduced. Subsequently, a detailed exploration of the mechanisms
driving self-rotation is conducted through a comprehensive parametric analysis.

3.1. Two Motion Patterns

To investigate the self-rotation of LCE-based turntable systems, the dimensionless
parameters in the theoretical model must first be determined. Based on the available experi-
mental data [11,65,66], the material properties and geometrical parameters of the system, as
well as the relevant dimensionless parameters, are listed in detail in Tables 1 and 2, respec-
tively. Table 1 illustrates the basic material properties and geometrical parameters of the
LCE-based turntable system, which are fundamental and indispensable for analyzing the
system, while Table 2 shows the associated dimensionless parameters, which are derived
based on the fundamental data and the associated dimensionless formulas in Figure 1.
These parameters are essential for the study of the effect of self-rotation on the turntable
system. In this study, these parameter values will be utilized to investigate the self-rotation
characteristics of the LCE-based turntable system in a steady-state circuit.
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Table 1. Material properties and geometric parameters.

Parameter Definition Value Unit

α Thermal shrinkage coefficient of the LCE material 0–0.5 /
g Gravitational acceleration 10 m/s2

β Damping factor 0.001~0.01 kg/s
θ0 Heating zone angle 0.4π~0.8π /
θ Initial angle of the mass ball 0~2π /

w0 Initial angular velocity 0.4~2 rad/s
ks Elastic stiffness of the spring 0.005~50 N/m
kl Elastic stiffness of the LCE-rope 0.005~50 N/m
L0 Distance from mass ball to turntable center 0.04~0.16 m
Ls Initial length of spring 1.6~20 mm
Li Initial length of LCE-rope 0.02 m

τ
Characteristic time of heat exchange between LCE-rope

and the environment 0.001~0.1 s

m Mass of small mass ball 0.01 kg
T0 Limit temperature difference of LCE-rope 0–20 °C
ρc Specific heat capacity of LCE material 1000~4500 J /(kg°C)
q Heat generated by the thermal effect of electric current 0~10 J /s

Table 2. Dimensionless parameters.

Parameter
—
T0

—
g

—
β

—
L0

—
α

—
k l

—
k s θ0

Value 0.1~0.5 6~20 0.01~0.2 0.5~3 0.38~0.45 10~100 10~100 0.5π~1.5π

From Equations (11) and (12), the phase trajectories and time histories of the system
during the rotation in a steady-state circuit can be obtained. In the calculation, we first set
T0 = 0, θ0 = 0.5π, α = 0.35, g = 10, β = 0.01, L0 = 1, kl = 10, ks = 10, θ = 0.25π, and
w0 = 1. With this group of parameters, the turntable begins to rotate with an initial speed
of w0 = 1. And since T0 = 0 indicates that the circuit is in a power-off state, the LCE-rope
does not change after entering the heating zone and the turntable continues to rotate. Due
to the air damping, the rotation velocity of the turntable decreases and finally remains
stable, which is termed the static pattern, as plotted in Figure 2a,b. When the parameters are
set to T0 = 0.35, θ0 = 0.5π, α = 0.35, g = 10, β = 0.01, L0 = 1, kl = 10, ks = 10, θ = 0.25π,
and w0 = 1, as depicted in Figure 2c,d, the turntable can rotate continuously and eventually
develop into a self-rotation, named the self-rotation. Similar to other self-excited motion
systems, the LCE-based turntable system demonstrates the capability to execute rotation
motion within a steady-state circuit. This phenomenon is primarily due to the external
energy input offsetting damping losses, thereby sustaining the self-rotation. Section 3.2
will delve into the intricate mechanisms underlying this self-rotation.
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Figure 2. Time histories and phase trajectories of the LCE-based turntable. (a,b) Static pattern with
parameters of T0 = 0, θ0 = 0.5π, α = 0.35, g = 10, β = 0.01, L0 = 1, kl = 10, ks = 10, θ = 0.25π,
and w0 = 1. (c,d) Self-rotation with parameters of T0 = 0.35, θ0 = 0.5π, α = 0.35, g = 10, β = 0.01,
L0 = 1, kl = 10, ks = 10, θ = 0.25π, and w0 = 1. The LCE-based turntable system involves two
motion patterns in a steady-state circuit, i.e., static pattern and self-rotation.

3.2. Mechanism of the Self-Excited Motion

Figure 3 displays the evolution of several key parameters related to the self-rotation
depicted in Figure 2c,d in order to facilitate the exploration of the self-rotation mechanism.
Figure 4 illustrates the self-rotation of the LCE-based turntable system during one cycle.
The time dependence of the electrothermally driven shrinkage strain in the LCE material
during the self-rotation is plotted in Figure 3a, showing a periodic variation with time. The
time dependences of the elastic force Fl and the damping force F f on the mass ball are
plotted in Figure 3b,c, respectively, both of which vary periodically with time. In Figure 3d,
the driving torque is plotted versus time, which gradually increases in the heating zone and
decreases in the heat insulation zone. Figure 3e,f reflect the relationship between driving
torque, damping torque, and rotation angle, respectively. The areas enclosed by the two
curves represent the net work done by the driving torque and the work consumed by the
system damping during one cycle, both of which are 0.51. It is the positive net work done
by the driving torque that compensates for the energy dissipated by the damping, allowing
the system to maintain a continuous and stable motion pattern of self-rotation.
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Figure 3. (a) Time dependence of the electrothermally driven shrinkage strain in the LCE-rope;
(b) time dependence of the elastic force; (c) time dependence of the damping force; (d) time dependence
of the driving torque; (e) driving torque vs. rotation angle; (f) damping torque vs. rotation angle.
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Figure 4. Self-rotation of the turntable system during one cycle. The LCE-rope contracts axially in the
heating zone, pulling the mass ball outward, and the electrothermally driven contraction recovers
axially in the heat insulation zone. In the steady-state circuit, the LCE-based turntable system exhibits
continuous periodic rotation due to the periodic variation of the electrothermally driven contraction
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4. Parametric Study

The equations under consideration encompass eight dimensionless parameters: g, T0,
β, L0, α, kl , ks, and θ0. These parameters play a pivotal role in modulating the self-rotation
dynamics of the LCE-based turntable system, as demonstrated in Figure 1. This segment of
the study is dedicated to examining the influence of these crucial parameters on the critical
conditions, periodicity, and magnitude of self-excited motion in a system equipped with
just two mass balls. The objective is to provide insights applicable to various domains such
as energy harvesting, power generation, monitoring, soft robotics, medical devices, and
micro- and nano-devices. In this context, A and f are employed to denote the dimensionless
amplitude and frequency of the system, respectively.

4.1. Effect of the Gravitational Acceleration

Figure 5 illustrates the effect of the dimensionless gravitational acceleration g on
the rotation of the system. In the numerical calculation, we set T0 = 0.35, θ0 = 0.5π,
α = 0.35, β = 0.01, L0 = 1, kl = 10, ks = 10, θ = 0.25π, and w0 = 1. Figure 5a
illustrates the boundary conditions for the rotation behavior of the system under varying
gravitational accelerations g. The analysis reveals a critical gravitational acceleration
threshold, specifically g = 5, which initiates rotation motion in the system. At this juncture,
g ≥ 5, the system transitions into a rotation mode. This phenomenon is interpretable
through the lens of energy balance, considering the interplay between the net energy input
and damping losses. Under conditions of low gravitational acceleration, the system can
only generate a minimal torque in the heated zone, rendering the net electrothermal energy
imparted to the LCE-rope insufficient to offset the energy loss due to damping. In scenarios
where the energy input fails to counterbalance the damping losses, the LCE-based turntable
system will ultimately cease motion, settling into a static equilibrium in a static state.
Figure 5b demonstrates the impact of varying dimensionless gravitational accelerations on
both the amplitude of change in the LCE-rope and the system’s rotation frequency. As can
be seen in Figure 5, both the amplitude and the rotation frequency increase gradually and
more significantly as the gravitational acceleration g increases, which is consistent with
physical intuition.
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4.2. Effect of Initial Position of the Mass Ball

Figure 6 describes how the initial position L0 of the mass ball affects the rotation of
the system. In the numerical calculation, we set T0 = 0.35, θ0 = 0.5π, α = 0.35, β = 0.01,
g = 10, kl = 10, ks = 10, θ = 0.25π, and w0 = 1. Figure 6a plots the limit cycles of
rotation for different initial positions, where a critical initial position of about L0 = 3
exists for the phase transition between static and self-rotation. When the initial position
exceeds or equals the critical value, the energy input to the system from external sources is
unable to compensate for the damping loss, which results in the system rotating slower and
slower and eventually stopping at the static equilibrium position. When L0 = 1, L0 = 2,
and L0 = 3, the self-rotation is triggered with the limit cycles being plotted in Figure 6a.
Figure 6b shows how the initial position of the mass ball influences the rotation amplitude
and frequency. As the initial distance from the mass ball to the turntable center increases,
there are significant decreases in the amplitude and frequency. This result indicates that the
increase in initial position is not conducive to the system rotation, but instead makes the
system rotate slower and slower, and finally stop at the static equilibrium position.
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θ = 0.25π, and w0 = 1. (a) Limit cycles; (b) amplitude and frequency.

4.3. Effect of Damping Factor

Figure 7 illustrates the effect of dimensionless damping factor β on the rotation, with
other parameters being set as T0 = 0.35, θ0 = 0.5π, α = 0.35, g = 10, L0 = 1, kl = 10,
ks = 10, θ = 0.25π, and w0 = 1. Figure 7a presents the rotation limit cycles corresponding
to varying damping factors, identifying a critical damping factor, denoted as β = 0.2,
which signifies the transition threshold between static and self-rotation states. Beyond
this critical value of β, the system’s damping dissipation becomes excessively pronounced
to be compensated by the mechanical energy derived from the input thermal energy,
consequently stabilizing the turntable system in a static equilibrium state. In contrast, for
β = 0.05, β = 0.1, and β = 0.15, the self-rotation can be triggered. Figure 7b displays the
effect of the dimensionless damping factor β on the rotation amplitude and frequency. The
larger the damping factor, the more energy loss is generated and, therefore, relatively less
energy is available for the system to rotate. Hence, the time required for the system to
rotate one revolution increases, indicating that the frequency is decreasing. However, the
damping factor has almost no effect on the rotation amplitude.
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Figure 7. Effect of dimensionless damping factor on self-rotation of the LCE-based turntable system,
with T0 = 0.35, θ0 = 0.5π, α = 0.35, g = 10, L0 = 1, kl = 10, ks = 10, θ = 0.25π, and w0 = 1.
(a) Limit cycles; (b) amplitude and frequency.

4.4. Effect of Limit Temperature

Figure 8 illustrates the effect of dimensionless limit temperature T0 on the rota-
tion, in which the other parameters are set to g = 10, θ0 = 0.5π, α = 0.35, β = 0.01,
L0 = 1, kl = 10, ks = 10, θ = 0.25π, and w0 = 1. Figure 8a illustrates the limit cycles of
rotation at varying threshold temperatures, revealing a critical threshold temperature of
approximately T0 = 0.1, essential for initiating self-rotation. Below this critical temper-
ature, the energy derived from heat is inadequate to offset the damping losses, leading
to the system stabilizing in a static equilibrium state. In contrast, at T0 = 0.2, T0 = 0.5,
and T0 = 1, the system demonstrates the capability of self-rotation. Figure 8b presents
the influence of the dimensionless threshold temperature T0 on the rotation amplitude
and frequency. It is noted that the amplitude escalates in tandem with an increase in the
dimensionless threshold temperature. This trend is attributable to the fact that higher
threshold temperatures facilitate greater thermal energy generation, resulting in increased
energy input to the system and, consequently, an elevated rotation amplitude. And the
rotation frequency increases gradually with the increase in limit temperature as well.
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4.5. Effect of Thermal Shrinkage Coefficient

The impact of the dimensionless thermal shrinkage coefficient α on rotation behavior
is delineated in Figure 9. During the numerical analysis, several parameters were held
constant, specified as T0 = 0.35, θ0 = 0.5π, g = 10, β = 0.01, L0 = 1, kl = 10, ks = 10,
θ = 0.25π, and w0 = 1. Figure 9a illustrates the rotation limit cycles corresponding
to various values of α, revealing a pivotal thermal shrinkage coefficient, approximately
α = 0.1, which demarcates the transition from static to self-rotation patterns. For α = 0.1
values below this critical threshold, the system’s thermal energy input is insufficient to
counterbalance the energy losses due to damping, leading to a steady-state equilibrium.
Conversely, for α = 0.2, α = 0.3, and α = 0.4, the system exhibits self-rotation. Figure 9b
demonstrates how the rotation amplitude and frequency are influenced by α. Notably, the
amplitude exhibits a progressive increase with higher values of α. In contrast, the frequency
remains relatively unaffected by changes in the thermal shrinkage coefficient.
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Figure 9. Effect of dimensionless thermal shrinkage coefficient α on the self-rotation of the LCE-based
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4.6. Effect of Elastic Stiffness of LCE-Rope

Figure 10a illustrates how the dimensionless elastic stiffness kl of the LCE-rope in-
fluences the rotation. In the numerical calculation, the other parameters are chosen as
T0 = 0.35, θ0 = 0.5π, α = 0.35, β = 0.01, L0 = 1, g = 10, ks = 10, θ = 0.25π, and
w0 = 1. Figure 10a delineates the limit cycles of rotation for the LCE-rope across a range of
dimensionless elastic stiffness values, denoted as kl . A critical threshold for elastic stiffness,
identified at kl = 10, marks the phase transition from static to self-rotation patterns. When
the dimensionless elastic stiffness of the LCE-rope falls below this critical value, the en-
ergy converted from heat into the system proves inadequate to counterbalance the energy
dissipated through damping effects. This insufficiency results in the turntable ultimately
achieving a state of static equilibrium. Instead, for kl = 10, kl = 30, and kl = 50, the
system can exhibit self-rotation. Figure 10b depicts how the elastic stiffness of the LCE-rope
affects the rotation amplitude and frequency. Only a slight increase in both amplitude and
frequency occurs as the elastic stiffness of the LCE-rope is gradually improved. This is
attributed to the fact that the elastic stiffness has almost no effect on the deformation of the
LCE-rope, and, thus, has a negligible effect on the rotation frequency.
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4.7. Effect of Elastic Stiffness of Spring

Figure 11 shows the effect of the dimensionless elastic stiffness of the spring, ks, on
the rotation. In the numerical calculation, we set T0 = 0.35, θ0 = 0.5π, α = 0.35, β = 0.01,
L0 = 1, kl = 10, g = 10, θ = 0.25π, and w0 = 1. Figure 11a plots the limit cycles of rotation
for different dimensionless elastic stiffnesses of the spring ks. And there presents a critical
elastic stiffness of about ks = 10 for the phase transition between static and self-rotation
patterns. When the elastic stiffness of the spring is below the critical value, the increase in
time for the mass ball to return to its initial position within the heat insulation zone results
in a decrease in the net work produced by the driving torque, which is insufficient to offset
the energy consumed by the damping effect, and the turntable will eventually remain in a
static equilibrium position. Conversely, for ks = 10, ks = 50, and ks = 100, the system can
undergo self-rotation. Figure 11b illustrates how the elastic stiffness of the spring affects the
rotation amplitude and frequency. As the elastic stiffness of the spring is improved, both
the amplitude and frequency experience declines. This is due to the fact that an increase in
the elastic stiffness of the spring reduces the displacement of the mass ball in the heating
zone, thereby diminishing the rotation frequency of the system.
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4.8. Effect of Heating Zone Angle

Figure 12a illustrates the limit cycles of rotation behavior across varying ranges of
the heating zone. It identifies two pivotal heating zone angles, approximately θ0 = 0.5π
and θ0 = 1.75π, that demarcate the phase transition from static to self-rotation patterns.
For heating zone angles less than the critical threshold of θ0 = 0.5π, the duration of LCE
exposure to the heating zone is insufficient. This brevity in exposure results in inadequate
thermal energy input to offset the energy losses attributed to damping effects, leading
to the turntable maintaining a static equilibrium. Conversely, when the heating zone
angle exceeds 1.75π, the LCE-rope’s time in the heat insulation zone is too brief to revert
it to its initial state. Consequently, the thermal energy supplied to the system fails to
counterbalance the damping dissipation, culminating in the turntable’s persistence in a
static equilibrium state. Whereas, for θ0 = 0.5π, θ0 = 0.75π, and θ0 = π, the system can
initiate the self-rotation. The effects of the heating zone angle on the rotation amplitude
and frequency are displayed in Figure 12b. As the heating zone angle increases, both the
amplitude and frequency present a tendency to increase and then decrease, which is similar
to the reason mentioned above that both smaller and larger heating zone ranges negatively
affect the rotation of the system.
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In summary, the influence of various critical dimensionless parameters on the rotation
amplitude and frequency, as explored in this section, is systematically compiled in Table 3.
This data offers essential guidance for the engineering of self-excited motion systems,
facilitating the precise control of self-excited motion attributes in real-world applications.

Table 3. Effects of several key dimensionless parameters.

Dimensionless Parameter Amplitude Frequency

g increases with increasing g increases with increasing g

L0 decreases with increasing L0 decreases with increasing L0

β not affected by β decreases with increasing β

T0 increases with increasing T0 increases with increasing T0

α increases with increasing α not affected by α

kl increases slightly with increasing kl increases slightly with increasing kl

ks decreases with increasing ks decreases with increasing ks

θ0 increases and then decreases with increasing θ0 increases and then decreases with increasing θ0
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5. Conclusions

Self-rotating systems exhibit the ability to autonomously harness energy and sustain
periodic self-rotation under consistent external stimuli. These systems are increasingly
relevant for applications in micro-devices, autonomous robotics, sensors, and energy gener-
ation. This study introduces a turntable system based on an electrothermally responsive
LCE, capable of self-rotation in a steady-state electrical circuit. By employing an electrother-
mal LCE model, a nonlinear dynamical model of the system is formulated, and numerical
simulations are conducted using the four-order Runge–Kutta method. The simulations
reveal two distinct motion regimes for the LCE-based turntable in a steady-state circuit:
a static state and a self-rotation state. Critical conditions for initiating self-rotation in
a two-mass-ball LCE-based turntable system are quantitatively evaluated, considering
various system parameters and their impact on rotation amplitude and frequency. Key
parameters influencing self-rotation include gravitational acceleration, initial position of
the mass ball, elastic properties of the LCE-rope and spring, limiting temperature, heating
zone angle range, thermal shrinkage coefficient, and damping factor. These parameters
also govern the system’s rotation frequency and amplitude. These results of this paper are
expected to be validated in future experimental works, and the findings of this research
offer innovative design perspectives for self-rotating systems, contributing to the under-
standing of self-rotation principles and broadening potential applications in areas such as
energy harvesting, monitoring, soft robotics, medical devices, and micro- and nano-devices.
Additionally, these insights provide valuable references for research and development in
related disciplines, fostering technological innovation and advancing practical applications.
The deployment of self-rotating systems paves the way for more efficient, sustainable, and
autonomous energy conversion and utilization, enhancing the scope and efficacy of their
use across various domains.
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Abstract: High-performance flexible actuators, integral components of soft robotics, hold promise
for advancing applications in safe human–robot interactions, healthcare, and various other fields.
Notable among these actuators are flexible electrochemical systems, recognized for their merits in
low-voltage manipulation, rapid response speed, and cost-effectiveness. However, the optimization
of output strain, response speed, and stability presents a significant challenge in this domain. De-
spite the application of diverse electrochemically active materials to enhance actuation performance,
a critical need persists for corresponding electrical-mechanical models to comprehensively grasp
actuation mechanisms. In this study, we introduce a novel electrochemical actuator that utilizes
conductive polymer ionogel as active electrodes. This ionogel exhibits exceptional properties, includ-
ing high conductivity, flexibility, and electrochemical activity. Our electrochemical actuators exhibit
noteworthy bending strain capabilities and rapid response rates, achieving frequencies up to 10 Hz
at a modest voltage of 1 V. An analytical model integrating ion migration and dynamic processes
has been established to elucidate actuator behavior. Simulation results highlight that electrodes
characterized by low resistance and high capacitance are optimal for simultaneous enhancement of
bending strain and blocking force. However, the augmentation of Young’s modulus, while increasing
blocking force, compromises bending strain. Furthermore, a larger aspect ratio proves beneficial
for unidirectional stress output, leading to increased bending strain, while actuator blocking force
diminishes with greater length. These findings underscore the intricate interplay between material
properties and dimensions in optimizing the performance of flexible electrochemical actuators. This
work provides important practical and theoretical guidance for the manufacture of high-performance
flexible actuators and the search for new smart materials.

Keywords: flexible actuator; electromechanical model; conductive polymer; drive travel; load capacity

1. Introduction

Biology has long been an inspiration for engineers to build more capable machines.
By emulating the adaptability and agility of soft-bodied animals and muscles, soft actuators
have emerged with diverse applications encompassing soft grippers, artificial muscles,
and smart medical rehabilitation devices [1–3]. In this domain, electrochemical actuators
assert themselves as formidable contenders due to their inherent conformable and elastic
nature, cost-effectiveness, low operational voltage, and air-working capabilities [4]. No-
tably, extensive research has focused on ionic polymer-metal composites (IPMCs) over the
past few decades; however, their practicality was hindered by the reliance on aqueous
electrolytes [5,6]. Fukushima et al. introduced a dry-type bucky-gel actuator that utilizes
carbon nanotubes (CNTs) as electrodes and embeds an ionic liquid within a polymer matrix
as the electrolyte [7,8]. Ionic liquid-based actuators offer the advantage of operating in
air with prolonged stability, attributed to the non-volatile nature of ionic liquids. Sub-
sequent research has delved into the utilization of various materials, such as graphene,
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graphdiyne, and two-dimensional nanomaterials, as active electrodes for ionic liquid-based
airworking electrochemical actuators [9–11]. Notably, these materials demonstrate elevated
electrochemical activities, leading to a substantial enhancement in actuation performance.
However, the utilization of these electrochemically active electrode materials typically
involves the compounding of these materials with polymers to achieve stable and flexible
electrodes, which adds complexity to the manufacturing process, with potential implica-
tions for factors like production efficiency and cost. The pursuit of exceptional figures
of merit, encompassing actuation strain, response speed, and output force, remains an
ongoing challenge.

Conductive polymers (CPs) have earned significant utilization as electrodes for electro-
chemical energy storage, owing to their heightened electrochemical activity and electronic
conductivity—two pivotal attributes for enabling robust electrochemical actuation [12,13].
Ionogels have garnered significant interest in the realm of flexible electronics by combining
solid-state networks with ionic liquids. This innovative approach not only offers outstanding
mechanical properties and conductivity to address the challenges in flexible electronics but
also brings another distinctive feature: high electrochemical activity for electrochemical
actuators. Previously, bucky-gel type ionogels, comprising carbon nanotubes (CNT) and
ionic liquids, have demonstrated remarkable electrochemical actuation capabilities. The in-
corporation of conductive fillers in ionogels has proven effective in elevating electrochemical
activities and augmenting actuation performance. Consequently, the exploration of conduc-
tive polymer-based ionogels for electrochemical actuation presents a promising avenue for
advancing the current capabilities of conductive polymer-based electrochemical actuators.

In this study, we introduce CP ionogels characterized by hierarchical layered structures
that integrate ionic liquids into polymer matrixes. These ionogels exhibit superior electrical
conductivity (500 S/cm) and electrochemical activity. Electrochemical actuators built upon
CP ionogels demonstrate remarkable strain capabilities (1.2%) and rapid response rates (up
to 10 Hz) while operating at a modest voltage of 1 V. Furthermore, we have established
an electromechanical model for the ionogel actuator, closely aligning the electrochemical
response with mechanical properties flexible actuators. Leveraging this model, we system-
atically scrutinized crucial parameters influencing actuator performance, encompassing
electrode conductivity, Young’s modulus, capacitive characteristics, and actuator dimen-
sions. These results indicate that the optimal characteristics of electrodes featuring low
resistance and high capacitance facilitate a concurrent improvement in bending strain and
blocking force. However, the elevation of Young’s modulus, while bolstering blocking
force, comes at the expense of bending strain. Additionally, a larger aspect ratio proves
advantageous for unidirectional stress output, leading to amplified bending strain, whereas
actuator blocking force undergoes a reduction with increased length. This comprehensive
investigation offers insight into the intricate interplay among these physical factors and
their influence on actuator displacement and blocking force. This research forms an essen-
tial foundation, offering significant guidance for the ensuing design and optimization of
novel ionogel-based actuators.

2. Experimental and Simulation Method
2.1. Design and Operating Principle

The fabricated electrochemical actuators consist of three layers: two electroactive
layers (conductive polymer ionogel films), which serve as both electrodes and actuation
layers, with an electrolyte gel layer in between. When the two electrodes are connected to
drive voltages, cations, and anions migrate within the electrolyte and ion gel electrodes due
to internal electric fields, leading to the swelling of one conductive polymer ionogel and
the contraction of the other. Different deformations of the two electroactive layers produce
strain mismatch, which has been studied in our previous work [14,15]. This strain mismatch
mechanism causes the actuator to convert strain energy into deformation, resulting in the
trilayer actuator bending in one direction.
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2.2. Materials

Ionic liquids including EMIMTFSI (1-Ethyl-3-Methylimidazolium Bis(Trifluorome-
thylsulfonyl)Imide and BMImOTs 1-butyl-3-methylimidazolium tosylate were purchased
from Greenchem ILs, LICP, CAS, China (Lanzhou, China); PEDOT:PSS aqueous solution
(solid content 1.0–1.3 wt%, PEDOT to PSS ratio is 1:2.5, OE800) was purchased from
Shanghai Ouyi Organic Optoelectronic Materials Co., LTD., Shanghia, China

2.3. Fabrication of Flexible Actuator Based on the CP Ionogel

CP film was fabricated by casting PEDOT:PSS dispersion, drying, and annealing. CP
ionogel was then formed by treating the CP film in an ionic liquid. Specifically, ionic
additives (BMImOTs, 15 wt%) were added to the PEDOT:PSS solution. After stirring for
1 h and sonication for 15 min, the solution was poured into a Teflon mold and left to stand
at room temperature for 24 h. It was then transferred to an electric oven treated at 60 °C for
2 h and 150 °C for 30 min. After cooling to room temperature, the film was peeled off and
subsequently immersed in ethanol and DI water. The ionogel was prepared by immersing
the swelled film in ionic liquid (EMIMTFSI) and placed at 80 °C for 4 h. The film was
then removed and dried in a vacuum oven overnight. Two ionogel electrode films were
laminated on a cellulose membrane film that was pre-soaked by ionic liquid (EMIMTFSI).
They were then pressed together using two glass slides and placed at 60 °C for 20 min.
Afterward, the trilayer was carefully peeled off from the glass slides. All the actuators were
cut into long strips with 5 mm width and 26 mm length.

2.4. Characterization and Measurement

The electronic conductivity of the films was tested using a four-point probe station
(HPS2523, HELPASS Electronic Technologies Ltd., Changzhou, China). The strain-stress
curve was performed on a mechanical tester (QT-6203S, Qiantong Instrument Equipment
Co., Ltd., Suzhou, China). Cross-sectional SEM images were shot on a JEOL 7800F (JEOL
Ltd., Akishima, Japan). The performance of the actuators was measured using a dual
channel source meter (Keithley 2602B,Tektronix Inc., West Chester, OH, USA) for the input
power and a laser displacement meter to record the displacement. One end of the actuator
was fixed by a Kelvin clamp with two platinum plates on the contact area, and the swing of
the other end was recorded by the laser displacement meter. The strain (ε) of the actuator
can be calculated by the following equation:

δ =
2dθ

L2 + δ2

where δ, d, and L are the tip displacement, the thickness, and the beam length, respectively.
The blocking force was measured using a high-precision pressure transducer (Futek LSB200,
FUTEK Advanced Sensor Technology, Inc., Irvine, CA, USA) with the probe attached
horizontally to the tip of the actuator beam.

2.5. Simulation Method

To further analyze the mechanical behavior of the CP ionogel actuator and identify the
key parameters affecting the actuation performance, it is necessary to establish an analytical
model containing the necessary physical quantities [16]. We use a Multistage parallel
equivalent circuit to simplify the electrical part of the actuator. A single-ended fixed beam
model simplifies the statics part, and a pole-zero model is used to couple the electrical and
mechanical parts. The parameters of the Pole-zero model are identified using experimental
data. Finally, a gray-box model about the control voltage u and the displacement of end
position δ with certain physical parameters that can reflect the electrical and mechanical
properties of the system is obtained. To establish the analytical model of the actuator, some
appropriate assumptions are made as follows:

1. Since the surface resistance of electrodes is very small (Rs ≈ 14 Ω), it is assumed that
the resistances in each stage of the RC circuit are equal: Rn = Rs/n.
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2. Since the thickness of the capacitor layer is very small (0.14 mm), the micro-element
capacity of the capacitor in the radial direction is equal.

3. The bending of the actuator is uniform along the whole beam.
4. The influence of bending on the electrical properties of the capacitor layer is negligible.
5. The driving force comes from the ionogel electrode layer with a uniform stress distribution.

3. Results and Discussion
3.1. Driving Characteristics of the Flexible Actuator

The flexible actuator exhibits a sandwich structure consisting of two conducting poly-
mer ion gel electrodes and a quasi-solid ionic liquid electrolyte membrane in the middle
(Figure 1a). CP ionogel membranes were prepared from PEDOT:PSS aqueous disper-
sions with ionic additives to improve membrane quality, including electrical conductivity,
electrochemical activity, and mechanical properties, which are all important for driving
performance. The introduction of ionic additives into the PEDOT:PSS dispersion can reduce
the electrostatic force between PEDOT and PSS, thereby rearranging the molecular chains,
thereby improving the interchain interactions during solvent evaporation and recrystalliza-
tion, forming a molecular chain network structure [17]. After annealing, the PEDOT:PSS
film has a layered nano-stacked structure, as shown in the SEM image of Figure 1b, which
also facilitates the intercalation of ionic liquids. When immersed in ionic liquids, the films
with layered structures can absorb 15 wt% of ionic liquids, forming soft conducting polymer
ionogel (CP ionogel, Figure 1c,d).

Figure 1. (a) structure of the soft actuator based on CP ionogel; (b) SEM image of the microstructure
of CP film (scale bar: 500 nm); (c) photo of the CP ionogel; (d) illustration of the microstructure of the
CP ionogel, where green dots represent the ionic liquid.

Ionic liquids in CP ionogels not only effectively reduce Young’s modulus of PE-
DOT:PSS film and render it stretchable but also increase the conductivity. In tensile tests
(Figure 2), the dry CP film breaks at 4.6% strain with a high Young’s modulus of 700 MPa,
while the CP ionogel can be stretched up to 40% with a tensile strength of 20.8 MPa and
a low Young’s modulus of 217 MPa, which is due to the plasticizing effect of the ionic
liquid. Furthermore, the electrical conductivity of the conducting polymer ionogel can
reach 500 S/cm, compared with 20 S/cm for dry CP film. The enhanced conductivity can
be attributed to the doping effect from the presence of ionic liquid in the ionogels [17].

The soft actuator, consisting of two CP ionogels and a quasi-solid electrolyte mem-
brane, acts like a supercapacitor, storing charge during operation. Previous studies have
shown that CP films with polymeric counterions, such as PSS, are mainly driven by cationic
motion [18]. Therefore, the introduction of cations on the negative side causes the film to
swell, while the removal of cations on the positive side causes the film to shrink (Figure 3a).
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The cyclic voltammetric characters of the actuator were examined at different scan rates
(Figure 3b). At a slow sweep speed of 10 mV/s, the CV curve is approximately rectangular,
indicating that the actuator has a double-layer charge storage characteristic similar to that
of a supercapacitor. As the sweep speed increases, the capacitance decreases, and the CV
curve gradually becomes conical at the fast sweep speed, indicating that the ion migration
rate is the main reason for the capacitance decrease at the fast sweep speed.

Figure 2. Tensile stress–strain curve of the CP dry and ionogel films.

We tested the actuators operated at varied frequencies from 0.1 Hz to 10 Hz with a
fixed amplitude of 1 V (Figure 3c). The maximum strain difference at 0.1 Hz reaches 1.2%.
By increasing the applied voltage frequency, the maximum strain decreased, revealing that
the slow kinetics of the electrochemical process limited the actuation at a higher frequency.
It is worth noting that the strain of CP ionogel actuators is among the highest values from
reported works on CP-based actuators (Figure 3d). Furthermore, by comparing with other
types of actuators, we found that CP ionogel actuators can provide strain values that other
actuators can only achieve at higher driving voltages, which suggests that CP ionogel
actuators are promising for flexible wearable devices requiring low energy consumption.

Figure 3. Actuation performance of the CP ionogel actuator. (a) illustration of the actuation mech-
anism of CP ionogel actuator; (b) CV curves of the actuator at different scan rates; (c) strain of the
actuator under different frequencies of triangular voltage between ±1 V; (d) comparison of the strain
with reported works [19–28].
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3.2. Modeling

The physical structure diagram of the ionic actuator is shown in Figure 4. A section of
the actuator is clamped by gold electrodes and keeps the whole actuator hanging freely.
The specific meaning of each physical quantity is detailed in Table 1.

Figure 4. Physical parameters of the actuator for modeling.

Table 1. Model Parameters.

Parameters Meanings

L Total Length
l Free Length
z Observation Point
F Blocking Force

δ(z) Displacement of Observation point
w Width
b Half Thickness
u Control Voltage
i Current

M Induced Bending Moment caused by Ionic Migration
g Gravity

In the electrical part, the electrical model of the actuator is established by simulating
the actuator using a simplified multi-level equivalent RC circuit [29] (Figure 5), where Rn/2
is the sheet resistance of each unit in the single-layer ionogel, and Ci is the capacitance
of each unit in the electrolyte layer. Through the physical meaning of resistance and
capacitance, we can easily obtain

Ri =
2ρib
Lw

, Ci =
εiLw

2b
(1)

where ρi represents the resistivity of each micro-element circuit resistance, and εi represents
the dielectric constant of the capacitance of each micro-element circuit. The complete state
space model of the equivalent circuit is given as follows:
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C1u̇1(t) =
u(t)− u1(t)

R1
− u1(t)− u2(t)

R2

C2u̇2(t) =
u1(t)− u2(t)

R2
− u2(t)− u3(t)

R3
...

Cn−1u̇n−1 =
un−2(t)− un−1(t)

Rn−1
− un−1(t)− un(t)

Rn

Cnu̇n(t) =
un−1 − un(t)

Rn
− un(t)

R

(2)

where un is the voltage on each RC shunt, this state space model is used to describe the
charge transfer process in the channels, all the mathematical derivation in this paper take
place in Maple (2022 version).

Figure 5. The equivalent electrical circuit model for the actuator.

The number of impedance elements will determine the available degrees of freedom to
describe the dynamics of the electrical model [30]. In general, as the number of impedance
elements increases, the accuracy of the model will increase. However, this will result in
increasingly complex calculations. When the ladder circuit operates at low frequencies,
it can be reduced to a suitably low order to achieve a given accuracy [31]. To balance
the accuracy and complexity, the second-order link is used as an example for calculation.
The transfer function between its charge Q and the input voltage u can be written as follows,
where the variable ‘s’ represents the differential operator in the s-domain:

GQu(s) =
RR1C1C2s2 + (RC1 + R2C1 + RC2)s

RR1R2C1C2s2 + (R1R2C1 + RR1C1 + RR1C2 + RR2C2)s + (R1 + R2 + R)
(3)

The migration of ions driven by the electric field causes the electrode on one side of the
actuator to expand and the electrode on the other side to contract. Obviously, if the stress
due to volume expansion is assumed to be equal to the stress due to volume reduction, then
the entire multilayer model can be simplified to a single layer for the mechanical analysis.
Therefore, based on the mechanical model shown in Figure 6, the transfer function of the
moment M(s) generated by the induced stress can be written as

M(s) = 2
∫ b

b1
σc(s)ywdy,

= wσc(s)
(

b2 − b2
1

)
,

(4)

where σc(s) is the induced stress caused by the volume change, and w, b, and b1 are the
width of the membrane, half of the overall thickness of the actuator, and the thickness of
the electrode layer, respectively. The induced stress arises from the transformation of the
volume, so the volume stress is used here to calculate the deformation due to charge transfer.
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The electromechanical coupler is introduced to couple the change of charge amount with
the induced stress. Here, we choose the pole-zero model, which is shown in function (6).

σc(s) =
Q(s)d(s)

V
(5)

where V = Lw(b − b1) and L is the overall length of the actuator. d(s) is the electromechan-
ical coupling equation.

d(s) =

k
m
∏
j=1

(
s + zj

)

n
∏
i=1

(s + pi)
(6)

where k, m, n, zj, and pi are the parameters to be tuned. Here, k is the gain of the system,
m and n are the number of poles and zeros, and zj, and pi are the positions of the zeros
and poles to be tuned in the frequency domain. Substituting Equation (5) into Equation (4),
we obtain

M(s) =
(b + b1)Q(s)d(s)

L
(7)

Figure 6. The mechanical model of the actuator.

Through the mechanical balance of the actuator, it is not difficult to obtain the following
relationship:

∑
i
= M(s)− (F + g)l −

∫ −b

b
σg(s, x)wxdx = 0 (8)

where σg(s, x) is the internal stress existing against elastic deformation and (F + g)l is the
equivalent concentrated stress on the end of the actuator and the moment generated by
gravity. The internal stress can be written as:

σg(s, x) = Eκ(s)x (9)

where E is Young’s modulus, and κ is the bending curvature of the actuator. Since the
weight of the actuator is very light, and there is no blocking force at the end, we set
(F + g)l = 0 at this time to simplify the calculation. Therefore, we obtain

M(s) =
∫ −b

b
σg(s, x)wxdx

=
2
3

Ewb3κ(s)
(10)

Putting Equation (7) into Equation (10), we obtain

κ(s) =
3(b + b1)Q(s)d(s)

2Ewlb3 (11)

Therefore, the axial displacement can be approximated as follows:

δ(z, s) =
1 − cos(zκ(s))

κ(s)
(12)
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where z is the observed inflection point.
Here we approximate δ(z, s) by Taylor series expansions of κ, z at the zero point:

δ(z, s) ≈ 1
2

z2κ(s) (13)

Finally, combining Equations (3), (11) and (13), the transfer function Gδu of the input
voltage u(s) to the bending displacement output δ(z, s) can be written as:

Gδu =
δ(z, s)
u(s)

=
3z2(b + b1)GQu(s)d(s)

4Lwb3E
(14)

With a simple deformation of Equation (8), it is not difficult to obtain the relationship
between the blocking force F and the driving voltage u:

GFu =
(b + b1)GQud(s)

15L
(15)

Then, the modeling of the CP ionogel actuator is completed.

3.3. Parameter Identification and Verification

In this section, we demonstrated an actuator for parameter identification. The total
length is 26 mm, the width is 5 mm, and the average thickness is 0.18 mm. The free length
of the actuator is 20 mm. We use a step signal with a voltage of 1 V for system parameter
identification. Based on the assumptions in the previous section, only the parameters of the
electromechanical coupling equations need to be identified. The parameters used in the
model from experiment data are shown in Table 2. Here, we use the least squares method
for parameter identification, and the cost function is as follows:

min ∑( f (xi)− yi)
2 (16)

where f (xi) is the system function to be identified, and y is the experimental value.

Table 2. Parameters of Modeling.

Parameters Values

R1, R2 7 Ω
C1, C2 0.01 F

R 10,000 Ω
L 20 mm
E 300 MPa
w 4.2 mm
z 18 mm
b 0.09 mm
b1 0.02 mm

Here, two zeros and two poles are used as the basic parameters of the electromechani-
cal coupling model, and the parameters to be identified are k, z1, z2, p1, and p2. By perform-
ing least squares fitting in MATLAB, all the system parameters are obtained, which are
shown in Table 3.

To verify the accuracy of our analytical model, we tested the displacement response of
a 20 mm long actuator (total length 26 mm, the electrode clamping part length is 6 mm) at
a 1 V step voltage. The experimental data and the theoretical data derived from the model
show very high agreement (Figure 7a). Furthermore, when the actuator works at a ramping
voltage of 1 V, its displacement response is in good agreement with the simulation results.
The deviation range of its maximum displacement is within 10% (Figure 7b). The presence
of very small variations in film properties or internal stresses during actuator preparation
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can introduce disparities in the strain values when the actuator bends in both directions
under alternating voltage. At the same time, in the experimental test, the different stiffness
of the conductive clamp spring will produce different holding forces, which will also lead
to the accumulation of errors in the test. Furthermore, we test the prediction performance
of the model under different step voltages (0.1 V and 0.2 V), which are not covered in
fitting (Figure 7c,d); the results show that the predicted and experimental data are generally
moderate, although the test results showed some deviation when excited by a 0.2 V step
voltage, as mentioned earlier, the accumulation of errors during the experimental process
can lead to an offset in the test results. However, as shown in the figure, the maximum
deviation between the experimental and predicted values is less than 0.2 mm. These results
show that our model can well reflect the dynamic response of the actuator and thus make a
good prediction of the displacement of the actuator’s end position.

Table 3. Parameters of Electromechanical Coupler Function

Parameters Values

k 86.478
p1 0.036
p2 0.901
z1 2.406
z2 0.048

Figure 7. Verification of the model by comparing the experimental and simulated results ((a) 1 V step
voltage; (b) 1 V ramping voltage; (c) 0.1 V step voltage; (d) 0.2 V step voltage). Difference between
simulation results based on analytical model and experimental data. (The structural parameters and
electrical parameters of the experiment are consistent with those of the simulation).

3.4. Analysis Result

Based on the established electromechanical coupling model, we further discuss the
influence of various parameters of the actuator on the actuation performance. Because the
ion migration velocity is reflected in capacitor size, in this section, the concept of equivalent
capacitance is introduced. Figure 8a,b shows the end position displacement and blocking

99



Polymers 2023, 15, 4482

force of the actuator as a function of the electrode resistance and capacitance. When the
resistance is increased from 10 Ω to 300 Ω, the displacement decreases from 21.9 mm to
21.3 mm, while the blocking force drops from 4.47 mN to 4.35 mN. On the other hand, when
the capacitance increases from 0.001 F to 0.02 F, the displacement increases from 1.1 mm to
21.9 mm, while the blocking force improves from 0.2 mN to 4.47 mN. These results show
that the capacitance of the electrodes has a large effect on both displacement and blocking
force. In contrast, as long as the resistance is within a few hundred orders of magnitude,
the resistance has little effect on the actuator. Based on the simulation results, electrodes
with low resistive and high capacitive properties can simultaneously generate greater
displacement and blocking force, making them ideal candidates for actuator materials.

Figure 8. (a,b) The influence of electrode resistance and capacitance on maximum displacement at the
end of the actuator and blocking force; (c,d) The relationship of actuator’s length and width between
displacement at the end of the actuator and blocking force.

The mechanical properties of the electrodes also have a very important influence on the
performance of the actuator. It can be seen from Figure 9 that although the improvement of
Young’s modulus can improve the blocking force of the actuator, it also leads to a decrease
in displacement. Therefore, it is necessary to select electrode materials with appropriate
mechanical properties based on comprehensive consideration of the requirements for strain
and gripping force in practical applications.

Optimizing the size of the actuator can also increase the output of its performance.
By increasing the length of the actuator, the tip displacement is gradually increased
(Figure 8c,d). The displacement of the end of the actuator can be further increased by
using a narrower beam. Thus, a larger aspect ratio is beneficial for the unidirectional output
of internal stress, resulting in a larger displacement. The blocking force of the actuator
decreases with increasing length, while width has a trivial effect on it. This is because
the moment generated by the system is only related to the voltage. When the electrical
parameters are fixed, the moment generated by the system is also fixed, so a longer length
means a longer arm of force, which reduces the blocking force.

100



Polymers 2023, 15, 4482

Hence, to obtain a high load, large deformation, and fast response, the actuator needs
higher capacitance, and Young’s modulus should be controlled at around 500 MPa. For the
structure of the actuator, reducing the length and increasing the width can achieve greater
load capacity, and vice versa can obtain greater displacement of the end position.

Figure 9. The displacement of end position and blocking force of the actuator based on its
Young’s Modulus.

4. Conclusions

In this work, a novel electrochemical actuator with large strain and low operating
voltage was developed using CP ionogel as the electrode. Due to the high electrical
conductivity, flexibility, and excellent electrochemical activity of ionogels, the flexible
actuator in this study outperforms most others employing materials like graphene and
graphdiyne. Additionally, the preparation process is considerably simpler. An analytical
model of the actuator by combining the equivalent electrical and motion processes is
established, with the largest disagreement between simulated and the corresponding
measured data being less than 10%. In addition, our study systematically scrutinized key
parameters influencing actuator performance, including electrode resistance, capacitance,
Young’s modulus, and actuator size. Simulation results underscore the optimal nature
of electrodes with low resistance and high capacitance, contributing to the simultaneous
enhancement of bending strain and blocking force. Nevertheless, the increase of Young’s
modulus, despite augmenting blocking force, compromises bending strain. Moreover,
a larger aspect ratio emerges as advantageous for unidirectional stress output, resulting in
increased bending strain, while actuator blocking force experiences a reduction with greater
length. This thorough investigation elucidates the intricate interplay of these physical
factors and their impact on actuator displacement and blocking force. Our work provides
valuable practical insights and theoretical guidance for the future development of high-
performance electrochemical actuators and the exploration of innovative smart materials.
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Abstract: Hydrogen is recognized as a significant potential energy source and energy carrier for
the future. On the one hand, storing hydrogen is a challenging task due to its low volumetric
density, on the other hand, a particular type of hydrogen in the form of a liquid can be used
to store large quantities of hydrogen at ambient conditions in thermoplastic tanks. But storing
hydrogen in this form for a long time in polymer tanks affects the physical and chemical prop-
erties of the liner. In the current automotive industry, high-density polyethylene (HDPE) has al-
ready been used in existing fuel tank applications. However long-term exposure to fuels leads
to the permeation of hydrocarbons into the polymers, resulting in a loss of mechanical proper-
ties and reducing the efficiency of fuel cells (FC) in automotive applications. Additionally, facing
material shortages and a limited supply of resin leads to an increase in the cost of the material.
Therefore, an alternative material is being searched for, especially for hydrogen fuel tank appli-
cations. In this study, two semi-crystalline thermoplastics, HDPE and polyketone (POK), were
compared, which were exposed to a selected liquid organic hydrogen carrier (LOHC) at 25 ◦C and
60 ◦C for up to 500 h in an enclosed chamber, to measure their fuel up-take. A short analysis was
carried out using differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), Fourier
transform infrared spectroscopy (FTIR), and mechanical testing to understand the influence of the
LOHC on the polymer over time. Fuel sorption and tensile properties showed a plasticizing effect on
HDPE. The material degradation was more pronounced for the aged samples of HDPE in comparison
to POK. As expected, thermal aging was increased at 60 ◦C. The fuel absorption of POK was lower
compared to HDPE. A slight increase in crystallinity was observed in POK due to the aging process
that led to changes in mechanical properties. Both HDPE and POK samples did not show any
chemical changes during the aging process in the oven at 25 ◦C and 60 ◦C.

Keywords: LOHC (perhydro-benzyltoluene); POK; aging behavior; fuel uptake; long-term storage

1. Introduction

Nowadays, many European countries have set their targets to attain zero emissions by
2050. An increasing awareness of environmental issues and the drawbacks of using fossil
fuel have led to a significant progress in the development of hydrogen as an alternative fuel
for the transportation sector [1]. During the last two decades, hydrogen has emerged as a
promising topic in the current market, and is gaining popularity due to its ability to provide
a CO2-free alternative to gasoline or diesel [1,2]. Moreover, hydrogen can be produced from
renewable sources such as solar, wind, and hydroelectric power through the electrolysis of
water, making it a potentially sustainable energy source [3,4]. So far, the companies Toyota,
Hyundai, General Motors, and BMW have successfully launched hydrogen fuel cell vehicles
in the current market, which are approved globally [5–8]. But storing the hydrogen in
gaseous and liquid form in automotive applications is challenging due to its low volumetric
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energy density 5.6 MJ/L (less than gasoline 32 MJ/L), high pressures (700 bar), and low
temperatures (−253 ◦C) which are difficult to handle. High production cost and storage
in fuel tanks are challenges that need to be tackled [9,10]. To solve these problems, some
researchers suggest storing hydrogen in the form of an organic liquid rather than in its
gaseous state. This approach could potentially increase the gravimetric density up to
7.2% and provide a promising solution for safe and efficient storage of hydrogen at room
temperatures of 25 ◦C, using regular polymer tanks. This liquid hydrogen in chemical form
can absorb (hydrogenation) and release (dehydrogenation) hydrogen chemically under
high temperatures and is known as a liquid organic hydrogen carrier (LOHC) [11–15].

Different types of LOHC are available in the market to store hydrogen such as 9-ethyl-
perhydrocarbazole (H-12 NEC), perhydro-benzyltoluene (H12-BT), or methylcyclohexane
(MCH) [12,16]. To store these special types of LOHCs, existing infrastructure is sufficient
(like gasoline and diesel filling stations) compared to other forms of hydrogen.

In this article, out of the different types of LOHCs, the focus is on storing H12-BT
in HDPE and POK. One of the reasons for choosing this benzyltoluene (BT) is a recently
introduced, promising approach to convert this BT into an on-board generation of electricity
that can be used for mobile applications. For this purpose, a direct LOHC-based fuel cell
(LOHC-DIPAFC) is being developed [17,18].

It generally consists of aromatic hydrocarbons with a carbon number of 12 and it
exhibits diesel-like properties [19]. It should be considered that LOHC fuels are generally
different from each other in terms of molecular structure, which leads to dissimilarity in
solubility and diffusion into polymers [20,21]. In the case of petroleum fuels, the most
commonly used polymeric material for tanks is HDPE because it can resist chemicals very
well and has a low permeability; however, the diffusion coefficient of HDPE is higher due
to its non-polar hydrophobic nature [22]. For example, Richaud et al. performed a series
of immersion tests on biodiesel fuels to measure the sorption rate in polyethylene. These
analyses confirmed that the absorption rate was increased with increasing time and reached
a plateau after immersion for 139 h under ambient conditions [23]. Different grades of
HDPE were also examined by Böhning et al. A decrease in tensile strength and an increase
in strain percentage were observed at 60 ◦C. As the material is exposed to fuels for a longer
time, thermoplastics undergo plasticization effects [21]. Therefore, in order to improve
the barrier properties, fluorination (halogen gas) is introduced on the surface of HDPE as
a post treatment process, but this alternative method can contribute to global warming
because it emits green-house gases. Jianwei Zhao et al. investigated the absorption of
different biodiesels in polyamide 6 for 720 h. After 720 h, the polymers did not reach
the plateau state and grew linearly. It was also noticed that, due to the longer exposure
time in polyamide 6, the material behaved as plasticizer and changes in properties were
identified [24]. Michael D. Kass et al. tested immersion tests on different commodity and
high-performance polymers for 16 weeks using diesel fuels. Out of those, HDPE and PP
also exhibited high swelling percentages (5–15%) when exposed due to higher solubility,
resulting in change in the hardness, volume, and mass of the polymers [25]. To develop
liquid storage tanks, B.F. Yousif and H. Ku investigated the behavior of aged samples
(6 months) in diesel using polyester and coir fibers, and improved the interfacial adhesion
and tensile properties, and also the resistance to degradation when compared to glass
fibers [26].

From the above research trials by other researchers, there is also the possibility to intro-
duce multi-layers during the production process using co-extrusion; however, the final cost
for this manufacturing process is significant [27,28]. For instance, as a substitute for HDPE,
POK can be used in fuel delivery systems, which exhibits good barrier properties. It also
has excellent impact strength, mechanical and thermal properties, chemical resistance, and
a low permeation to gases and liquids [29–32]. POK is polar and has strong inter-molecular
interactions between the neighboring polymer chains resulting in low diffusion [33]. These
polar and non-polar groups determine the permeation of hydrocarbons into polymers and
the changes in thermal and mechanical properties.
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Over the last 40 years a lot of research has been focused on polymer interaction
with petroleum fuels and the effects of these fuels on polymer properties. However, no
papers have been published to address HDPE or POK interaction with BT. In this paper,
the physical and chemical properties of POK are compared to HDPE in the presence of
hydrogen and BT-containing fuel. Storing this chemically bonded hydrogen in polymeric
tanks for a long time can also result in the absorption and diffusion of LOHCs into the
plastic over time. Eventually, this could lead to stress cracking, degradation, and a reduction
in the mechanical properties of the polymer. Hence, it is important to investigate the aging
properties and choose the right material to store LOHCs for a longer duration.

2. Materials and Methods
2.1. Materials

In this study, two different grades of semi-crystalline materials were selected: HDPE
(Lupolen 4261 A IM BD) with a density of 0.940 g/cm3 was provided by LyondellBasell,
Frankfurt, Germany. Poketone (M330F) with a density of 1.24 g/cm3 was obtained from
Hyosung, Seoul, Korea. Both are special grades of polymers and have good barrier prop-
erties and chemical resistance to fuels in automotive applications. The materials used to
investigate are virgin polymers, and no formulations were used during this work.

2.2. Sample Preparation

As shown in Figure 1, in the first step, HDPE and POK pellets were pre-dried in a dryer
(DP615, Piovan S.p.A, Venice, Italy) for 3 h before being placed into an injection molding
machine. Two different mold plates were used to produce dumbbell and rectangular
specimens. Injection-molded cylindrical dumbbell specimens with length = 88 mm and
diameter = 5 mm and rectangular plates with length = 138 mm, width = 74 mm, and
thickness = 1 mm (as shown in Figure 1) were produced using two different Arburg
injection molding machines with an injection speed of 30 and 25 cm3/s. For HDPE the
nozzle temperature was set to 260 ◦C, and for POK to 250 ◦C; both mold temperatures
were maintained at 60 ◦C. The rectangular plates were punched with a hydraulic press of
4 mm diameter to obtain circular samples. They were further used to perform gravimetric
analysis, DSC, TGA, and FTIR measurements.

Following that, LOHC fuel was put into 100 mL glass tubes, which were entirely filled,
and cylindrical dumbbell specimens were dipped to evaluate their mechanical properties.
On the other hand, small glass vials were half filled, and circular samples were placed for
thermal evaluation. Later on, the samples were aged in a closed oven for up to 500 h at
a constant temperature of 25 and 60 ◦C, respectively. Then, the completely aged samples
were removed from the LOHC fuel and wiped with tissues to remove fuel content on
the polymer surface to make sure no error values can be recorded during testing. Finally,
the samples were sent for immediate evaluation to investigate the test results, which are
mentioned in Section 3. In this research, a total of three replicates were tested in each
experimental trial.

2.3. Type of Fuel Used

In this study an LOHC with similar properties to diesel was used, with a flash point of
125–180 ◦C. The advantage of this fuel is that it can be stored under ambient conditions, it
is non-flammable, safe, and can be used in automotive fuel tank applications. This LOHC
was delivered from Hydrogenious LOHC Technologies GmbH, Erlangen, Germany.

2.4. Ageing Procedure

The dumbbell-shaped specimens of HDPE and POK samples were immersed in
100 mL sealed glass containers which were filled with LOHC fluids at 25 ◦C and 60 ◦C
for up to 500 h. At regular time intervals, samples were removed from the glass bottles to
measure weight changes. Likewise, the circular disk-shaped specimens for DSC and TGA
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experiments were placed in small glass vials. Then, 10 mL of LOHC was poured into a
50 mL headspace crimp vial and the caps were sealed with tape around them.

Polymers 2023, 15, x FOR PEER REVIEW 4 of 15 
 

 

 
Figure 1. The step-by-step process of injection-molded HDPE and POK samples aged in LOHC fuel 
in closed chamber. 

2.3. Type of Fuel Used 
In this study an LOHC with similar properties to diesel was used, with a flash point 

of 125–180 °C. The advantage of this fuel is that it can be stored under ambient conditions, 
it is non-flammable, safe, and can be used in automotive fuel tank applications. This 
LOHC was delivered from Hydrogenious LOHC Technologies GmbH, Erlangen, Ger-
many.  

2.4. Ageing Procedure 
The dumbbell-shaped specimens of HDPE and POK samples were immersed in 100 

mL sealed glass containers which were filled with LOHC fluids at 25 °C and 60 °C for up 
to 500 h. At regular time intervals, samples were removed from the glass bottles to meas-
ure weight changes. Likewise, the circular disk-shaped specimens for DSC and TGA ex-
periments were placed in small glass vials. Then, 10 mL of LOHC was poured into a 50 
mL headspace crimp vial and the caps were sealed with tape around them. 

  

Figure 1. The step-by-step process of injection-molded HDPE and POK samples aged in LOHC fuel
in closed chamber.

2.5. Sorption Experiments

The weight gain or weight loss of samples after exposure to LOHC solution were
studied using gravimetric analysis. At 60 ◦C, and also in ambient conditions (25 ◦C), three
replicates of each polymer were weighed in the dry stage and immersed in LOHC solution.
Later on, each sample was taken out of the LOHC at regular intervals and weighed. The
weight measurement values were recorded on a laboratory electronic microbalance (type
M2P, Sartorius AG, Goettingen, Germany). The relative LOHC uptake ( Mt) was calculated
using Equation (1):

Mt =
Ww −Wd

Wd
(1)

Ww is the weight of the specimen after exposing to LOHC; Wd is the initial weight of the
sample before immersion; and Mt is the relative mass uptake with respect to time t.

2.6. Diffusion Coefficient

There are several ways to determine the diffusion of chemicals in polymer materials.
Using Fick’s law and assuming a single-phase diffusion process is one of the standard
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methods for describing molecular diffusion in polymers. As time passes, the relative mass
of the absorbed phase will grow linearly. The diffusion coefficient (D) is determined using
the following equation [34].

Mt

Mm
=

4√
π

√
Dt
h2 (2)

Mt is the LOHC uptake, Mm is the equilibrium concentration of the corresponding curves,
t is the immersion time and h is the thickness of the specimen.

2.7. Differential Scanning Calorimetry (DSC)

In order to characterize the changes in the melting behavior of both materials, HDPE
and POK were examined using a DSC1 (Mettler-Toledo, Greifensee, Switzerland, Software
STARe V16.30a). The samples, weighing 13 mg (HDPE) and 20 mg (POK), were placed in
40 µL aluminum pans. In a nitrogen atmosphere with a gas flow rate of 50 mL min−1, the
samples were heated from 20 to 250 ◦C at a rate of 10 K min−1. Before the initial tests, the
samples were first removed from the LOHC, and cleaned with dry tissue paper.

To determine the degree of crystallinity of HDPE and POK, the melting enthalpy
is divided by the theoretical melting enthalpy of the 100% crystalline phase (HDPE:
293 J/g [35]; POK: 227 J/g [36]). Therefore, the degree of crystallinity (Xc) was calcu-
lated using the following equation [27].

Xc =
∆Hm

∆H100%
m
·100% (3)

2.8. Thermal Gravimetric Analyzer (TGA)

To determine the fuel uptake of HDPE and POK, the samples were measured using
TG/DSC 3 (Mettler-Toledo, Greifensee, Switzerland). Samples weighing 13 mg (HDPE)
and 20 mg (POK) were placed in 70 µL alumina crucibles. With a heating rate of 10 K min−1

and a nitrogen gas flow rate of 50 mL min−1, TG curves were obtained between 25 and
600 ◦C under N2. In addition, further measurement values were also recorded from 600 to
800 ◦C in an oxygen environment with a gas flow rate of 50 mL min −1.

2.9. Mechanical Testing

The dumbbell specimens for the tensile tests were conditioned by immersion in LOHC
fuel up to saturation. The measurements were performed on a Zwick Roell Universal
Testing Machine at 25 ± 1 ◦C with a test speed of 50 mm/min. The gauge length of these
specimens was 50 mm.

2.10. Fourier-Transform Infrared Spectroscopy (FTIR)

The infrared spectra were assessed using the Bruker Vertex 70 system (Rosenheim, Ger-
many), which was furnished with an integrated single reflection crystal made of diamond–
germanium for ATR measurements. ATR analyses were performed on the surfaces of
distinct tablet samples, each exposed to the LOHC for varying durations.

3. Results and Discussions

In the pursuit of exploring the viability of utilizing HDPE and POK as potential
candidates for long-term LOHC tank systems, a comprehensive investigation was under-
taken. This study involved subjecting both HDPE and POK to prolonged exposure at
elevated temperatures within the LOHC environment. The testing regiment encompassed
a series of crucial evaluations, including tensile testing, fuel uptake analysis, diffusion
studies, melt behavior assessments, FTIR spectroscopy, and measurements of thermal
stability. In this section, we present a detailed exposition of the obtained results, which
contribute significantly to the broader field of hydrogen storage research and facilitate the
development of more efficient and sustainable energy solutions.
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3.1. Fuel Uptake
Chemical Effects

Figure 2a,b depict the weight changes in the HDPE and POK samples after immersion
at 25 ◦C and 60 ◦C with respect to time.
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exposed to air and LOHC fuel in small glass vials. The curves represent mean values along with the
standard deviation based on 3 measurements.

After exposure to 500 h in LOHC, HDPE reached a plateau level at 60 ◦C. It is also
noticed that if the temperature increases, the absorption rate of HDPE also increases because,
at elevated temperatures, the polymer chains are more mobile, resulting in an increase in
the free volume of thermoplastics, which allows molecules to diffuse more easily [37]. At
25 ◦C the absorption rate is significantly lower because, at low temperatures, atoms are
more densely packed in amorphous regions, and thus the absorption rate is very low for
chemical fluids into polymers. In addition, the fuel uptake percentage of HDPE can be
compared with commercial fuels using the work carried out by Libia et al. [38] because
the physical properties of these fuels are similar to those of LOHC [19]. In their work they
found that the fuel uptake in HDPE at room temperature (25 ◦C) was about 5.0–5.3 weight
% which is very similar to the results obtained with HDPE aged in LOHC fuel.

Aged samples of POK showed a significantly lower increase in weight with increasing
temperature when compared to HDPE. According to Figure 2b, there was an initial drop
in mass at the beginning of the exposure time for both 25 and 60 ◦C. This drop may be
attributed to volatilities of residual water or organic additives which might evaporate over
time, but there was no degradation caused during these trials. To ensure the material was
not dissolved in LOHC, gas chromatography was conducted, but no traces of olefins or
carbon monoxide (CO) were found. Additionally, a centrifuge device (Heraeus Labofuge
300) from Thermo Electron (Waltham, MA, USA) was used by inserting small glass tubes in
the centrifugal unit and rotating them at 2000 rpm for 300 s. The goal was to investigate the
existence of solid particles. However, no polymer particles were found during this process.

POK is generally polar and contains carbonyl groups which are electronegative. These
groups attract electrons away from neighboring carbon atoms, enhancing the intermolecular
attraction of the polymer chains [29]. As a result, POK exhibits low absorption of liquids
and gases compared to HDPE. At 60 ◦C these samples did not reach the equilibrium
state and grew linearly with time. Therefore, POK could be compared with the work
conducted by Zhao et al. [24]. In this work, they investigated the absorption rate of diesel
and biodiesels in two different grades of polyamides (which was 1.6 and 2.0 wt%). At 700 h
none of these fuels reached an equilibrium state because polyamides contain amide groups
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and are also polar in nature and this makes the diffusion process slow during the ageing
process.

Moreover, H12-BT also contains saturated aromatic hydrocarbons like diesel, which
are non-polar in nature and that tend to diffuse into polymers.

Comparing both graphs, the fuel uptake in HDPE increased rapidly i.e., ~5.5 wt.%
and ~11 wt.% under isothermal conditions (25 ◦C and 60 ◦C) contrary to POK which was
significantly lower at 0.2 wt.% and 1.1 wt.%. at 500 h.

The diffusion coefficient is calculated from Equation (2) using the initial stages
of the sorption phase. It is clear that HDPE is more sensitive to LOHC fuel. As the
aging temperature increased, the rate of diffusion also increased from 1.2 × 10−7 to
1.64 × 10−7 cm2 s−1, which further obeys the Fickian diffusion model. In the case of
POK, diffusion is less at 25 ◦C with 5.6 × 10−8 cm2 s−1, showing high resistance to LOHC
fuel. As it did not reach an equilibrium state at 60 ◦C, this follows the non-Fickian diffusion
model, and no diffusion coefficient could be determined for POK exposed to 60 ◦C. Table 1
shows the measured values of the diffusion coefficients.

Table 1. Diffusion coefficient D and equilibrium concentration Mm of LOHC fuel in HDPE and POK.

Temperature (◦C) HDPE
(D in (cm2 s−1))

POK
(D in (cm2 s−1))

Mm (HDPE/POK)
(-)

25 1.25 × 10−7 5.6 × 10−8 0.0557/0.0014
60 1.64 × 10−7 - 0.1098/-

3.2. Annealing Effects and Crystallinity

The melting behavior of the samples was determined using DSC before and after
exposure to LOHC fuel. The melting peak temperature (Tm) and enthalpy (∆Hm) values
of the first heating scan are shown in Table 2. A single melting peak at 132.6 ◦C (HDPE)
and 220.9 ◦C (POK) was recorded in unaged samples (shown in Figure 3). Note that the
∆Hm of HDPE increased in aged samples compared to unaged. Likewise, enthalpy also
increased in POK aging samples which were aged for 100 h to 500 h.

Table 2. Melting temperature (Tm) and melting enthalpy (∆Hm) of HDPE and POK samples aged in
LOHC fuel for 100 and 500 h at 25 and 60 ◦C.

Sample Tm (◦C)
1st Heating

∆Hm (J/g)
1st Heating

Unaged @HDPE 132.6 ± 1.4 135.6 ± 1.6
HDPE @25 ◦C/100 h 131.9 ± 0.3 144.9 ± 2.5
HDPE @25 ◦C/500 h 131.4 ± 0.1 142.4 ± 3.1
HDPE @60 ◦C/100 h 130.6 ± 0.7 122.1 ± 1.2
HDPE @60 ◦C/500 h 130.5 ± 1.2 137.2 ± 1.0

Unaged @POK 220.9 ± 0.7 74.9 ± 0.6
POK @25 ◦C/100 h 221.8 ± 0.1 82.6 ± 1.3
POK @25 ◦C/500 h 221.8 ± 0.2 81.9 ± 1.4
POK @60 ◦C/100 h 222.3 ± 0.6 83.6 ± 0.8
POK @60 ◦C/500 h 222.6 ± 0.4 84.0 ± 2.0

Figure 3a–d depicts the first heating cycle of HDPE and POK thermograms. For these
measurements, all the samples underwent chemical oxidation in the oven. As a result of
aging at 60 ◦C, the melting endotherms of HDPE samples showed a slight decrease in
melting temperature with an average peak value of 130.5 ◦C (after aging for 500 h) when
compared to samples aged at 25 ◦C, which showed an average peak value of 131.4 ◦C.
Furthermore, as the aging temperature increased, (60 ◦C) the melting temperature of POK
also increased with a melting peak of 222.6 ◦C at 500 h. The samples aged at 25 ◦C were
almost similar to samples that were aged at 60 ◦C with a melting temperature of 221.8 ◦C.

110



Polymers 2023, 15, 4410Polymers 2023, 15, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 3. (a,b) DSC first heating curves for unaged and aged samples of HDPE in LOHC fuel at 25 
°C and 60 °C measured for 100 h and 500 h; (c,d) DSC first heating curves for POK samples on same 
aging conditions as HDPE (all curves are based on mean values of three measurements). 

Figure 3a–d depicts the first heating cycle of HDPE and POK thermograms. For these 
measurements, all the samples underwent chemical oxidation in the oven. As a result of 
aging at 60 °C, the melting endotherms of HDPE samples showed a slight decrease in 
melting temperature with an average peak value of 130.5 °C (after aging for 500 h) when 
compared to samples aged at 25 °C, which showed an average peak value of 131.4 °C. 
Furthermore, as the aging temperature increased, (60 °C) the melting temperature of POK 
also increased with a melting peak of 222.6 °C at 500 h. The samples aged at 25 °C were 
almost similar to samples that were aged at 60 °C with a melting temperature of 221.8 °C.  

As shown in Table 2, the rise in enthalpy ΔHm from the first scan in POK from 74.9 
J/g (before immersion) to 81.9 J/g and 84 J/g at 25 °C and 60 °C for 500 h (after immersion) 
in LOHC fuel is due to the strong intermolecular bonding (spaces reduce between polar 
groups), which leads to an increase in melting point [39]. Thus, from the below DSC 
graphs, it can be concluded that with increasing aging time and aging temperature the 
melting temperature of HDPE decreased slightly, whereas, in the case of POK, the melting 
temperature increased after aging in LOHC fuel. 

From Table 3 it is observed that HDPE crystallinity percentage decreased during the 
aging process at 60 °C and POK crystallinity percentage (Xc) increased slightly with in-
creasing aging temperature.  

  

Figure 3. (a,b) DSC first heating curves for unaged and aged samples of HDPE in LOHC fuel at
25 ◦C and 60 ◦C measured for 100 h and 500 h; (c,d) DSC first heating curves for POK samples on
same aging conditions as HDPE (all curves are based on mean values of three measurements).

As shown in Table 2, the rise in enthalpy ∆Hm from the first scan in POK from
74.9 J/g (before immersion) to 81.9 J/g and 84 J/g at 25 ◦C and 60 ◦C for 500 h (after
immersion) in LOHC fuel is due to the strong intermolecular bonding (spaces reduce
between polar groups), which leads to an increase in melting point [39]. Thus, from
the below DSC graphs, it can be concluded that with increasing aging time and aging
temperature the melting temperature of HDPE decreased slightly, whereas, in the case of
POK, the melting temperature increased after aging in LOHC fuel.

From Table 3 it is observed that HDPE crystallinity percentage decreased during
the aging process at 60 ◦C and POK crystallinity percentage (Xc) increased slightly with
increasing aging temperature.

Table 3. Crystallinity (Xc) of aged and unaged samples of HDPE and POK obtained from DSC
measurements as a function of aging times that are obtained using Equation (3).

Aging Time (h) Material 1 Crystallinity (%)
(1st Heating) Material 2 Crystallinity (%)

(1st Heating)

unaged
HDPE @25 ◦C

46.3 ± 0.3
POK @25 ◦C

33.0 ± 0.2
100 49.5 ± 0.8 36.4 ± 0.6
500 48.6 ± 0.9 36.1 ± 0.6

100
HDPE @60 ◦C

41.7 ± 0.4
POK @60 ◦C

36.8 ± 0.4
500 46.8 ± 0.3 37.0 ± 1.0

In HDPE, at 25 ◦C (500 h) the degree of crystallinity is reduced a little. This phe-
nomenon occurs due to the fact that fuels like H12-BT can penetrate into the polymers in
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the amorphous region and disrupt the intermolecular forces in polymer chains, resulting
in a reduction in crystallinity percentage over time from 100 to 500 h [40]. In addition to
this, HDPE also exhibited a higher absorption rate compared to POK. This absorbed LOHC
fuel is trapped in between the polymer chains and acts as a plasticizer that could lead to
reduction in the crystallinity of the material [38].

In the case of POK, a minor increase in crystallinity was observed, which was ~5%
after aging for longer exposure times at 25 ◦C and 60 ◦C when compared to the unaged
samples. This could be due to the interaction of polar carbonyl groups within the LOHC
fuel and the rearrangement of polymer chains at elevated temperatures. In addition to
this, for all the unaged and aged samples a small shoulder appears before the melting peak
which is caused by annealing effects at high temperatures.

3.3. Thermogravimetric Analysis (TGA)

According to Figure 4a,b, HDPE exhibited mass losses between 100 and 300 ◦C before
decomposition, which occurred at approximately 500 ◦C. This initial mass loss in the aged
samples can be attributed to the evaporation of absorbed fuel, which reflects the fuel uptake
measurements. As HDPE is exposed to LOHC fuel for 500 h under ambient conditions
(25 ◦C), degradation is slightly faster than the sample aged at 100 h which can be seen in
Figure 4a. In addition to this, the degradation caused by the mass loss of samples aged in
LOHC fuel at 60 ◦C for 500 h is much faster than the samples aged for 500 h at 25 ◦C.
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Figure 4c,d shows POK thermograms from the TGA, indicating a two-step process
before complete degradation occurs. As the absorption rate is very low in POK, no mass loss
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occurred below 200 ◦C. All the samples started to lose mass in between 200 ◦C and 400 ◦C. In
addition to that, only 75% of the polymer broke down under a nitrogen atmosphere, where
the ketone groups being eliminated during the first step of the process. The remaining
25% of the degradation occurred in the second step under the oxygen atmosphere. This
particular step plays a crucial role in the analytical process, allowing us to discern and
quantify the presence of non-hydrocarbon materials within the samples. It is also noticed
that the rate of degradation of POK in the first step is faster than the second step which
was also observed by Al-Muaikel et al. [41]. Similar to HDPE, POK also lost mass slightly
faster for samples aged at 60 ◦C when compared to samples aged at 25 ◦C.

Overall, it is worth noting that, based on the weight loss from volatile compounds,
POK demonstrates greater inertness to LOHC fuel compared to HDPE. However, it is
shown that the POK’s drawback lies in its lower thermal stability, which needs to be
enhanced through the use of stabilizers.

3.4. Mechanical Testing

Figure 5a illustrates the stress–strain curves of injection molded HDPE samples im-
mersed in LOHC fuel which are aged in a closed oven at 25 ◦C and 60 ◦C. It shows that
the maximum stress (σ) of all the aged polymers decreased during exposure to LOHC
with respect to time when compared to unaged samples, and this is due to the decrease in
crystallinity. On the other hand, the strain at break is increased by immersing samples for
a longer time in the LOHC fuel. A distinct difference in the elongation at break was also
observed between aged and unaged samples. The strain percentage of the aged sample
increased from 79% to 84% at 25 ◦C over time; at 60 ◦C, the sample increased from 101% to
103%. But there is a huge difference between the aged samples at 60 ◦C and the unaged
samples, where the unaged sample remained at 77%. This increased strain percentage was
due to the higher fuel concentration in the polymers which leads to a plasticizing effect
that can soften the material over time.
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Figure 5. The stress–strain curves of aged and unaged samples of (a) HDPE and (b) POK in a
closed oven are measured after immersion for up to 500 h in LOHC fuel. The inset in (b) shows the
magnified detail of the stress peaks in the necking region (all curves are based on mean values of
three measurements).

According to Figure 5b, POK shows a rise in the maximum stress (σ) in the initial
region of the curve after the aging process. At higher strains, the tensile stress of the POK
samples decreases gradually due to strain hardening. It is also noticed that the strain at
break of aged samples almost remained constant at 25 ◦C over time, whereas at the elevated
temperature of 60 ◦C, a sharp decline in strain at break was observed from about 300% to
150% which could be due to the increased crystallinity and a reduction in the mobility of
the polymer chains that makes the material less flexible and decreases the strain at break.
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In addition, due to the aging at high temperatures for 500 h, the intermolecular forces in
POK may improve and strengthen the material, leading to a slight increase in tensile stress
from 60 MPa to 67 MPa. In Table 4, the E-modules of HDPE and POK are listed along with
the strain at break percentage.

Table 4. Youngs modulus E and strain at break percentage of HDPE and POK are defined below.

Aging Time (h) Oven
Temperature (◦C)

E-Modulus (GPa)
(HDPE)

E-Modulus (GPa)
(POK)

Strain (%)
(HDPE)

Strain (%)
(POK)

Unaged 25 0.61 ± 0.01 1.96 ± 0.20 78 ± 3.9 363 ± 29
Aged @ 100 25 0.55 ± 0.01 1.70 ± 0.01 84 ± 7.7 336 ± 43
Aged @ 500 25 0.53 ± 0.01 1.72 ± 0.04 80 ± 3.1 322 ± 40
Aged @ 100 60 0.30 ± 0.01 1.56 ± 0.09 101 ± 2 296 ± 25
Aged @ 500 60 0.27 ± 0.01 1.63 ± 0.01 103 ± 8.4 151 ± 33

The above results indicate that the exposure temperature of the LOHC strongly in-
fluences the tensile behavior of HDPE and POK. The POK aged in LOHC showed higher
tensile properties and a drop in elongation, whereas, in the case of HDPE, the elongation at
break percentage increased but tensile properties decreased due to the plasticization effect.

3.5. FTIR Spectrum

Figure 6a,b contrasts the FTIR spectra of HDPE and POK that are displayed for before
and after being immersed in LOHC until 500 h at both 25 and 60 ◦C. All the spectra exhibit
characteristic IR absorbance peaks commonly associated with HDPE and POK. For HDPE,
the peaks at 2913 and 2847 cm−1 correspond to asymmetric and symmetric C-H bond
stretching, respectively. Additionally, a peak at 1461 and 1463 cm−1 indicates the presence
of CH3 umbrella bending mode, while the peak at 719 and 720 cm−1 signifies a rocking
movement.
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In the case of POK, a distinct peak at 1687 cm−1 indicates the presence of carbonyl
groups. The methylene groups in polyketones contribute to a broad peak in the range of
2800–3000 cm−1, and there are also additional peaks around 1300 cm−1 corresponding to
stretching vibrations of carbon–carbon–carbon (C-C-C) bonds. Peaks at 600 and 800 cm−1

represent C=O bond stretching. By comparing the immersed samples to the non-immersed
one, it can be concluded that no noticeable chemical changes occurred as a result of LOHC
absorption in the polymers. Despite the increase in temperature, there is also no discernible
difference in the FTIR spectra of HDPE and POK.

4. Conclusions

This study compared the aging behavior of HDPE and POK that are exposed to LOHCs
(at ambient conditions and at 60 ◦C). HDPE, as a non-polar polymer, showed a greater
fuel uptake compared to POK after 3 weeks. However, an initial mass loss was observed
in POK below 100 h at 60 ◦C due to the evaporation of volatiles. Nevertheless, the POK
samples did not reach a plateau level like HDPE, and therefore, more immersion tests
need to be performed. From mass uptake measurements, the diffusion of chemicals into
polymers was calculated. The diffusion coefficient increased from 1.25 × 10−7 at 25 ◦C to
1.64× 10−7 cm2 s−1 in HDPE at 60 ◦C due to the weak bonds in the polymer chain, whereas,
in POK, the rate of diffusion was less with 5.62 × 10−8 cm2 s−1 at 25 ◦C.

Fuel uptake, plasticization effect, and crystallinity led to differences in tensile strengths
of HDPE and POK. Due to the presence of non-polar groups the absorption rate of HDPE
samples immersed in LOHC fuel was increased. The LOHC fuel used in this work contains
hydrocarbons which act as plasticizers. Fuels like these can penetrate and break down the
polymer chains and increase the free volume between them, which results in a decrease in
crystallinity and tensile strength and increased flexibility. Thus, HDPE lost more strength
and the elongation at break percentage increased due to the plasticization effect.

In the case of POK, LOHC fuel exposure may cause polymer chain restructuring.
The interaction with the fuel can result in the creation of highly ordered and crystalline
regions within the polymer matrix, improving its overall crystallinity and tensile strength
and making the material more rigid. Therefore, the elongation at break percentage was
reduced in POK as the aging temperature increased from 25 ◦C to 60 ◦C, but the tensile
strength increased gradually after aging for 500 h. This could be due to the formation or
enhancement of crosslinking within the polymer structure.

Furthermore, the FTIR results indicated no significant chemical changes in both materi-
als. After the long experimental trials neither of the wet specimens developed discoloration
or cracks.

Therefore, in order to store fuels like LOHC for a longer time, not only at room
temperature (25 ◦C) but even in high temperatures (60 ◦C), POK could be considered as an
alternative choice to store and transport hydrogen due to its excellent barrier properties
and mechanical properties when compared to HDPE, because materials like HDPE are less
suitable for applications that require a high mechanical strength and dimensional stability.
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Abstract: Polyvinyl alcohol (PVA) and Neodymium (III) oxide (Nd2O3) were combined to synthesized
flexible innovative PVA/Nd2O3 polymer composite samples utilizing a solution casting approach for
use in dielectric devices. The XRD, FTIR, and SEM methods are all investigated to characterize the
composite films. In a frequency of 50 Hz to 5 MHz, the effects of additive Nd2O3 on the dielectric
behavior of PVA were recorded. The PVA/Nd2O3 composite films were successfully fabricated, as
shown by XRD and infrared spectroscopy. The scanning microscopy pictures showed that the Nd2O3

was loaded and distributed uniformly throughout the PVA. After the incorporation of Nd2O3, the
composite PVA/Nd2O3 has a conductivity of 6.82 × 10−9 S·cm−1, while the PVA has a conductivity
of 0.82× 10−9 S·cm−1. Another improvement is the decrease in the relaxation time from 14.2× 10−5 s
for PVA to 6.35 × 10−5 s for PVA/Nd2O3, and an increase in the dielectric constant of 0.237 for PVA
to 0.484 at a frequency of 100 Hz. The results showed that the composite samples have considerable
changes as flexible films in different applications, including batteries and electronic circuits.

Keywords: PVA/Nd2O3; structural investigation; dielectric properties; energy applications

1. Introduction

The use of different polymers, i.e., Polyvinyl chloride (PVC), Polyvinylpyrrolidone
(PVP), Polyvinyl alcohol (PVA), etc., has recently increased due to their distinctive proper-
ties such as being lightweight and transparent [1]. Their mechanical, optical, or electrical
behavior can be influenced by the addition of nanoparticles, resulting in polymer nanocom-
posites (PNs) [2]. The polymer nanocomposites are launched on the polymer or the polymer
matrix which includes the nanofillers within suitable ratios. The weight of the nanofillers is
usually far less than the weight of the polymers because some nanofillers are expensive,
and they may also have a negative impact on the transparency of polymer films. The effi-
ciency of the polymer nanocomposites’ material in inhibiting electromagnetic interference
(EMI) depends on a number of factors, including its dielectric permittivity and electrical
conductivity. Dielectric loss, dielectric constant, and their frequency dependencies [3] are
all measures of an EMI binding material’s ability to absorb or scatter EM waves. Polymer
composites may be a viable alternative to metals and ceramics as a shielding material due
to their thermal stability, mechanical performance, and cost [4].

Polymeric materials have become a well-known hosting matrix for rare earth ions
because of their attractive advantages, including the ease of fabrication, in addition to their
good transparency to the visible and infrared regions [5]. PVA is a polymer that features a
carbon chain and hydroxyl group. The PVA polymer has outstanding characteristics such
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as humidity, water absorption, and being easily produced, which has motivated further
studies with this substance [6]. In recent decades, the MOS (metal oxide semiconductor)
structure has gained popularity in the field of solid-state electronics. It is simple to examine
the dielectric behavior of the insulating oxide layer [7] and the material’s potential com-
patibility by microelectronic applications [8] using MOS capacitor designs. The ability to
modify the properties of nanocomposites has been made possible by incorporating inor-
ganic nanofillers into the polymer. Polymer chains can be altered at their very core thanks
to the nanofillers conducting connections within the polymer [9]. Nanoparticle fillers are
more efficient than micron-sized fillers; therefore, their integration into polymers results in
better polymer characteristics. Variations in the polymer chains’ dielectric properties can
be observed as a direct result of the differences in their structural properties [10]. Polymer
nanocomposites (PNs) are applied to various promising devices such as nanotechnology
and supercapacitors [11]. The doping polymer matrix with suitable nanoparticles will gen-
erate PNs with distinctive properties, including mechanical, optical, or electrical properties.
Dopants can be rare earth elements such as metal oxide or neodymium oxide (Nd2O3),
which are characterized by their excellent properties.

The most attention has been paid to rare earth oxides because they have many promis-
ing applications. In addition, among the lanthanide series, neodymium oxide (Nd2O3) is
regarded as the most important rare earth oxide. Nd2O3 is a rare earth element that has
been used in sophisticated applications including magnetic devices and protective coatings
because of its desirable property [6]. Because of its high dielectric constant, Nd2O3 is
essentially electrically and thermally stable. In addition, its conduction band is well suited
for use in microelectronics [12]. These features make Nd2O3 a superior gate dielectric for
semiconductor devices compared to silicon dioxide (SiO2). In addition, Nd2O3 has been
extensively applied in optoelectronics because of its narrower gap energy [13]. Several
research efforts have focused on studying the alterations in the oxidation properties of rare
earth metals through the introduction of various photonics materials, including optical
crystals (e.g., Al), glasses, and semiconductors (e.g., Si, SiGe) [14]. Neodymium oxide has
shown promising uses in a variety of fields in recent years. This is because neodymium,
unlike most rare earth elements, is abundant in the Earth’s crust and rapidly forms its
oxides. Crystals of Nd2O3, a compound with a light grayish blue color, are employed in
the production of solid-state lasers. Sunglasses, welding goggles, and other types of glass
benefit from Nd2O3 dichroic characteristics [15].

Moreover, neodymium oxide (Nd2O3) nanoparticles have garnered a lot of attention
among the rare earth elements due to their superior dielectric characteristics. In comparison
to excited electrons, the UV- excitation produces more effective light radiation [16]. In
recent times, there has been a significant focus on Nd2O3 nanoparticles as a dielectric filler
due to their outstanding properties that have potential applications in various fields such as
thermo-luminescence, protective coatings, and dielectric devices [17]. The nanoparticles of
Nd2O3 have several potential applications because of their size impact. Therefore, Nd2O3
nanoparticle synthesis has received considerable interest in recent years [18]. Keikhaei et al.
have investigated the incorporation of Nd2O3 on the properties of the PVA polymer [19].
Various characterizations, namely structural, electrical, and optical, were conducted on
the PVA/PVP blend doped with Nd2O3 [6]. AlAbdulaal et al. [20] studied the optical
behavior for PVA doped by various quantities of Nd2O3, which were processed by the
casting method. The novelty of this research is to improve the electrical characteristics
of the PVA polymer doped by Nd2O3 nanoparticles, which have hardly been studied by
other researchers. Therefore, the present research modified the dielectric characteristics of
PVA for applications in energy devices. The XRD, SEM, and FTIR methods were used to
investigate the PVA/Nd2O3 characteristics. In a frequency spanning from 100 Hz to 5 MHz,
the permittivity, impedance, and dielectric efficiency of PVA/Nd2O3 films were measured.
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2. Materials and Methods

The Nd2O3 powder (purity of 99.95% and average size of 25–40 nm) was purchased
from Nanografi Nano Technology Company (Darmstadt, Germany). The PVA powder
(molecular weight: 29,000–69,000 g/mol, and 87.90% hydrolyzed) was given by Sigma-
Aldrich Company, Darmstadt, Germany. The solution casting method [21,22] was elected
for making polymer films because it involves a simple preparation, is inexpensive, allows
for the precise management of composite composition, and produces highly uniform
nanocomposite films. Firstly, 1.0 g of PVA was dissolved in 85 mL of deionized water with
magnetic stirring for 1.5 h. After stirring the PVA polymer for 1.5 h, different amounts of
Nd2O3 (0.05, 0.10, 0.15, and 0.20 wt%) were added and mixed in PVA. The PVA/Nd2O3
solution was then poured into a glass Petri dish and allowed to air dry at room temperature.
The sheets were then removed from the glass plates with an average thickness of 170 µm.

The chemical changes were studied with FTIR (Shimadzu FTIR, Tracer 100, Kyoto,
Japan) in the wavenumber of 410–3900 cm−1, while XRD (Shimadzu XRD 7000, Kyoto,
Japan) was used to examine the structural characteristics at 2θ range (10–80)◦. In order
to determine the morphology and geometric shape of the films, FESEM (Thermo Fisher
Scientific, Waltham, MA, USA) was used. Typically, a gold film is sputtered onto the
surface of the film before the sample is placed under an electron microscope. The LCR
meter (RS-232C interface, Hioki, Japan) is used to record the dielectric parameters at room
temperature at a frequency of 50 Hz to 5 MHz.

3. Results and Discussion

The XRD was utilized for studying the structure of the PVA film and PVA/Nd2O3
nanocomposite, as shown in Figure 1. The pattern of the PVA displayed a peak located at
2θ = 19.6◦, which refers to the (101) plane. A significant peak is observed at approximately
2θ = 40◦, indicating that the structure of (PVA) exhibits semi-crystalline characteristics [23].
The XRD peaks observed of Nd2O3 were found to be consistent with the standard reference
card for Nd2O3 with JCPDS Card No: 74–1147. The distinct diffraction peak observed
in the XRD pattern of Nd2O3 indicates the presence of an orthorhombic lattice structure.
Furthermore, it has been observed that the peak at 19.4◦ exhibits a decrease by the incorpo-
ration of Nd2O3. The inclusion of Nd2O3 causes modifications to the amorphous structure
of the PVA, resulting in a change in crystallinity [24]. In addition, the number of planes of
the peaks’ angles is modified as Nd2O3 concentration increases, indicating that the PVA
and Nd2O3 nanoparticles interacted [25]. The addition of Nd2O3 to PVA results in higher
crystallinity in comparison to pure PVA. X-ray diffraction (XRD) analysis revealed the
formation of a complex between the Nd2O3 additives and the polyvinyl alcohol (PVA)
polymer chain.

The crystallite size of Nd2O3 is determined by using the Scherer formula [26].

D =
0.9λ

βcosθ
(1)

The crystallite size is D, β is the full width, and λ is the wavelength. With increasing
concentrations of PVA, the crystallite size of Nd2O3 grows from 13.5 nm for PVA/0.1Nd2O3
to 15 nm and 18.2 nm, respectively, for PVA/0.15Nd2O3 and PVA/0.2Nd2O3, demonstrat-
ing that Nd2O3 is formed at the nanoscale. Because of its low concentration (0.05 wt%),
PVA/0.05Nd2O3 does not exhibit any peaks characteristic of Nd2O3 in XRD spectra. In
turn, this makes it easier for Nd2O3 to be distributed uniformly throughout the PVA.

An additional investigation through the utilization of FTIR analysis was conducted
to prove the changes occurred in the chemical characteristics of the composite after the
incorporation of Nd2O3. Furthermore, FT-IR was utilized to analyze the functional groups
present in the composite films of PVA doped with the Nd2O3 nanocomposite. The FT-
IR measurements were obtained from 4000 to 500 cm−1 in wavenumber, as shown in
Figure 2. The FTIR of PVA showed a band observed at a wavenumber of 3285 cm−1, with
the stretching O–H resulting from the hydrogen bonds between and inside molecules,
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as reported in previous studies [27]. Moreover, for the C–H band, asymmetric stretching
vibrations are found at a wavenumber of 2920 cm−1. The bands of 1720 cm−1 and 1080 cm−1

correspond to carbonyl stretching (C=O) and C-O bond stretching from the acetate groups.
C-H bending appeared in the infrared (IR) region at 1430 cm−1. The wavenumber at
840 cm−1 provided evidence of the specific formation of CH2 bending [28]. The observed
reduction in the maximum intensity of PVA due to the addition of Nd2O3 indicates the
presence of intermolecular bands, which can be attributed to the hydroxyl group present in
PVA. The Nd2O3 nanoparticle incorporation changed the electron-hole recombination rate
because of the defects created into the PVA polymeric structure, leading to a corresponding
change in the peak positions. At the same time, the ability of Nd2O3 to dampen the
brightness of PVA/Nd2O3 indicates that there are too many electrons present, leading to
enhanced performance in terms of the materials’ electrical properties.
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Figure 1. XRD diffraction for the polymer PVA, Nd2O3, and the composite PVA/Nd2O3.

The morphology of PVA/Nd2O3 is shown in Figure 3a–d. A micrograph of PVA film,
as shown in Figure 3a, has a uniform and smooth surface. Figure 3b–d depict PVA/Nd2O3
films with 0.05Nd2O3, 0.10Nd2O3, and 0.20Nd2O3. The SEM pictures of the composites
reveal no discernible agglomeration, cracks, or breaks, suggesting that the cross-linker is
well dispersed in the PVA chains by increasing Nd2O3 [28]. The increase in Nd2O3 content
(from 5% to 20%) causes the dispersion to become highly apparent, as clearly shown in
Figure 3b–d. The presence of the cross-linkers created in the composite is attributed to the
formation of strong hydrogen bonds between PVA and Nd2O3 or the increase in viscosity
during the composite preparation. This phenomenon has been documented in previous
investigations [5,20,28]. It is possible that the observed morphological alterations are due
to Nd2O3 and the preparation method conditions. The concentration of Nd2O3 in PVA also
affects its dispersion and the interfacial interaction of PVA chains and Nd2O3 [5].
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The dielectric real ε′ and imaginary ε′′ value, which are related to complex dielectric
permittivity (ε*), are given by [29]:

ε∗ = ε′ − i ε′′ (2)

The real ε′ dielectric constant ε′ is given by [30]:

ε′ =
c . d
εo . A

(3)

c is the capacitance, the film thickness is t, and A is the area. Figure 4 displays the ε′

with frequency for the PVA, PVA/0.05Nd2O3, PVA/0.10Nd2O3, PVA/0.15Nd2O3, and
PVA/0.20Nd2O3 films. At a lower frequency, the frequency-dependent attenuation of
the ε′ is observed for all samples. This occurs because the dipoles have enough time to
encounter polarization between themselves at smaller frequencies. Then, the ε′ remains
nearly constant at higher frequencies, which may be because the dipoles do not have more
time to align with the orientation of the external fields [31]. In addition, the high frequency
values of the applied external fields are too rapid for the interface states to rearrange.
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Nd2O3 nanocomposite.

Incorporating Nd2O3 increases the ε′ from 0.236 for pure PVA at 100 Hz to 0.323,
0.383, 0.418, and 0.483 for PVA/0.05 Nd2O3, PVA/0.10 Nd2O3, PVA/0.15 Nd2O3, and
PVA/0.20 Nd2O3 (Table 1). The rapid growth due to Nd2O3 also increases dipole density
and hence, enhances polarizability at interfaces. Thus, the increased polarization and
dielectric characteristics leads to an increased number of dipoles caused by the flaws in the
PVA polymer matrix. Atta [32] also showed this phenomenon when CuNPs were deposited
on PTFE and PET polymeric films. He showed that the ε′ increased from 0.63 for pure
PET to 1.18 after 25 min of deposition Cu on PET, and from 1.95 for pure PTFE to 2.25 for
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Cu on PTFE. The improvement in the dielectric constant supports the use of these samples
in energy storage applications with a high ability to store charge.

Table 1. Values of ε′, ε′′, σac, M′, M′′, and U of PVA and PVA/Nd2O3.

ε′ ε′′ M′ M′′ σac (S/cm) U (J/m3)

PVA 0.237 0.312 4.21 2.31 0.82×10−9 1.05×10−6

PVA/0.05Nd2O3 0.324 0.539 2.48 1.49 1.67×10−9 1.43×10−6

PVA/0.10Nd2O3 0.383 0.592 2.31 1.25 2.01×10−9 1.70×10−6

PVA/0.15Nd2O3 0.428 0.585 1.46 1.01 4.32×10−9 1.8510−6

PVA/0.20Nd2O3 0.483 0.669 0.488 0.84 6.82×10−9 2.14×10−6

The imaginary dielectric loss ε′′ is given by [33]:

ε′′ = ε′ tan δ (4)

Figure 5 illustrates the frequency-dependent dielectric loss ε′′ for PVA, PVA/0.5Nd2O3,
PVA/0.10Nd2O3, PVA/15Nd2O3, and PVA/0.20Nd2O3. It has been shown that the
enhancement of the frequency significantly reduces the dielectric loss at a lower fre-
quency [34,35]. This shift in ε′′ is also associated with the low-frequency active characteristic
trait of dipolar relaxation. Charge carriers is another explanation for the varying of ε′′ with
frequency. Furthermore, lowering the frequency triggers a charge transfer across the inter-
face. It has been established that PVA/0.05Nd2O3 and PVA/0.20Nd2O3 both increase the
ε′′ value from 0.313 for PVA to 0.539 and 0.669, respectively. The improved PVA chain and
Nd2O3 links are responsible for the increased ε′′ with the addition of Nd2O3 resulting in a
more robust coupling across the grain boundary [35]. The mini-capacitor networks formed
in PVA/Nd2O3 films are also responsible for the enhancement in the dielectric value.
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The electrical modulus (M*) is estimated by [35]:

M∗ =
1
ε∗

= M′ + i M′′ (5)

The M′ and M′′ are, respectively, the real and imaginary electric modulus, and are
recorded by [36]:

M′ =
ε′

ε′2 + ε′′2
(6)

M′′ = ε′′/
(

ε′2 + ε′′2
)

(7)

Figure 6 displays the M′ versus frequency with different concentrations of Nd2O3. M′

increases exponentially with frequency, and at a higher frequency, it becomes straight and
constant. The polymer electrical dipoles have a considerable self-orientation propensity at
low frequencies, while the orientation produced by an external electric field is minimal at
high frequencies [37]. The M′ is also affected by the electrode polarization [38]. As can be
shown in Figure 7, the incorporation of Nd2O3 causes a decrease in M′. The value of M′ of
PVA is 4.21 at 100 Hz, and it dropped to 2.488, 2.318, 1.469, and 0.487 when doped with
varying concentrations of Nd2O3. The permittivity for the electric modulus reduces due
to the dipolar contribution. The dispersion of charges in the oxide may also play a role in
this attenuation.
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10−5 s for PVA/0.05Nd2O3, to 11.29 × 10−5 s for PVA/0.10Nd2O3, and finally to 8.97 × 10−5 s 
and 6.35 × 10−5 s for PVA/0.15Nd2O3 and PVA/0.20Nd2O3. This trend arises because the 
relaxation duration varies between the acceptor- and donor-of-interface states. Abdel-
hamied et al. [40] found that the relaxation time for PVA/PANI/Ag is changed by fre-
quency. They discovered that the PVA film had a relaxation time of 3.3 × 10−5 s, but this 
reduced to 3.25 × 10−5 s and 1.9 × 10−5 s, respectively, for PVA/PANI and PVA/PANI/Ag. 
The Nd2O3 shortens the time needed for dipole orientation. The hopping process directly 
enhanced dipole mobility, which in turn decreased M′′ [41].  

Figure 6. The real electric modulus (M′) with frequency for PVA and PVA/%Nd2O3 films.

Figure 7 displays the imaginary modulus M′′ for PVA, PVA/0.05Nd2O3, PVA/
0.10Nd2O3, PVA/0.15Nd2O3, and PVA/0.20Nd2O3. A peak in M′′ refers to the pres-
ence of a relaxation process (as depicted in the picture). Higher permittivity is the result
of an oriented M′′ value at a low frequency, which indicates that the ions are transferred
by hopping from one location to another. With an increase in frequency, the orientation of
more dipolar groups becomes more challenging. The M′′ of PVA is 2.318 at 100 Hz, but it
drops to 1.493, 1.255, 1.01, and 0.848 when doped with 0.05Nd2O3, 0.10Nd2O3, 0.15Nd2O3,
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and 0.20Nd2O3. This is because the charged interface region is formed of PVA and Nd2O3.
The time of relaxation (τr) is estimated by the following relation [39]:

τr =
1

ωr
(8)

where τr is the angular frequency that corresponds to the crest of the M′′ peak. The
relaxation time, measured in seconds, drops from 14.2 × 10−5 s for pure PVA film to
12.67 × 10−5 s for PVA/0.05Nd2O3, to 11.29 × 10−5 s for PVA/0.10Nd2O3, and finally to
8.97× 10−5 s and 6.35× 10−5 s for PVA/0.15Nd2O3 and PVA/0.20Nd2O3. This trend arises
because the relaxation duration varies between the acceptor- and donor-of-interface states.
Abdelhamied et al. [40] found that the relaxation time for PVA/PANI/Ag is changed by
frequency. They discovered that the PVA film had a relaxation time of 3.3 × 10−5 s, but this
reduced to 3.25 × 10−5 s and 1.9 × 10−5 s, respectively, for PVA/PANI and PVA/PANI/Ag.
The Nd2O3 shortens the time needed for dipole orientation. The hopping process directly
enhanced dipole mobility, which in turn decreased M′′ [41].
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range. This behavior is explained by the fact that an enhancement in the number of free 
charges causes the conductivity to rise and the impedance to remain stable [43]. The ad-
dition of Nd2O3 has the opposite effect, progressively lowering the Z′ value. The inclusion 
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a decrease in Z′. Notably, the occurrence of peaks in PVA/Nd2O3 films is confirmed to be 
an improvement in the composite films, making them more suitable for devices. 

Figure 7. The imaginary electric modulus
(
M′′

)
versus frequency for PVA and PVA/%Nd2O3 films.

The complex impedance of PVA and PVA/Nd2O3 is given by [42]:

Z∗ = Z′ + iZ′′ (9)

Z* stands for the complex impedance, Z′ for the real impedance, and Z′′ for the
imaginary impedance. Figure 8 shows that the real Z′ impedance of pure PVA and
PVA/0.20Nd2O3 films varies as a function of frequency. In the lower frequency, the Z′ of
all samples decreases significantly with frequency and is often fixed in the high frequency
range. This behavior is explained by the fact that an enhancement in the number of free
charges causes the conductivity to rise and the impedance to remain stable [43]. The addi-
tion of Nd2O3 has the opposite effect, progressively lowering the Z′ value. The inclusion of
Nd2O3 enhanced conductivity and directly decreased the films’ impedance, leading to a
decrease in Z′. Notably, the occurrence of peaks in PVA/Nd2O3 films is confirmed to be an
improvement in the composite films, making them more suitable for devices.
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Figure 9. The imaginary impedance (𝑍ᇱᇱ) with frequency for PVA and PVA/%Nd2O3 films. 

Figure 8. The real impedance (Z′) with frequency for PVA and PVA/%Nd2O3 films.

Figure 9 displays the relationship between the imaginary impedance component Z′′

and frequency for films of pure PVA, PVA/0.05Nd2O3, PVA/0.10Nd2O3, PVA/0.15Nd2O3,
and PVA/0.20Nd2O3. The Z′′ drops by frequency. Incorporating more Nd2O3 into PVA
decreases the Z′′ values, resulting in a faster charge transfer compared to pure PVA [44].
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The energy density (U) as a function with ε′ is given by [45]:

U =
1
2

ε′εO E2 (10)

E is the electric field, which is assumed to be 1 V/mm, and εO is the electric permittivity,
which is equal to 8.85×10−11 NVm. The energy density at various frequencies for pure
PVA, PVA/0.05Nd2O3, PVA/0.10Nd2O3, PVA/0.15Nd2O3, and PVA/0.20Nd2O3 films are
displayed in Figure 10. Interface states that vary in strength with frequency are one possible
explanation for this pattern. Since the contents of Nd2O3 increase, PVA had a higher
power density. Table 1 shows that the addition of varying amounts of neodymium oxide
into PVA results in an enhancement of its energy density. Particularly, the energy density
values increase from 1.05 × 10−6 J/m3 (the value for pure PVA) to 1.43 × 10−6 J/m3,
1.70 × 10−6 J/m3, 1.85 × 10−6 J/m3, and 2.14 × 106 J/m3, respectively. One potential
explanation for this phenomenon could be the presence of border traps in close proximity
to the interface between Nd2O3 and PVA. These findings provide further evidence of the
effective incorporation of Nd2O3 within PVA.
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According to Table 1, the electrical conductivity of PVA at 100 Hz ranges from 0.82 × 10−9 
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Figure 10. The energy density (U ) with frequency for PVA and PVA/%Nd2O3 films.

The conductivity (σac) as a function of the dielectric constant is given by [46]:

σac = εoε′′ω (11)

ω is the angular frequency and εo is permittivity [47]. Films made of pure PVA,
PVA/0.05Nd2O3, PVA/0.10Nd2O3, PVA/0.15Nd2O3, and PVA/0.20Nd2O3 show differ-
ent changes in electrical conductivity as the frequency increases from 100 Hz to 5 MHz
(Figure 11). In addition, the activation of trapped charges results in a shift in σac conduc-
tivity [48]. According to Table 1, the electrical conductivity of PVA at 100 Hz ranges from
0.82 × 10−9 S/cm for pure PVA to 1.67 × 10−9 S/cm for PVA/0.05Nd2O3 and 6.82 × 10−9

for PVA/0.20Nd2O3.
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Moreover, the addition of Nd2O3 causes the greatest improvement in electrical con-
ductivity because chain scissoring causes an increase in the speed of transported ions [49].
The conductivity of the PVA/MWCNT composite is investigated by Atta et al. [50]. The
σac of PVA is 0.89 × 10−4 S/cm at 1 MHz, while the σac of PVA/MWCNT increased to
2.6 × 10−6 S/cm. This is because the MWCNT-induced increase in the carrier’s charges led
to the coalescence of grain boundaries, which improved conductivity.

The potential barrier height Wm is estimated by [51]:

Wm =
−4kBT

m
(12)

kB is the Boltzmann constant and m is given by the slope of lnε2 and lnω, as investigated
in Figure 12 by [52]:

ε′′ = Aωm (13)

where ε′′ is the dielectric loss and ω is the angular frequency. As the percentage of Nd2O3
increased in the formula, the predicted potential barrier Wm is modified. The Wm en-
ergy of PVA with various concentrations of neodymium oxide varies from 0.264 eV to
0.248 eV and 0.255 eV for pure PVA, and to 0.284 eV and 0.252 eV for PVA/0.05Nd2O3,
PVA/0.10Nd2O3, PVA/0.15Nd2O3, and PVA/0.20Nd2O3. The XRD measurements show
that the inclusion of Nd2O3 alters the crystal structure and increases the defect density,
leading to a lower potential barrier. Therefore, this evidence of a lower energy barrier for
charge carrier hopping demonstrates that increasing the Nd2O3 content in PVA improves
its σac electrical conductivity.
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4. Conclusions

The casting reduction method was used to successfully create PVA/Nd2O3 composite
films, which were then characterized using a variety of methods. The XRD and FTIR
methods verify that PVA/Nd2O3 was successfully synthesized. The inclusion of Nd2O3
causes modifications to the amorphous structure of the PVA, resulting in a change in PVA
crystallinity. Moreover, SEM analysis shows that Nd2O3 is well incorporated into the PVA.
It is observed that the morphology is altered due to Nd2O3. The concentration of Nd2O3 in
PVA also affects its dispersion and the interfacial interaction of PVA chains and Nd2O3. The
inclusion of Nd2O3 has also been observed to improve electrical conductivity and dielec-
tric characteristics. The addition of Nd2O3 causes the greatest improvement in electrical
conductivity because chain scissoring causes an increase in the speed of transported ions.
In addition, there was a correlation between the amount of Nd2O3 and the changes in the
electric modulus and complex impedance. Dielectric dispersion qualities were enhanced
as Nd2O3 concentrations were raised from 0.05 wt% to 0.20 wt%, thanks to the activity of
charge carriers. The electric modulus increases exponentially in a low frequency region,
and at a higher frequency it becomes nearly constant. This is because the polymer electrical
dipoles have a considerable self-orientation propensity at low frequencies, while the orien-
tation produced by an external electric field is minimal at high frequencies. Based on the
electrical results, the produced results have paved the way for using flexible PVA/Nd2O3
samples in a wide variety of possible applications, including batteries, super-capacitors,
and microelectronic devices.
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Abstract: Different modifications of woven carbon fiber (WCF) based on carbon aerogel (CAG),
copper oxide nanoparticles (CuO-NPs), and lignin (LIG) has been tested and used to study their effect
on the fabrication and performance of a flexible supercapacitor. New symmetric flexible supercapac-
itors (SFSCs) were fabricated using different separators. According to the electrochemical results,
the device fabricated using CAG and woven glass fiber (WGF) in a sandwich type configuration
CAG/WGF/CAG embedded in H3PO4/PVA exhibited the best performance (1.4 F/g, 0.961 W/kg,
0.161 Wh/kg). A proof of concept based on a LED powered on and a bending test was done, and the
capacitor demonstrated excellent electrochemical values even during and after bending. The new
device was able to recover 96.12% of its capacitance when returned to its original unbent position.
The manufacturing process was critical, as the fibers or layers must be completely embedded in
the gel electrolyte to function effectively. A double flexible supercapacitor connected in parallel
was fabricated and it showed higher stability, in the same voltage window, yielding 311 mF/cm2 of
areal capacitance.

Keywords: flexible supercapacitors; woven carbon fiber; polyvinyl alcohol-based electrolyte; energy
storage

1. Introduction

In the last decade, the number of wearable electronic devices including multiple
applications, such as watches, suitcases, sports gadgets, clothes, etc., has increased [1,2].
The increasing demand for them in the market has encouraged researchers to study the
best method of energy storage by designing flexible batteries (FBs) and supercapacitors
(FSCs) that can be modulated, bended, stretched, twisted, or folded without losing their
electrochemical performance [3]. It is well-known that supercapacitors are considered a
good alternative for energy storage due to the high-power density delivered, which refers
to how quickly a device can discharge its energy and is a property usually needed for
mobility applications. Fast charge/discharge cycles and relatively easy assembly also make
them more attractive [4].

Different strategies to design FSCs have appeared, such as 1D (coaxial fibers) [5], 2D
(thin films or sandwich type) [6], and 3D (hierarchical frameworks) [7] and they have been
applied to different materials such as carbonous fibers [8], textile fibers (polyester) [9],
flexible papers and foams [10,11], and woven fibers [12]. Carbon cloth (CC) is a very
convenient textile due to its high conductivity performance, price, flexibility, and feasibility
of surface modification to enhance its behavior as electrodes [13]. Electrical double layer
capacitors (EDLCs) are highly dependent on the surface-interface character of the electrodes.
For this reason, carbon fiber surface modifications by oxidation treatments [14] or by the
incorporation of carbon nanostructures such as carbon nanotubes (CNTs) [11] or graphene
nanoplatelets (GNPs) [15] have previously been reported. Moreover, the modification by
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3D metal oxide arrays on the carbon cloth has also been reported as well as combinations
of carbon nanostructures and metal oxides [14]. Other interesting modifications include
some wastes from biomass as lignocellulosic biomass-derived carbon [16], which are used
directly as electrodes due to the high porosity and hierarchical structures. In other cases,
the use of lignin-modified carbon fiber was reported to improve the interfacial adhesion in
carbon fiber-reinforced polymers [17].

By exfoliation and oxidation of the surface of CC (modified Hummer’s method) using
KMnO4, H2SO4, and HNO3 solution, a symmetric FSC fabricated with sulfuric acid and
poly(vinyl alcohol) (PVA) gel electrolyte showed a capacitance of 31 mFcm−2 (0.0015 Fg−1)
at a scan speed of 10 mVs−1 [18]. Liu and Zhou included a carbon nanotube 3D network
on CC for a FSC assembled using KOH/PVA, obtaining a capacitance of 106.1 Fg−1, an
areal capacitance of 38.75 mFcm−2, and an ultralong cycle life of 100,000 times (capac-
itance retention: 99%) [19]. Symmetric FSCs using carbon fabric modified with metal
oxides as electrodes have also been efficiently developed. MnO2 has been extensively
used to modify the surface in symmetric FSCs, an areal capacitance of 42.4 mF/cm−2 at
5 mVs−1 has been reported. Moreover, a FSC using manganese dioxide nanorod arrays
on carbon fiber was fabricated using PVA/H3PO4 as electrolyte [20]. The modification
of the fiber showed a very good performance (678 Fg−1 at a current density of 0.3 Ag−1).
For heterostructure nanoarrays with CuCo2O4@MnO2 nanowire-based electrodes, a high
cell-area-specific capacitance of 714 mFcm−2 at 1 mAcm−2 was achieved for the device
using (PVA)/KOH polymer electrolyte [21]. The Co3O4 nanoparticles on vertically aligned
graphene nanosheets (VAGNs) were also tested for FSC (PVA/KOH as electrolyte), deliv-
ering high capacitance 580 Fg−1 and high energy density (80 Wh/kg) and power density
(20 kW/kg) [14]. CoMoO4@NiCo-layered double hydroxide nanowire arrays have also
been used to modify CC and led to the fabrication of asymmetric FSC with PVA/KOH
as electrolyte, exhibiting a maximum energy density of 59 Whkg−1 at a power density
of 800 Wkg−1 [22]. CuO-based nanomaterials have been found to be very attractive for
supercapacitor applications due to their low cost, facile and reproducible preparation
methods, and electrochemical responses [23]. It is well known that light-weight carbon
aerogel (CAG) has some characteristics that make them ideal for SC electrodes, such as
large surface area, low mass density, and high porosity [24,25].

The separator also plays an important role in the supercapacitor performance and
flexibility. In the flexible supercapacitors approach, some authors suppress the use of them
because the polymer electrolyte can act as a dielectric. In other cases, authors prefer to use
separators based on woven glass fiber, woven glass fiber (WGF), filter paper mat (FP), and,
for structural applications, Kevlar® fiber fabric [26].

As it has been previously mentioned above, one of the most interesting approaches
for the development of flexible supercapacitors is the use of woven carbon fiber as elec-
trodes. The carbon cloth has some characteristics that make it attractive to be used as an
electrode from an economic and environmental point of view. An appropriate combination
of electrodes based on carbon fabric with PVA/H3PO4 matrix electrolyte can make the
development of new supercapacitors for smart applications possible, being scalable and
supporting their increasing demand. In general, the electrodes developed so far showed
outstanding properties. However, the modified electrodes have complicated fabrication
processes and usually they are very expensive, not to mention that in some cases, they are
still far from being used for immediate applications. In this sense, modifying carbon fabric
in an easy and cheap manner represents a more challenging goal. Moreover, despite the
great number of studies in FSCs using CC as substrate electrode, their performance is not
easy to compare and unify due to different ways of fabrication (assembling, separator, and
electrolyte) and characterization.

In this work, we present the modification and characterization of woven carbon
fiber (WCF) including carbon aerogel (CAG), copper oxide nanoparticles (CuO NPs), and
lignin (LIG), as well as their application as electrodes for flexible supercapacitors using
PVA/H3PO4 as gel polymer electrolyte. We tested their performance before, during, and
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after bending tests to demonstrate their flexibility and ability to recover the electrochemical
response. The electrochemical performance of the devices is discussed, and a proof of
concept based on a red LED powered on was done with the system WCF/WGF/WCF.

2. Materials and Methods
2.1. Materials

Woven carbon fabric HexForce® 48,193 plain 12 K, manufactured by Hexcel (Stamford,
CT, USA), was used in this work. The separator used was of filter paper (FP) or woven
glass fiber (WGF). The glass fiber separator (E-Fiberglass Woven Roving) was supplied by
Castro Composites® (Pontevedra, Spain). Glass Filter paper Whatman, Lignin alkaline (low
sulfonate content), resorcinol, formaldehyde (37 wt% in H2O), copper acetate dihydrate,
copper chloride, (L)-ascorbic acid (L-AA), PVP K90, K2CO3, KOH, H3PO4 (≥85 wt% in
H2O), and Poly(vinyl alcohol) (PVA, Mw 89,000–98,000, 99+% hydrolyzed) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Liquid sizing agent (SICIZYL) was purchased
from Nanocyl S.A. (Sambreville, Belgium). The CuO seed on carbon cloth was done
following the procedure previously reported in the literature [27]. The carbon aerogel
modification was prepared following the procedure reported [28].

2.2. Preparation and Characterization of Electrodes

In all cases, fabric was washed with ethanol before any particle deposition and dried
in the oven at 60 ◦C.

2.2.1. Dip-Coating (DC) of Lignin

A water suspension of lignin (10 wt%) in distilled water and sizing solution (5 wt%)
was stirred at room temperature for 30 min. Then, the carbon fiber fabric was soaked for
10 min and dried in the oven at 80 ◦C for 10 more minutes until solvent evaporation. This
procedure was repeated twice.

2.2.2. Hydrothermal Growth of CuO Nanoparticles

The hydrothermal method used here is a modification of a procedure previously
reported [29], using an optimized mixture of CuCl2/NaCl/L-AA of 1:3.5:15 in DIW (375 mL)
containing 1 wt.% of PVP K90. A solution of CuCl2 was stirred in 150 of DIW for 20 min. In
a different vessel, L-AA was also dissolved in 200 mL of DIW under sonication for 30 min,
then mixed with NaCl and PVP-K90 and stirred. The copper chloride solution was added
to AA solution under stirring and the pH was adjusted using NaOH. The seeded WCFs
were immersed in the growth solution into the stainless-steel autoclave in an oven at 80 ◦C.
The desired growth temperature for the CuO/WCF hybrid at a fixed growth time of 2 h.
After the hydrothermal processing, the CuO/WCF hybrid was rinsed with DIW to stop
further growth of CuO NPs and dried at room temperature for 1 day.

2.2.3. Surface Morphology and Area Characterization

The specific surface area of the modified carbon fiber fabric was calculated by the
Brunauer, Emmett, and Teller (BET) method based on N2 adsorption–desorption isotherms
recorded with a Micrometrics ASAP 2020 analyzer. Fabric surface characterization was also
performed evaluating the images from Scanning Electron Microscopy (SEM, S-3400 N from
Hitachi, Tokyo, Japan) and Field Emission Gun SEM (FEG-SEM, Nova NanoSEM FEI 230
from Philips, Amsterdam, The Netherlands). Samples were previously coated by a 6 nm
layer of gold for proper characterization.

2.3. Electrochemical Characterization of Electrodes

Cyclic voltammetry (CV) tests on modified carbon fibers were performed at room
temperature with a three-electrode cell, using an Ag/AgCl reference electrode and a
platinum counter electrode in 3 M KCl aqueous electrolyte. The working electrode consisted
of a single tow partly immersed into the electrolyte and electrically contacted at the dry
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end. Tows were measured and weighed before the test and the active mass (ma) of the
working electrode was determined from the immersed length.

Experiments were conducted using an Autolab PGSTAT302N system. Different scan
rates (from 10 to 100 mV/s) were tested on a representative specimen from each condition.
The specific capacitance (Csp) was calculated with Equation (1).

Csp =

∫ vf
v IdV

s·∆V·ma
(1)

where I is the current (A), dV is the differential voltage corresponding to both charge and
discharge processes between final voltage (vf ) and initial voltage (v), ma (g) is the mass
of the electrodes, s (V s−1) is the scan rate, and ∆V is the potential window of the CV.
Representative capacitance results were calculated using a potential window (∆V) from
−0.1 to 0.1 V and a scan rate (s) of 10 mV/s.

2.4. FSC Fabrication

The gel polymer electrolyte (GPE) was prepared by mixing H3PO4 (3 g) and PVA (3 g)
in distilled water (30 mL) [30] under stirring at 85 ◦C for 30 min or until the solution became
clear. The electrodes (previously modified and attached to a copper current collector wire
glued using silver ink) and separator (glass fiber or filter paper) were immersed in a bath
containing the GPE mixture for a few minutes to favor the impregnation. Then, the device
was sandwich-type assembled following the configuration electrode/separator/electrode
over a metallic mold and left to cast a 60 ◦C in the oven for 8 h.

2.5. Electrochemical Characterization of FSCs

The electrochemical characterization of the symmetric SC device was measured in
a two-electrode setup. Cyclic voltammetry (CV) tests on FSCs were carried out by using
a potentiostat AUTOLAB PGSTAT302N with a software Nova 2.1. Different scan rates
(from 10 to 100 mV/s) were tested on a representative specimen from each condition.
Each sample was subjected to 5 consecutive voltammetry cycles to determine its specific
capacitance using Equation (1). Representative capacitance results were calculated using a
potential window (∆V) from −0.5 V to 0.5 V and a scan rate (s) of 10 mV/s. Galvanostatic
charge-discharge tests (GCD) and electrochemical impedance spectroscopy (EIS) tests were
carried out to characterize in depth their capacitor capabilities. From GCD analysis, specific
capacitance (C, F/g) can be derived from Equation (2), while energy density (E) and power
density can be obtained according to Equations (3) and (4) [22]. EIS was performed in
samples in a frequency range of 105–0.1 Hz. Both tests were also performed in an AUTOLAB
PGSTAT302N module with a software Nova 2.1.

C =
I × ∆t

m × ∆V
(2)

E =
1
2

C × ∆V2 (3)

P =
E
∆t

=
1
2

I × ∆V
m

(4)

where I is the current (A), ∆t (s) the discharge time, m (g) the electrode mass, and ∆V the
potential window.

3. Results and Discussion
3.1. Electrodes Modification and Characterization

The surface morphology of the new modified carbon fibers was investigated by
FEGSEM (Figure 1).
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of modified fibers containing CAG, CuO, and lignin are shown in Figure 1c–h. For the
sample modified with CAG (Figure 1c,d), the covering looks like a thick layer; however, 
in the closer picture, it is possible to observe a porous surface in this layer. The modifica-
tion with CAG is done from carbonization RF polymer directly cured over the CC; then, 
the CAG layer thickness depends on the pressing step during the cured. Even though the 
CAG layer is highly porous as can be demonstrated from the specific surface area (SSA) 
of the electrode reported in Table 1 (BET area), the CuO NPs growth over the carbon fiber 
shows a more homogeneous layer (Figure 1e,f). The SSA is not as high as those values 
obtained for CAG but is higher than the pristine WCF (0.244 m2 g−1). The SEM images of 
fiber modified using lignin by dip-coating (Figure 1g,h) show a brittle organic layer cor-
responding to lignin and sizing (commercial organic sizing). The SSA obtained for this 
sample is even smaller than the pristine WCF, meaning the lignin by itself is not porous, 
and is not conferring any extra surface area. 

Table 1. T BET areas and specific capacitances of carbon fibers. 

Entry Sample SBET (m2/gC+cover) Csp (F/gC+cover) 
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2 CuO 0.853 5.42
3 CAG 63.47 1.7 
4 LIG 0.278 0.18

The electrodes were analyzed by cyclic voltammetry at different scan rates and the 
specific capacitance was determined at 10 mVs−1. The specific capacitances of the elec-
trodes are shown in Table 1. 

As could be expected, the specific capacitance for the pristine WCF is low (0.19 Fg−1). 
As the BET surface area increased for the electrodes modified with CuO-NPs or CAG (en-
tries 2 and 3), it is evident that the Csp increased, reaching values between 1.5 and 5 Fg−1. 

Figure 1. SEM images of modified carbon fibers. (a,b) Two magnifications of bare carbon fiber,
(c,d) two magnifications of carbon fiber modified with carbon aerogel, (e,f) two magnifications of
carbon fiber modified with CuP NPs, (g,h) two magnifications of carbon fiber modified with lignin.

In this image, the plain WCF appears as a corrugated non-porous surface. The images
of modified fibers containing CAG, CuO, and lignin are shown in Figure 1c–h. For the
sample modified with CAG (Figure 1c,d), the covering looks like a thick layer; however, in
the closer picture, it is possible to observe a porous surface in this layer. The modification
with CAG is done from carbonization RF polymer directly cured over the CC; then, the
CAG layer thickness depends on the pressing step during the cured. Even though the
CAG layer is highly porous as can be demonstrated from the specific surface area (SSA)
of the electrode reported in Table 1 (BET area), the CuO NPs growth over the carbon fiber
shows a more homogeneous layer (Figure 1e,f). The SSA is not as high as those values
obtained for CAG but is higher than the pristine WCF (0.244 m2 g−1). The SEM images
of fiber modified using lignin by dip-coating (Figure 1g,h) show a brittle organic layer
corresponding to lignin and sizing (commercial organic sizing). The SSA obtained for this
sample is even smaller than the pristine WCF, meaning the lignin by itself is not porous,
and is not conferring any extra surface area.

Table 1. T BET areas and specific capacitances of carbon fibers.

Entry Sample SBET (m2/gC+cover) Csp (F/gC+cover)

1 WCF 0.244 0.19
2 CuO 0.853 5.42
3 CAG 63.47 1.7
4 LIG 0.278 0.18

The electrodes were analyzed by cyclic voltammetry at different scan rates and the
specific capacitance was determined at 10 mVs−1. The specific capacitances of the electrodes
are shown in Table 1.

As could be expected, the specific capacitance for the pristine WCF is low (0.19 Fg−1).
As the BET surface area increased for the electrodes modified with CuO-NPs or CAG
(entries 2 and 3), it is evident that the Csp increased, reaching values between 1.5 and
5 Fg−1. The CAG on WCF was previously studied by different authors using EMIMTFSI
as an electrolyte and the specific capacitance reported is in the same order of magnitude
(2.4 F/g) [31]. In the case of WCF-CuO, it has been previously reported that depending
on the structure of the NPs, they can provide either large BET area and behave as an
EDLC [32] or they can present certain pseudocapacitance as a dominant energy storage
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mechanism. In the last case, the electrodes can record high capacitances through a Faradaic
process. For transition metal oxide nanostructures, the effect of the morphology on the
electrochemical behavior is quite remarkable [23]. A schematic illustration of both EDLC
and pesudocapacitor charge storage mechanism are depicted in Scheme 1. Pseudocapacitors
usually exhibit better capacitance than double layer capacitors [33].
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Scheme 1. Schematic illustration of EDLC (left) and pseudocapacitance (right) mechanisms.

The sample modified with lignin showed a very low specific capacitance, even lower
than the pristine WCF. This value can be attributed to the isolating nature of the sizing used
as a binder, which is an organic oligomer. This effect when polymeric binders or surfactants
are used has been previously reported [34].

With these electrodes, symmetric flexible supercapacitors were fabricated using PVA/H3PO4
as gel polymer electrolyte and using a separator of filter paper (FP).

3.2. Flexible Supercapacitors’ Electrochemical Characterization

The modified carbon fiber cloths were used as electrodes to fabricate the flexible
supercapacitors. The electrolyte was prepared, and the electrodes and separator were
dipped in for a few minutes. Then, they were piled up using a sandwich type configuration
by placing the layers in the following order: electrode/separator/electrode. The FSCs
obtained were initially characterized by CV and EIS (Figures 2 and S1).

The CV of FSC with the bare WCF and those modified with CuO NPs or CAG have
the same scale, while the CV of FSC fabricated using the electrodes modified with lignin is
shown in a different scale. The CV curves show how the surface modifications have affected
the electrochemical performance of the devices. The FSC fabricated using plain WCF
exhibits good electrochemical stability at different potentials. In this case, the area inside
the CV curve is small but the shape indicates typical capacitive non-Faradaic behavior.

The specific capacitances were normalized by the electrode masses due to the different
additional weights corresponding to the electrolyte (as they do not contain the same amount
and not all the gel electrolyte is in contact with the electrodes). The FSCs modified either
with CAG or CuO NPs show higher specific capacitance since the area inside the curve is
higher. The electrochemical values obtained from these curves are shown in Table 2.
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Table 2. Electrochemical data from CV and EIS analysis of FSCs.

SCF Csp (mF/cm2) Csp (F/g) σ (mS cm−1) Rs (Ω) Rs + Rct (Ω)

FSC-WCF - 0.023 - - -
FSC-CuO 12.1 0.328 2.08 2.95 10.61
FSC-CAG 9.6 0.259 1.44 8.26 69.10
FSC-LIG 0.14 0.004 0.034 164.9 414.68

Both FSCs, either with CuO NPs or CAG, present similar specific capacitances (from
0.26 to 0.33 F/g at 10 mV/s). The areal capacitances are comparable to systems modified
with Mn oxides using KOH in PVA as electrolytes [35]. Regarding the electrochemical
stability, the FSC using electrodes modified with CuO seems to be less stable in the same
potential window compared to CAG, which shows less prominent vertical changes. It has
been reported that some zero-dimensional nanoparticles of pristine copper oxide could
show poor electrochemical stability and high tendency towards rapid capacity decay [23].
In Figure 2b, at the lower scan rate (0.01 Vs−1), it is possible to detect some deviations in
the CV, suggesting some Faradaic processes; these small humps disappear at faster scan
rates. However, more studies are currently in progress to obtain more information about
the plausible energy storage mechanism followed by these CuO nanoparticles. In the case
of FSC modified with WCF-LIG, the specific capacitance of the devices are two orders of
magnitude smaller than those obtained for CuO and CAG electrodes, consistent with the
results obtained for plain electrodes analyzed in KCl. Concerning the results extracted
from the EIS characterization (Figure S1), the EIS curves show a depressed semicircle at
high frequencies associated with the ion transport processes, followed by a spike at low
frequencies. The semicircle for the FSC-CuO is smaller, meaning that there is less resistance
due to the best surface interface contact between the electrode and the matrix as it has been
reported for similar CuO-WCF electrodes using structural epoxy matrices. The FSC-CAG
shows a larger spike that is translated into a more capacitive behavior, typical for porous
carbon electrodes. As a counterpart, the FSC-LIG exhibits high resistance values. The
Rs corresponds to the ionic transport through the electrolyte and electrode. That means
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that the values of Rs can be directly related to the ionic conductivity capabilities. The
isolating sizing layer present in the LIG electrodes led to an increase in the resistance
values, diminishing the ionic movement between the electrolyte/electrode and affording
an extremely low specific capacitance value. The conductivity of the electrolyte in the
flexible device modified with CuO is slightly higher than the obtained for the electrode
modified with CAG, due to a better interface interaction that exhibits less resistance to the
ion transport. The value corresponding to the FSC fabricated with the bare WCF is shown
in Table 2 for comparison.

3.3. Bending Tests

To demonstrate their application as flexibles devices, their flexibility was evaluated by
bending and analyzing the FSC by CV. The results are shown in Figure 3.
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The absence of significant distortions in the shape of the CV curves at the different
bending angles for both FSCs reveal high flexibility and certain stability of both devices.
The resistances are more affected instead, revealing a higher resistance after the bending.
According to the internal area of the CV curves, it was possible to calculate the capacitance
retention (%) during and after bending (Figure S2). For FSC-CuO and FSC-CAG, the
behavior was similar. At 27◦, both devices retained >95% of the capacitance; at 57◦, CAG-
FSC retained 96% and CuO-FSC 93%; and at 90◦, the capacitance dropped to 80% in both
devices, but they recovered their capacitance over 85% when returned to the initial position.
The picture at the bottom of Figure 3 shows the dramatic bending at 90◦. For the sample
FSC-LIG, the capacitance retention fell to 69% at 90◦ and in general, it exhibited a worst
performance.

A new device was fabricated using a different separator, woven glass fiber (WGF), to
compare its performance with the filter paper (FP). The CV at 10 mVs−1 and EIS analysis
shown in Figure 4 were used to characterize the device before, during, and after bending.
The FSC-CAG fabricated using WGF as separator showed better electrochemical values,
such as less resistance and a higher specific capacitance. The capacitance retention (%) at
different bending angles for the flexible supercapacitors fabricated with WGF or FP as sepa-
rator indicated that there were not big differences in using both separators. However, after
the bending, the device using WGF recovered 96% of the initial capacitance, showing that
it is more flexible. The GCD tests were also measured for both samples (Figures S3 and S4)
and the ratio for the device modified using the FP separator had a tdischarge/tcharge ratio of
0.62 compared to the 0.47 value obtain for the sample separated using WCF. The specific
capacitance and other electrochemical parameters calculated from EIS and GCD tests (at
2 mA g−1) are listed in Table 3.
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Figure 4. Characterization of the new device (CAG/separator/CAG) using a different separator
(WGF). (a–c) Electrochemical performance comparison of FSCs. (d,e) CV and EIS of the device
fabricated using woven glass fiber separator. (f) Proof of concept of red LED switched on.

Table 3. Electrochemical performance of FSCs with different separators.

Separator Rs/Rs + Rct (Ω) Csp (F/g) P (W/kg) E (Wh/kg)

FSC-FP 8.26/69.1 0.563 0.815 0.048
FSC-WGF 5.48/8.48 1.369 0.962 0.161
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3.4. Proof of Concept

The modified device using CAG electrodes and WGF separator was charged for 30 min
at 2 V and was able to switch on a 1.6 V red LED, but only for a few minutes (1 min of bright
light) (Figure 4f). This short time agrees with the fast discharge previously observed during
the CDG. Despite the short time of the proof, this device kept 83.34% capacitance at 90◦

of bending and recovered 96.12% when returned to the initial unbending position. A new
device was prepared following the same procedure but coupling two devices connected
in parallel. For this fabrication, the modified CAG electrodes corresponded to the same
batch to avoid the introduction of new variables. The CV and EIS curves obtained from the
electrochemical characterization of the double and singles devices are depicted in Figure 5.
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Figure 5. Electrochemical characterization of the double FSC-CAG connected in parallel, and each
device separated (FSC1 and FSC2). (a) CV curves; (b) EIS analysis; (c) CDG results; and (d) double
FSC device.

As can be observed, the square shape of the three CV curves is consistent with an
ideal non-Faradaic capacitive behavior, and it shows higher stability in the voltage window
analyzed. The results obtained from the CDG and EIS test are listed in Table 4.

Table 4. Electrochemical data of flexible supercapacitors connected in parallel.

Device Capacitance (F) Areal C (F/cm2) Rs/Rct (W)

FSC1 2.14 0.143 1.02/1.14
FSC2 2.00 0.134 1.13/1.36

Double FSC 4.66 0.311 0.6/1.13

The areal capacitance for this new device was 0.311 F/cm2, much higher than the
results obtained for the FSC-CuO, and the resistances observed from the EIS analysis (Rs
and Rct) were exceptionally low compared to the single devices previously fabricated. The
better electrochemical values obtained for the double FSC-CAG can be attributed to a better
impregnation of the electrodes with the gel electrolyte during the fabrication, which led to
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the electrodes being better embedded in the matrix. This better encapsulation could favor
the ion migration and transport, increasing the ionic conductivity and specific capacitance.

Two important aspects about the fabrication method must be considered: (1) The
fabrication method of these devices can be a limitation, because depending on how good it
is, there may be a different performance from one batch to another. (2) There are too many
factors affecting the fabrication such as covering layer thickness, surface area and porosity,
cured process, electrolyte impregnation, and casting process, which must be controlled to
improve reproducibility and stability.

Even though these results are far from being scaled up, they demonstrate that the
FSCs fabricated in this study exhibit better performance and capacitance than other FSCs
made from carbon aerogel on woven carbon fiber. Of various sources of carbon that can
be used to create potential electrodes for flexible applications, carbon fabric remains an
ideal substrate despite its low specific surface area. The carbon aerogel synthesized from
RF resin produces a highly porous covering that can modify the carbon cloth in a less
expensive manner compared to other different carbon nanostructure approaches. Recent
studies have focused on the use of CAG on CF to study their performance in structural
supercapacitors [36].

Some results obtained for CAG/WCF electrodes using different electrolytes are de-
picted in Table 5 for comparison with the results obtained in this study. These results are
also compared with those for bare carbon fiber, activated carbon fiber (etched and grafted),
and other relevant carbonaceous coverings such as CNTs or GNP.

Table 5. Electrochemical data from CV analysis of FSCs.

Composites Electrolyte Electrodes (F/g) Capacitor Reference

WCF 3 M KCl 0.02 - This work
WCF 3 M KCl 0.06 - [25]

a-WCF 3 M 2.63 - [25]
a-CFC 6 M KCl 197 (0.1 A/g) 0.5 Fcm−2 [37]
ACF PVA-H3PO4 18.6 300 mFcm−2 [36]

WCF-CNT EMIMTFSI 13.26 0.010 [38,39]
WCF-CNT 3 M KCl 0.015 [28]
WCF-GNP 3 M KCl 0.405 [28]
WCF/CAG EMIMTFSI 2.4 - [31]

WCF/CAG EMIMTFSI 11.4 1.74 Fg−1;
135 mFcm−2 [40]

WCF/CAG Epoxy resin/EMIMTFSI - 0.212 Fg−1 [40]
WCF/CAG 3 M KCl 5.9 - [25]

CF/CAG EMIMTFSI - 1.49 Fg−1 [25]
CF/CAG EMIMTFSI - 0.75 Fg−1 [41]

WCF/CAG 3 M KCl 4.35 1.4 Fg−1 This work
WCF/CuO 3 M KCl 5.42 0.33 Fg−1 This work

The FSCs prepared in this study are competitive, highly flexible, and low cost, which
is an important remark. It is expected that the materials developed in this work will have
practical value and interest. Further studies involving more efficient fabrication methods
are currently underway.

4. Conclusions

This study explores the effect of modifications made to woven carbon fiber on the
performance of flexible supercapacitors. The electrodes were modified by the incorporation
of copper oxide nanoparticles (CuO-NPs), carbon aerogel (CAG), and lignin covering (LIG)
as coverings. Reinforced carbon fiber electrodes were employed to fabricate 2D-flexible
supercapacitors using a sandwich configuration of CF-electrode/separator/CF-electrode,
all coated with H3PO4/PVA gel electrolyte. The FSC produced a specific capacitance of
1.4 Fg−1, which is comparable to other supercapacitors outlined in the existing literature.
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This translated into energy and power densities of 0.161 Wh kg−1 and 0.961 W kg−1, respec-
tively. The CAG/WGF/CAG configuration showed a Rs of 5.48 ohm and demonstrated
excellent electrochemical values, even during and after bending. The capacitor was able
to recover 96.12% of its capacitance when returned to its original unbent position. In
this study, the use of woven glass fiber (WGF) as a separator was found to improve the
electrochemical performance. Finally, the fabrication process is critical, as the fibers must
be embedded thoroughly in the gel electrolyte to perform effectively.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/polym15204036/s1, Figure S1: EIS analyses of the FSCs. CuO (Blue), CAG
(Black), and LIG (Green); Figure S2: % Capacitance retention before, during and after bending for the FSCs
analyzed; Figure S3: GCD tests for the samples FSC-CAG/FP/CAG (a and c) and FSC-CAG/WGF/CAG
(b and d) at 0.002 A g−1; Figure S4: GCD tests for the doubled FSC CAG/WGF/CAG/CAG/WCF/CAG
at different scan rates.
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Abstract: The morphological, spectroscopic and rheological properties of silver nanoparticles (AgNPs)
synthesized in situ within commercial PEDOT:PSS formulations, labeled PP@NPs, were systematically
investigated by varying different synthetic parameters (NaBH4/AgNO3 molar ratio, PEDOT:PSS
formulation and silver and PEDOT:PSS concentration in the reaction medium), revealing that only the
reagent ratio affected the properties of the resulting nanoparticles. Combining the results obtained
from the field-emission scanning electron microscopy analysis and UV-Vis characterization, it could
be assumed that PP@NPs’ stabilization occurs by means of PSS chains, preferably outside of the
PEDOT:PSS domains with low silver content. Conversely, with high silver content, the particles also
formed in PEDOT-rich domains with the consequent perturbation of the polaron absorption features
of the conjugated polymer. Atomic force microscopy was used to characterize the films deposited on
glass from the particle-containing PEDOT:PSS suspensions. The film with an optimized morphology,
obtained from the suspension sample characterized by the lowest silver and NaBH4 content, was
used to fabricate a very initial prototype of a water-processable anode in a solar cell prepared with an
active layer constituted by the benchmark blend poly(3-hexylthiophene) and [6,6]-Phenyl C61 butyric
acid methyl ester (PC60BM) and a low-temperature, not-evaporated cathode (Field’s metal).

Keywords: PEDOT:PSS; silver nanoparticles; anode; organic photovoltaics; nanocomposites

1. Introduction

In the last decade, polymer-based solar cells (PSCs, hereafter) have attracted enormous
interest as next-generation green energy sources because of their promising potential due to
the cheap cost of manufacturing, flexibility, roll-to-roll and large area processing. From this
point of view, electrodes represent a bottleneck for the printing and high-speed processing
of PSCs [1–3].

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is currently the
most successful water-processable conductive polymer with the highest reported conduc-
tivity [2,4], which makes it essential in the fabrication of photovoltaics, optoelectronics,
bioelectronics, printed electronics and so on [5]. PEDOT is a polythiophene derivative with
high stability and conductivity that could be obtained from the oxidative polymerization
of the corresponding 3,4-ethylenedioxythiophene (EDOT) monomer. Unfortunately, the
obtained PEDOT displayed poor solubility in polar solvents. To overcome this problem,
Bayer’s scientists optimized the synthetic procedure by oxidizing EDOT monomers in the
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presence of the water-soluble sodium salt of polystyrene sulfonate (PSS) [6]. In the resulting
stable aqueous dispersion, PEDOT was stabilized with PSS as a counter anion, which also
acted as a dopant for the PEDOT backbone [5,7].

As is known, the PEDOT molecular weight is much lower than that of PSS, and several
PEDOT oligomeric chains interact with a single PSS chain [8]. In addition, the stability of
the aqueous suspension is due to the shielding of the hydrophobic PEDOT by PSS, leading
to the formation of grain structures via hydrophilic, PSS-rich shell and PEDOT chains
arranged in the core. The grains are linked together with hydrogen bonding between the
PSS shell according to a model proposed by Dupont et al. [9]; thus, the content of PSS is
strictly connected to the conductivity as it influences the charge-carrier mobility [10].

The PEDOT:PSS film has the advantage of low cost, high transmittance, stability after
film formation, and adjustable conductivity [11–13]. For these reasons, it has been long-
since used as both a hole-transporting layer (injection for organic light-emitting diodes and
extraction for PSCs) and an anode in different devices [14–17]. Highly conductive H2SO4-
treated PEDOT:PSS films replaced the indium tin oxide (ITO) layer as the transparent anode
in PSCs, achieving a power conversion efficiency (PCE) of 3.56%, which was comparable to
that of the control devices using an ITO anode [17]. Large-area and flexible PSCs need ITO-
free anodes due to the limited availability of ITO, as well as its rather high cost, its stiff and
brittle nature which generates cracks when the material is subjected to repeat tensile and
compressive bending, and finally, its lack of adhesion to organic and polymeric materials.

Besides highly conductive PEDOT:PSS, other materials have been tested for this
aim. Among them, silver nanowires (AgNWs) have been considered as a promising
alternative due to their excellent electrical conductivity and mechanical flexibility. However,
the junction resistance between nanowires and the remaining non-conducting area in
the electrode layer may worsen the device performance. A simple method to overcome
these drawbacks is the fabrication of a AgNW/PEDOT:PSS nanocomposite obtained by
depositing a highly conductive PEDOT:PSS layer on a AgNW-coated substrate followed by
annealing [18,19].

Another nanocomposite approach has been applied which involved directly embed-
ding silver nanoparticles (AgNPs) in highly conductive PEDOT:PSS. The resulting device
led to a 32% increase in PCE compared to the device without AgNPs [20].

In that research, the AgNPs were prepared separately and then added to PEDOT:PSS,
whereas other authors used a different strategy, synthetizing AgNPs directly in PEDOT:PSS
via the reduction of AgNO3 salt [21] and applying the film of this material as the anode [22].
The electrical and electronic properties of the AgNPs/PEDOT:PSS composite strongly
depend on the AgNP size and shape, which in turn are influenced by the AgNO3/reducing
agent molar ratio and the procedure protocols [22]. Under this context, in the present work,
we discussed the leverage of some parameters over AgNP preparation in a PEDOT:PSS
matrix, i.e., the AgNO3/reducing agent molar ratio, the features of the commercial start-
ing PEDOT:PSS suspensions, and the concentration of the conducting polymer and the
silver salt in the reaction medium. In particular, we performed the spectroscopic and
morphological characterization of the aqueous colloidal suspensions prepared at differ-
ent AgNO3/reducing agent molar ratios. Then, we performed the morphological and
electrical study of the films obtained from the deposition of the dispersions varying these
parameters. This empirical study allowed us to achieve a prototypical photovoltaic device
characterized by AgNP/PEDOT:PSS composites as the anode and the benchmark blend
phenyl-C61-butyric acid methyl ester:poly(3-hexylthiophene) (PC61BM:P3HT) as the active
layer. Moreover, Field’s metal was used as the cathode through easy transfer on the active
layer in a molten state at 70 ◦C.

2. Materials and Methods
2.1. Chemicals

The poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) aqueous
suspensions used in this work were purchased from Sigma-Aldrich (Merck Life Science
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S.r.l., Milan, Italy), product name OrgaconTM ICP1050 (Agfa, Motzel, Belgium) (product
code #739332), and from Heraeus (Heraeus Italia, Monza-Brianza, Italy), product name
CleviosTM PH1000, and are referred to hereafter as Orgacon and Clevios, respectively.

The phenyl-C61-butyric acid methyl ester (PC61BM) and poly(3-hexylthiophene)
(P3HT) used for the active layers were purchased from Sigma-Aldrich (Merck Life Science
S.r.l., Toluca, Mexico) and were used as received without further purifications. ITO slides
were purchased from Ossila (Ossila Ltd., Sheffield, UK).

Sodium borohydride (NaBH4, Sigma-Aldrich, Merck Life Science S.r.l, Milan, Italy)
and silver nitrate (AgNO3, Alfa Aesar, Thermo Fisher GmBH, Kandel, Germany) were
commercial products used as received.

Aqueous solutions were prepared with ultra-high-purity Milli-Q water distilled twice
prior to use.

Freshly prepared “piranha” solution, obtained by mixing concentrated sulfuric acid
and cooled hydrogen peroxide (30% v/v) in the ratio of 2:1 v/v, was used to thoroughly
clean the glassware before the silver nanoparticles’ synthesis.

2.2. Synthesis of Silver Nanoparticles in Presence of PEDOT:PSS

Silver nanoparticles stabilized with PEDOT:PSS (PP@AgNPs) were synthesized “in
situ” following different protocols for the wet chemical reduction of AgNO3. The first
series of samples was synthetized with a method adapted from a previous set-up for
the preparation of AgNO3 embedded in a polysaccharide matrix [23–25]. Briefly, 10 mL
of Orgacon was placed in a thoroughly cleaned flask, and 0.1 g of AgNO3 was added.
The mixture was kept under stirring conditions at room temperature until the complete
solubilization of the silver salt. Then, a proper aliquot of a freshly prepared solution of
NaBH4 in water (1.2 mol/L) was introduced drop by drop and the mixture was (eventually)
diluted to 15 mL with water. The procedure was repeated three times to obtain different
molar ratios between NaBH4 and AgNO3. In detail, 5 mL of NaBH4 (1.2 mol/L) was added
in the PP@AgNPs-1 sample (NaBH4/AgNO3 ratio = 9.9), 2.5 mL of NaBH4 (1.2 mol/L)
and 2.5 mL of water were added in the PP@AgNPs-2 sample (NaBH4/AgNO3 ratio = 4.9),
0.5 mL of NaBH4 (1.2 mol/L) and 4.5 mL of water were added in the PP@AgNPs-3 sample
(NaBH4/AgNO3 ratio = 1.0). The mixtures immediately turned from colorless to deep
green and were maintained under constant stirring conditions overnight to ensure a full
reaction. The end-products were aqueous suspensions with nominal concentrations of
~40 mmol/L in terms of Ag content and were stored at room temperature.

The second series of samples was synthetized according to ref. [26]. Briefly, 10 mL
of PEDOT:PSS was placed in a thoroughly cleaned flask and 0.1 g of AgNO3 were added.
The mixture was kept under stirring conditions at room temperature for 3 h, and then, a
freshly prepared aqueous solution of NaBH4 (12 mmol/L, 5 mL) was added. After 30 min
of stirring, the end-product was an aqueous suspension with a nominal concentration of
40 mmol/L in terms of Ag content and a 0.1 molar ratio between NaBH4 and AgNO3, which
was stored at room temperature. The procedure was repeated twice using both formulations
of PEDOT:PSS to obtain samples PP@AgNPs-4 and PP@AgNPs-5, respectively.

The third series of samples was synthetized with an adaptation of the first two methods
carried out at a lower concentration of both silver salt and PEDOT:PSS. Briefly, 20 mL of
an aqueous solution of AgNO3 (5 mmol/L) was placed in a thoroughly cleaned flask and
1 mL of Clevios was added under constant stirring conditions. Then, a proper aliquot of a
freshly prepared solution of NaBH4 in water (45 mmol/L) was introduced drop by drop
and the mixture was diluted to 50 mL with water. The procedure was repeated twice to
obtain different molar ratios between NaBH4 and AgNO3. In detail, 0.25 mL of NaBH4
(45 mmol/L) was added in the PP@AgNPs-6 sample (NaBH4/AgNO3 ratio = 0.1) and
25 mL of NaBH4 (45 mmol/L) was added in the PP@AgNPs-7 sample (NaBH4/AgNO3
ratio = 11). The end-products were aqueous suspensions of nominal concentrations of
2 mmol/L in terms of Ag content, which were stored at room temperature.

The synthesis conditions are reported in Table 1.
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Table 1. Experimental conditions set up for the synthesis of PP@AgNPs.

Sample PEDOT:PSS
Formulation

NaBH4/AgNO3
Molar Ratio

Ag Conc
(mmol/L)

PP@AgNPs-1

Orgacon

9.9 40
PP@AgNPs-2 4.9 40
PP@AgNPs-3 1.0 40
PP@AgNPs-4 0.1 40

PP@AgNPs-5
Clevios

0.1 40
PP@AgNPs-6 0.1 2
PP@AgNPs-7 11.0 2

2.3. Characterization Techniques

UV-vis-NIR spectra of the PP@AgNPs samples were acquired at room temperature via
a Shimadzu UV-1800 (Shimadzu USA Manufacturing, Inc., Canby, OR, USA) spectropho-
tometer, using silica cuvettes of different pathlengths.

PP@AgNPs were investigated via field-emission scanning electron microscopy (FE-
SEM) by using a ZEISS SUPRA 40 VP (Carl Zeiss NST, GmbH, Oberkochen, DEU) mi-
croscope operating at 20 keV in both direct (in-Lens mode) and back-scattered (QBSD
mode) configurations. Before the analysis, the nanoparticle-containing samples were thinly
sputter-coated with carbon, using a Polaron E5100 sputter coater (2M Strumenti, Rome,
Italy) to obtain good electrical conductivity. Size measurements of metal clusters and silver
nanoparticles were carried out by means of the open-source Image JTM software on no less
than 100 specimens from images at different magnifications.

The rheological characterization of the PP@AgNPs suspensions was carried out using
a rotational rheometer, Physica MCR 301 (Anton Paar GmbH, Graz, Austria). The experi-
mental temperature was set at 25.0 ± 0.2 ◦C by means of a Peltier heating system coupled
with a solvent trap kit to prevent the solvent evaporation. A cone–plate geometry (CP50)
with a diameter of 50 mm, an angle of 1◦ and a truncation of 99 µm was used.

The morphological characterization of the PP@AgNP layers after deposition was
carried out using AFM NTMDT NTEGRA (NT-MDT Spectrum Instruments Llc. Moscow,
Russia) operating in contact and tapping mode (NSG10 with cantilever resonant frequency:
150–300 kHz). Local surface potential/work function was determined via AFM operating
in Kelvin mode with conductive tips (NSG10/Pt). The electrical sheet resistance measure-
ments of the films were performed by using a Jandel Multiheight Four Probe Head and a
Keithley 2601 A System Source Meter with the appropriate acquisition software.

The electrical measurements of the films were realized at ambient conditions with a
Quantum Design magnetometer. UV-Vis-NIR spectra were acquired on an Agilent Cary
60 instrument, with baseline in air.

2.4. Layer Deposition and Prototype Fabrication

Organic solar cells were fabricated with the following configuration: glass/Orgacon/
PP@AgNPs-6/P3HT:PCBM/Field’s metal (FM), where the bilayer Orgacon/PP@AgNPs-6
works as the anode. For comparative studies, ITO slides were also used. The ITO or glass
slides were cleaned in a Branson ultrasonic bath with different solvents—(1) methylene
chloride (10 min), (2) isopropyl alcohol (10 min) and (3) acetone (10 min)—then dried at
room temperature and exposed to UV-Ozone treatment for 10 min. All the layers were
deposited via spin coating with a Laurell spin coater. For the anode preparation, Orgacon
was first spun on the glass substrates, at 1000 rpm for 2 min, followed by 1 min at 4000 rpm
and then annealed at 125 ◦C for 10 min. The following PP@AgNPs-6 layer was then
deposited with the same spinning conditions but the thermal treatment at 125 ◦C was
conducted for just 2 min. The active layer was prepared from a 1:1 wt chlorobenzene
solution of P3HT:PC61BM. Both materials were dissolved in chlorobenzene with a total
concentration of 20 mg/mL and kept overnight at 60 ◦C under magnetic stirring conditions.
The mixture was then spun at 1200 rpm for 50 s with an acceleration of 2500 rpm. After
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deposition, the film was thermally annealed at 150 ◦C for 25 min. FM as the cathode
was deposited at 70 ◦C. The I-V curves were obtained using a workstation X100 Source
Measure Unit from Ossila by illuminating the devices from the ITO side with a 100 mW cm2

white light from a Solar Light Co. (Glenside, PA, USA) Model XPS 400 solar simulator
with a Xenon lamp and AM1.5 filter. All the cells were prepared and measured under
ambient conditions.

3. Results and Discussion
3.1. Characterization of Silver Nanoparticles Stabilized with PEDOT:PSS (PP@AgNP)
Suspensions

At first, the samples were characterized by means of UV-Vis-NIR spectroscopy. The
spectra acquired from the corresponding diluted aqueous suspensions are shown in
Figure 1. In detail, Figure 1a reports the spectra of samples obtained from the first synthesis,
whereas Figure 1b,c report the spectra of samples obtained from the second and the third
syntheses, respectively. The spectra obtained from the diluted aqueous suspensions of the
starting PEDOT:PSS formulations are reported in Figure S1 in the supporting information
for comparison.
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only slightly hinted at for PP@AgNPs-1. These results are indicative of a partial doping 
loss of the conductive polymer induced by the high concentrations of the reductant NaBH4 
[27]. Moreover, the AgNPs synthesized through “in situ” protocols are supposed to be 
preferentially stabilized with the PSS excess in the sample [27].  

Further information can be derived from the spectral lineshapes of PP@AgNPs-4 and 
PP@AgNPs-5 in Figure 1b and of PP@AgNPs-6 and PP@AgNPs-7 in Figure 1c. The spectra 
of PP@AgNPs-4 and PP@AgNPs-5 are almost overlapped to highlight that PEDOT:PSS 
formulation negligibly affects the synthesis reaction of the AgNPs. Moreover, the 
lineshape of the plasmonic bands are very similar to that of PP@AgNPs-3, confirming that 
more homogeneous nanoparticles can be obtained by lowering the NaBH4/AgNO3 molar 
ratio under the same experimental conditions. In the spectral region corresponding to 
PEDOT absorptions, a weak shoulder at around 800 nm is observed in both cases, 
attributable to the polaron band of PEDOT being subjected to conformational changes 
[27]. This result indicates that the AgNPs are formed in the domains of the conductive 
polymer due to the high concentration of silver precursor in the reaction mixture, even if 
the lowest NaBH4/AgNO3 molar ratio is used. This hypothesis seems to be confirmed by 
the spectral profiles of PP@AgNPs-6 and PP@AgNPs-7, obtained by using a 20-fold lower 
AgNO3 concentration. In these cases, the polaron band is positioned at around 930 nm, 
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line), PP@AgNPs-2 (red line) and PP@AgNPs-3 (green line); (b) PP@AgNPs-4 (purple line) and
PP@AgNPs-5 (orange line); (c) PP@AgNPs-6 (gray line) and PP@AgNPs-7 (brown line).
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All spectral profiles are dominated by the intense, well-defined plasmonic band at
400 nm, which confirms the formation of AgNPs within the PEDOT:PSS matrix. As far
as the products from the first synthesis are concerned, the narrowest spectral lineshape
of PP@AgNPs-3 (Figure 1a, green line) agrees with the increased size homogeneity of the
metal nanoparticles in the sample. Conversely, the polaronic band of PEDOT, usually
positioned around 900 nm, is not detectable for PP@AgNPs-2 and PP@AgNPs-3 and is
only slightly hinted at for PP@AgNPs-1. These results are indicative of a partial dop-
ing loss of the conductive polymer induced by the high concentrations of the reductant
NaBH4 [27]. Moreover, the AgNPs synthesized through “in situ” protocols are supposed to
be preferentially stabilized with the PSS excess in the sample [27].

Further information can be derived from the spectral lineshapes of PP@AgNPs-4 and
PP@AgNPs-5 in Figure 1b and of PP@AgNPs-6 and PP@AgNPs-7 in Figure 1c. The spectra
of PP@AgNPs-4 and PP@AgNPs-5 are almost overlapped to highlight that PEDOT:PSS
formulation negligibly affects the synthesis reaction of the AgNPs. Moreover, the lineshape
of the plasmonic bands are very similar to that of PP@AgNPs-3, confirming that more
homogeneous nanoparticles can be obtained by lowering the NaBH4/AgNO3 molar ratio
under the same experimental conditions. In the spectral region corresponding to PEDOT
absorptions, a weak shoulder at around 800 nm is observed in both cases, attributable
to the polaron band of PEDOT being subjected to conformational changes [27]. This
result indicates that the AgNPs are formed in the domains of the conductive polymer due
to the high concentration of silver precursor in the reaction mixture, even if the lowest
NaBH4/AgNO3 molar ratio is used. This hypothesis seems to be confirmed by the spectral
profiles of PP@AgNPs-6 and PP@AgNPs-7, obtained by using a 20-fold lower AgNO3
concentration. In these cases, the polaron band is positioned at around 930 nm, which is
typical of unperturbed PEDOT. It is reasonable to assume that at a low metal precursor
concentration, the nanoparticles are formed in smaller quantities and outside the conductive
domains, even in PEDOT:PSS formulations with low PSS content such as Clevios, and
independently from the reductant concentration. However, the reaction yields drastically
increase when increasing the NaBH4/AgNO3 molar ratio, as shown by the higher intensity
of the plasmonic band of PP@AgNPs-7.

In addition, high-resolution FE-SEM images of PP@AgNP suspensions, acquired
in both direct (left) and back-scattered (right) configurations, are shown in Figure 2 for
PP@AgNPs-1, PP@AgNPs-2, PP@AgNPs-3, PP@AgNPs-6 and PP@AgNPs-7. As the com-
parison between the UV-Vis-NIR spectra of the samples PP@AgNPs-4 and PP@AgNPs-5
allows overlapping to sample PP@AgNPs-3, only the latter sample has been further charac-
terized with high-resolution FE-SEM. The morphological parameters extracted from the
images are listed in Table 2.

The images in Figure 2a–c highlight the presence of nearly star-shaped metal clusters
of dimensions greater than or equal to 200 nm. The aggregates are composed of elon-
gated (aspect ratio around 1.4) AgNPs arranged radially around the center of the cluster.
As expected, the nanoparticles grow in average dimensions and size homogeneity from
PP@AgNPs-1 to PP@AgNPs-3, that is, with the NaBH4/AgNO3 molar ratio decreasing in
the synthesis reaction. Moreover, it is important to notice that the observed metal clusters
in Figure 2a could represent the nanoparticle aggregates formed out of the conductive
PEDOT:PSS domains. This remark is consistent with the UV-Vis-NIR spectra observed for
sample PP@AgNPs-1 in Figure 1a.

Different features are observed in Figure 2d,e. Elongated nanoparticles of reduced
average size (about 20 nm) and axial ratio (1.3) are highlighted, with better dispersed and
organized in clusters of dimensions around 70 nm only in the case of PP@AgNPs-6. This
result is ascribable to the 20-fold lower quantity of the silver salt precursor used in the
synthesis of this sample.
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Figure 2. FE-SEM images acquired in direct (In-Lens, left) and back-scattered (QBSD, right) 
configurations from the samples of PP@AgNPs, for all the images (a–e). From top to bottom: (a) 
PP@AgNPs-1, (b) PP@AgNPs-2, (c) PP@AgNPs-3, (d) PP@AgNPs-6 and (e) PP@AgNPs-7. 
Magnifications of structural details are reported in the insets of the QBSD pictures. 

Figure 2. FE-SEM images acquired in direct (In-Lens, left) and back-scattered (QBSD, right) configura-
tions from the samples of PP@AgNPs, for all the images (a–e). From top to bottom: (a) PP@AgNPs-1,
(b) PP@AgNPs-2, (c) PP@AgNPs-3, (d) PP@AgNPs-6 and (e) PP@AgNPs-7. Magnifications of struc-
tural details are reported in the insets of the QBSD pictures.
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Table 2. Summary of the PP@AgNP morphological parameters measured from FE-SEM images of
Figure 2.

Sample

Cluster
Range
Size
(nm)

Cluster
Average Size

(nm)

Nanoparticle
Average Size

(Standard Deviation)
(nm)

Nanoparticle
Aspect Ratio

(Standard Deviation)

PP@AgNPs-1 90–500 - 26 ± 1 (7) 1.44 ± 0.06 (0.41)
PP@AgNPs-2 120–300 220 ± 10 32 ± 1 (9) 1.39 ± 0.04 (0.31)
PP@AgNPs-3 60–600 200 ± 5 60 ± 1 (15) 1.45 ± 0.04 (0.45)
PP@AgNPs-6 30–160 240 ± 20 21 ± 1 (5) 1.31 ± 0.04 (0.25)
PP@AgNPs-7 - 70 ± 1 18 ± 1 (9) 1.26 ± 0.03 (0.24)

Finally, the rheological behavior of the samples was also investigated to achieve in-
formation about the film-forming capability of the AgNP-containing suspensions [28].
As an example, the curves of viscosity (η) obtained from PP@AgNPs-1, PP@AgNPs-2,
PP@AgNPs-3, PP@AgNPs-6 and PP@AgNPs-7 are reported in Figure 3. The main rheologi-
cal parameters extracted from the curves are listed in Table 3.
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Table 3. Summary of the rheological parameters extracted from the curves of viscosity in Figure 3.

Sample η0
(Pa s)

PP@AgNPs-1 14.1
PP@AgNPs-2 26.7
PP@AgNPs-3 47.2
PP@AgNPs-6 1.0
PP@AgNPs-7 0.2

The three samples show the characteristic viscosity curves of pseudoplastic Bingham
fluids, which are as expected in that the suspensions contain aggregated, non-deformable
nanoparticles. The absolute viscosity values at shear rate equal to zero (η0), evaluated via
extrapolation from the regression data model supplied by the instrument, are generally low.
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In detail, they increase from PP@AgNPs-1 to PP@AgNPs-3. These results are consistent
with the differences in the AgNP size found in the samples, since larger, non-deformable
nanofillers are expected to further increase the η0 value of the fluid in which they are
dispersed and extend its Newtonian behavior. The trends with the shear rate of Figure 3b,
corresponding to PP@AgNPs-6 and PP@AgNPs-7, are almost superimposed and settle for
lower η values. These results were expected given that the samples are characterized by a
reduced concentration of particles with comparable size. Taking into account this study,
the PP@AgNP_6 and _7 are the most promising samples for making films.

3.2. Deposition of the PP@AgNP Suspensions

The first deposited layer onto glass substrates is constituted by an Orgacon layer in
place of ITO, and the AFM images of this layer are shown in Figure 4a (root mean square,
RMS: 1.2 nm; Table 4). The choice to use Orgacon onto glass is due not only to electronic
reasons in order to guarantee high conductance in the absence of ITO, but also to improve
the adhesion of the following PP@AgNP layer. At the same time, it also provides a flat and
homogeneous layer for the subsequent active layer deposition, as shown in Figure 4f.
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Table 4. Summary of the root mean square (RMS) related to the synthesis conditions of the samples
extracted from Figure 4.

Sample Label NaBH4/AgNO3
Molar Ratio

Ag Conc
(mmol/L)

Root Mean Square,
RMS
(nm)

PEDOT:PSS
(Orgacon) - - 1.2

PP@AgNPs-1 9.9 40 33.0
PP@AgNPs-2 4.9 40 4.3
PP@AgNPs-3 1.0 40 5.3
PP@AgNPs-4 0.1 40 7.7
PP@AgNPs-5 0.1 40 4.4
PP@AgNPs-6 0.1 2 1.3
PP@AgNPs-7 11.0 2 8.1

3.2.1. Effect of Reducing Agent/AgNO3 Ratio

In the PP@AgNPs-1 sample displaying a higher NaBH4/AgNO3 molar ratio, elongated
structures with lengths ranging from 400 nm up to 1 µm can be observed (Figure 4b), over
a quite smooth layer. The presence of crystallite-like structures is responsible for the large
corresponding RMS of 33 nm (Table 4). When considering the FE-SEM analysis (Figure 2a)
and based on the proposed mechanism for stabilizing the nanostructures, it is likely that
the elongated structures correspond to the silver nanoparticles aggregates directly covered
with the excess of PSS and embedded in the PEDOT matrix that forms a smooth layer,
similarly to the underlying film. Otherwise, the morphologies of PP@AgNPs-2 (Figure 4c)
and PP@AgNPs-3 (Figure 4d) are granular-type, with a distribution of spherical grains
with a mean diameter of 63 nm (PP@AgNPs-2) and 84 nm (PP@AgNPs-3), respectively.
Moreover, the roughness of the PP@AgNP layer decreases from 33 nm for PP@AgNPs-1
to 4.3 nm and 5.3 nm for PP@AgNPs-2 and PP@AgNPs-3, respectively (Table 4). It is to
be noted that a similar morphology was observed for PP@AgNPs-5 (see further) prepared
with a NaBH4/AgNO3 molar ratio that is even lower, resulting in a lower RMS of 4.4 nm.
This trend could indicate that the AgNPs are better dispersed in the PEDOT:PSS matrix
along with the decrease in the NaBH4 content during the sample preparation.

3.2.2. Effect of the Formulation of PEDOT:PSS Suspension

In the second series of samples, a comparison between the two typologies of commer-
cial PEDOT:PSS within the nanocomposite blend (Clevios and Orgacon for PP@AgNPs-4
and PP@AgNPs-5, respectively) is carried out, while the NaBH4/AgNO3 molar ratio is kept
constant (Table 1). Figure 4e,f report the AFM images of the PP@AgNPs-4 and PP@AgNPs-5
samples, respectively. It is possible to observe the formation of aggregates over a rough
texture, similarly to PP@AgNPs-3, giving rise to an RMS of 7.7 nm for the Clevios-based
sample and 4.4 nm using the Orgacon one (Figure 4e,f, respectively; Table 4). As already
observed from the absorption spectra, the morphology study confirms that the formulation
of the PEDOT:PSS aqueous suspension does not significantly affect the synthesis of AgNPs.

Once again in agreement with the spectroscopic characterization, the images of
Figure 4d–f indicate that AgNPs were also formed in the domains of the conductive poly-
mer PEDOT, notwithstanding the lowest NaBH4/AgNO3 molar ratio adopted in the cases
of PP@AgNPs-4 and PP@AgNPs-5, most likely because of the high concentration of silver
precursor in the reaction medium.

3.2.3. Effect of the AgNO3 and PEDOT:PSS Concentration in the Reaction Medium

In the third sample series, PP@AgNPs-6 and 7, the influence of the medium concen-
tration was tested. The ratio of Ag/PEDOT:PSS was almost doubled with respect to the
previous ratio (0.1 mmol/mL PEDOT vs. 0.06 mmol/mL). For the PP@AgNPs-7 sample
with a NaBH4/AgNO3 molar ratio of 11, the AgNP layer is highly rough compared to the
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other samples with an RMS of 8.1 nm (Table 4) and is characterized by big clusters with
a diameter reaching 1 µm (Figure 4g). This is probably due to the coalescence of small
AgNPs and PEDOT:PSS aggregates. On the other hand, in the case of the PP@AgNPs-6
sample prepared with a NaBH4/AgNO3 molar ratio equal to 0.1, the lack of the reducing
agent (BH4

-) with respect to the silver salt gives rise to a flat network with interconnected
nanoparticles, responsible for the lowest roughness (Figure 4h and RMS = 1.3 nm Table 4).
Hence, an excess of silver salt in the starting reagents induces a coalescence of reduced
AgNPs instead of a homogenous distribution of smallest AgNPs.

From these remarks, it is safe to infer that the combination of a low NaBH4/AgNO3
ratio and a lower concentration of silver ions and PEDOT:PSS in the reaction medium
leads to the production of the most homogeneous AgNP layer, characterized by the highest
AgNP interconnection and flatness (as for PP@AgNPs-6), while an excess of the reducing
agent NaBH4 and/or a high concentration of silver ions produces big aggregates and a
rougher layer (as for PP@AgNPs-1).

3.3. Solar Cells Prototypes: Preliminary Study

As a proof of concept to demonstrate the potentialities of PP@AgNPs, a preliminary
polymer solar cell was fabricated using the PEDOT:PSS/AgNP layer as the anode, and its
performance was compared with devices with the same active layer and the classic ITO
anode. As discussed previously, the first PEDOT:PSS layer is required for a continuous
and smooth deposit of the next nanoparticle-based layer. Among all the nanoparticles
synthesized, the PP@AgNP-6 sample was chosen because of (i) its high morphological
quality in that the RMS roughness is minimized compared to all the other cases; (ii) the
UV-Vis-NIR features in which the polaron band of PEDOT:PSS is still observable, revealing
the absence of doping losses or conformational changes that could affect the electrical
conductivity; (iii) in the PP@AgNP-6 sample, the AgNPs are expected to be formed outside
the conductive domains of PEDOT and then to act as electrical bridges between one domain
and another, as mentioned in previous works [26,27]; (iv) from preliminary electrical sheet
resistance measurements with the four-probe method, PP@AgNPs-6 results to have a
sheet resistance (ohm/cm2) sensibly lower than the other samples (i.e., <103 ohm/cm2 for
PP@AgNPs-6 against values above 104 ohm/cm2 for all the other samples), probably due
to the higher morphological homogeneity and flatness of PP@AgNPs-6 compared to the
other samples.

The anode glass/Orgacon/PP@AgNPs-6 presented a σ value of 1.61 × 10−2 S/cm, an
order of magnitude greater than the neat Orgacon layer, suggesting that the incorporation
of the AgNPs allows for better electrical continuity among the conductive PEDOT chains.

Before preparing the device, the transmittance of the anode was evaluated. Figure 5
shows the UV-Vis-NIR spectrum of the Orgacon/PP@AgNP-6 film and, for the sake of
comparison, those of the Orgacon layer, the glass substrate and of ITO slides with two
different resistances (8–12 Ωsq and 30–60 Ωsq).

The glass substrate presents a quite constant and strong transmittance (87–90%) from
1100 nm up to 370 nm. At shorter wavelengths, the transmittance starts to decrease and
finally falls to zero at 260 nm. The commercial ITO slides present some absorptions in
the visible region. In particular, the slides with 30–60 Ωsq resistance exhibit interference
fringes, likely suggesting a quite thin thickness. In general, ITO transmittance is a bit
lower (≈75–80%) than that of glass, in agreement with the presence of a tin oxide layer.
The transmittance of the PP@AgNP-6 anode has a value of 74–80% between 300 and
500 nm and then decreases to ≈60% because of the PEDOT polaron absorption, showing
behavior similar to that of the corresponding Orgacon layer. At 446 nm, a weak valley that
corresponds to the plasmon silver absorption can be observed, as better visualized in the
absorption spectrum of the figure inset. The red shift from the value of 400 nm found for
the corresponding aqueous suspension of Figure 2c is consistent with the cluster formation
in the solid state, as previously observed for other AgNP–PEDOT composites [20]. Despite
the slight decrease, the T% value in the visible range is reasonably satisfactory for an anode.
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resistances. Inset: corresponding absorbance spectra of the glass/Orgacon/PP@AgNP-6 and Orgacon
layers on glass.

In the anode characterization, work function (WF) measurements have an important
role, since WF position determines the energy needed for the hole extraction process from
the active layer to the anode itself. Usually, when ITO is used as an anode, a PEDOT
layer is deposited in order to increase the WF from 4.80–5.00 to 5.10 eV to better match
the HOMO level of poly(3-hexylthiophene) (P3HT) in the active layer (5.1 eV) and thus
favor the hole extraction from donor to anode. In our case, ITO is substituted by the layer
of Orgacon/PP@AgNP-6. Since Orgacon has a WF 4.87 eV, an increase in the WF is still
needed, and AgNPs partially satisfy this requirement, raising the level to 4.95 eV.

Considering all these properties, we fabricated the device by using the 1:1 blend of
P3HT with PC60BM as the active layer, which is a performing OPV system commonly used
in our laboratory as a benchmark.

Figure 6 shows the J-V curves for the solar cell, the device configuration of which is
represented in the inset. Reference cells were also prepared by using ITO with different
resistances (Figure S2 in the supporting information). The overall photovoltaic parameters
are displayed in Table 5.

Polymers 2023, 15, x FOR PEER REVIEW 14 of 17 
 

 

HOMO level of poly(3-hexylthiophene) (P3HT) in the active layer (5.1 eV) and thus favor 
the hole extraction from donor to anode. In our case, ITO is substituted by the layer of 
Orgacon/PP@AgNP-6. Since Orgacon has a WF 4.87 eV, an increase in the WF is still 
needed, and AgNPs partially satisfy this requirement, raising the level to 4.95 eV. 

Considering all these properties, we fabricated the device by using the 1:1 blend of 
P3HT with PC60BM as the active layer, which is a performing OPV system commonly used 
in our laboratory as a benchmark.  

Figure 6 shows the J-V curves for the solar cell, the device configuration of which is 
represented in the inset. Reference cells were also prepared by using ITO with different 
resistances (Figure S2 in the supporting information). The overall photovoltaic parameters 
are displayed in Table 5. 

 
Figure 6. J-V curve for the solar cell under study, the configuration of which is sketched in the inset. 

Table 5. Photovoltaic properties of organic solar cells studied in this work. 

Electrode Voc  

(Volts) 
Jsc 

(mA/cm2) FF PCE  
(%) 

ITO 8–12 Ωsq 0.60 5.13 0.55 1.70 
ITO 30–60 Ωsq 0.53 3.16 0.30 0.51 

Orgacon/PP@AgNP-6 0.55 0.27 0.21 0.03 

It can be observed that the open circuit VOC of all the devices is almost constant, 
corresponding to 0.5–0.6 V. Since this value is related to the difference between the HOMO 
level of the electron donor (P3HT) and the LUMO level of the acceptor (PC61BM), it is 
expected to have the same value in all the devices. Conversely, the short circuit current JSC 
and the fill factor FF differ significantly, exhibiting a much lower value for the cell with 
the nanostructured anode. As FF is usually associated with the morphological quality of 
the active layers, the observed decrease can be explained by the fact that the active layer 
will be deposited on the subjacent substrate following its roughness.  

On the other hand, the lower JSC can be attributed to the larger resistivity of the anode. 
In fact, the ITO substrates, with the nominal resistance of 8–12 and 30–60 Ωsq according 
to the provider, give a ρ value of 0.20 Ωcm and 1.09 Ωcm when measured via 
magnetometry, whereas the nanostructured anode under study shows a ρ value of 62 Ωcm 
under the same conditions. Moreover, the fact that the performance of the cells 
deteriorates as the resistance of the two ITO-based reference solar cells increases seems to 
indicate that the electrical property of the anode is the most important parameter yet to 
be optimized for the composite based on AgNPs and PEDOT. It is worth mentioning that, 

Figure 6. J-V curve for the solar cell under study, the configuration of which is sketched in the inset.

159



Polymers 2023, 15, 3675

Table 5. Photovoltaic properties of organic solar cells studied in this work.

Electrode Voc
(Volts)

Jsc
(mA/cm2) FF PCE

(%)

ITO 8–12 Ωsq 0.60 5.13 0.55 1.70
ITO 30–60 Ωsq 0.53 3.16 0.30 0.51

Orgacon/PP@AgNP-6 0.55 0.27 0.21 0.03

It can be observed that the open circuit VOC of all the devices is almost constant,
corresponding to 0.5–0.6 V. Since this value is related to the difference between the HOMO
level of the electron donor (P3HT) and the LUMO level of the acceptor (PC61BM), it is
expected to have the same value in all the devices. Conversely, the short circuit current JSC
and the fill factor FF differ significantly, exhibiting a much lower value for the cell with the
nanostructured anode. As FF is usually associated with the morphological quality of the
active layers, the observed decrease can be explained by the fact that the active layer will
be deposited on the subjacent substrate following its roughness.

On the other hand, the lower JSC can be attributed to the larger resistivity of the anode.
In fact, the ITO substrates, with the nominal resistance of 8–12 and 30–60 Ωsq according to
the provider, give a ρ value of 0.20 Ωcm and 1.09 Ωcm when measured via magnetometry,
whereas the nanostructured anode under study shows a ρ value of 62 Ωcm under the
same conditions. Moreover, the fact that the performance of the cells deteriorates as the
resistance of the two ITO-based reference solar cells increases seems to indicate that the
electrical property of the anode is the most important parameter yet to be optimized for the
composite based on AgNPs and PEDOT. It is worth mentioning that, in this preliminary
assay, devices were fabricated and analyzed in ambient conditions. Moreover, a room-
temperature processable cathode (Field’s metal) was used to make the process cheaper,
easier and environmentally competitive.

4. Conclusions

Silver nanoparticles embedded in PEDOT:PSS (PP@AgNPs) were synthesized via the
chemical reduction of silver nitrate with NaBH4, in the presence of commercial PEDOT:PSS,
varying the following reaction conditions: NaBH4/AgNO3 molar ratio, PEDOT-PSS for-
mulation (Orgacon or Clevios) and the concentration of both AgNO3 and PEDOT:PSS in
the medium. The best-dispersed nanoparticles corresponded to the sample obtained with
the lowest silver content, lowest NaBH4/AgNO3 molar ratio and highest dilution of the
PEDOT:PSS in the formulation and concentration, labeled as PP@AgNP_6.

The combined investigation carried out using UV-Vis-NIR spectroscopy and the FE-
SEM technique revealed that the best-dispersed nanoparticles corresponded to the sample
obtained with the lowest silver content, lowest NaBH4/AgNO3 molar ratio and highest
dilution of the PEDOT:PSS in the formulation and concentration, labeled as PP@AgNP_6.
In this case, AgNPs are rather formed outside the PEDOT complex domains and stabilized
by the PSS in excess, which in turn guarantees higher electrical conductivity since the
conjugation in the conducting polymer turns out to not be affected by the presence of
the nanoparticles.

Accordingly, the rheological study of the sample hydrosol showed pseudoplastic
Bingham behavior with the lowest viscosity value, which was expected to correspond to the
best filmability properties. The AFM images confirmed that the best homogeneity in terms
of flatness and nanoparticles interconnection was obtained with the PP@AgNP_6 specimen.

Based on all the results, the PP@AgNP_6 sample was selected to prepare ITO-free
anodes for preliminary photovoltaic studies with P3HT:PCBM as the active layer. We re-
mark that we used Field metal as the cathode, which is a low-temperature melting material,
to give a further ecological benefit to the fabrication process. Under our conditions, and
comparative to ITO-based reference cells, the open circuit voltage (VOC) was maintained
but the fill factor (FF) and short circuit current (JSC) were lower, because of the higher
resistivity of the nanostructured anode and morphological poorer quality of the active
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layer deposited on it. However, the preliminary value of 0.03% obtained for the efficiency
confirms the potentiality of a nanostructured, water-processable anode in the fabrication of
new-generation solar cells after the proper optimization of both AgNP morphology and
device configuration.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/polym15183675/s1, Figure S1: UV-Vis-NIR spectra of diluted starting sus-
pensions; (a) Orgacon, (b) Clevios. Figure S2: J-V curve for solar cells on ITO of different resistances.

Author Contributions: Conceptualization, S.Z., M.A., I.M., G.S. and S.D.; methodology, S.Z., M.A.,
I.M. and G.S.; validation, S.Z., J.C.V., M.A., I.M. and G.S.; formal analysis, S.Z., J.C.V., M.A., I.M. and
G.S.; investigation, S.Z., J.C.V., M.A., I.M. and G.S.; resources, M.A., E.A., I.M., G.S. and S.D.; data
curation, S.Z., J.C.V., M.A., I.M. and G.S.; writing—original draft preparation, M.A., I.M. and G.S.;
writing—review and editing, S.Z., M.A., E.A., I.M., G.S. and S.D.; visualization, M.A., I.M. and G.S.;
supervision, M.A., I.M., G.S. and S.D.; project administration, G.S. and S.D.; funding acquisition, E.A.,
G.S. and S.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to acknowledge the Mobility and Great Relevance Bilateral
(Italy MAECI-Mexico AMEXCID) Project-Ambient and Energy 2018 Prot. nr. MAE0044292. J.C.V.,
E.A. and I.M. want to acknowledge the technical assistance of Geraldina Rodriguez, Maria del Rosario
Rangel and Gilberto Hurtado.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Lu, X.; Zhang, Y.; Zheng, Z. Metal-Based Flexible Transparent Electrodes: Challenges and Recent Advances. Adv. Electron. Mater.

2021, 7, 2001121. [CrossRef]
2. Hu, L.; Song, J.; Yin, X.; Su, Z.; Li, Z. Research Progress on Polymer Solar Cells Based on PEDOT:PSS Electrodes. Polymers 2020,

12, 145. [CrossRef] [PubMed]
3. Li, Q.; Zhang, J.; Li, Q.; Li, G.; Tian, X.; Luo, Z.; Qiao, F.; Wu, X.; Zhang, J. Review of Printed Electrodes for Flexible Devices. Front.

Mater. 2019, 5, 77. [CrossRef]
4. Shi, H.; Liu, C.; Jiang, Q.; Xu, J. Effective Approaches to Improve the Electrical Conductivity of PEDOT:PSS: A Review. Adv.

Electron. Mater. 2015, 1, 1500017. [CrossRef]
5. Gueye, M.N.; Carella, A.; Faure-Vincent, J.; Demadrille, R.; Simonato, J.P. Progress in Understanding Structure and Transport

Properties of PEDOT-Based Materials: A Critical Review. Prog. Mater. Sci. 2020, 108, 100616. [CrossRef]
6. EP0339340A2; Neue Polythiophene, Verfahren Zu Ihrer Herstellung und Ihre Verwendung. European Patent Office: Munich,

Germany, 1988.
7. Jonas, F.; Morrison, J.T. 3,4-Polyethylenedioxythiophene (PEDT): Conductive Coatings Technical Applications and Properties.

Synth. Met. 1997, 85, 1397–1398. [CrossRef]
8. Lang, U.; Muller, E.; Naujoks, N.; Dual, J. Microscopical Investigations of PEDOT:PSS Thin Films. Adv. Funct. Mater. 2009, 19,

1215–1220. [CrossRef]
9. Dupont, S.R.; Novoa, F.; Voroshazi, E.; Dauskardt, R.H. Decohesion Kinetics of PEDOT:PSS Conducting Polymer Films. Adv.

Funct. Mater. 2014, 24, 1325–1332. [CrossRef]
10. Stocker, T.; Kohler, A.; Moos, R. Why Does the Electrical Conductivity in PEDOT:PSS Decrease with PSS Content? A Study

Combining Thermoelectric Measurements with Impedance Spectroscopy. J. Polym. Sci. Part B Polym. Phys. 2012, 50, 976–983.
[CrossRef]

11. Jeong, W.; Gwon, G.; Ha, J.H.; Kim, D.; Eom, K.J.; Park, J.H.; Kang, S.J.; Kwak, B.; Hong, J.-I.; Lee, S.; et al. Enhancing
the Conductivity of PEDOT:PSS Films for Biomedical Applications via Hydrothermal Treatment. Biosens. Bioelectron. 2021,
171, 112717. [CrossRef]

12. Ouyang, L.; Musumeci, C.; Jafari, M.J.; Ederth, T.; Inganäs, O. Imaging the Phase Separation between PEDOT and Polyelectrolytes
during Processing of Highly Conductive PEDOT:PSS Films. ACS Appl. Mater. Interfaces 2015, 7, 19764–19773. [CrossRef] [PubMed]

13. Kim, Y.; Ballantyne, A.M.; Nelson, J.; Bradley, D.D.C. Effects of Thickness and Thermal Annealing of the PEDOT:PSS Layer on the
Performance of Polymer Solar Cells. Org. Electron. 2009, 10, 205–209. [CrossRef]

161



Polymers 2023, 15, 3675

14. Fan, X.; Xu, B.; Liu, S.; Cui, C.; Wang, J.; Yan, F. Transfer-Printed PEDOT:PSS Electrodes Using Mild Acids for High Conductivity
and Improved Stability with Application to Flexible Organic Solar Cells. ACS Appl. Mater. Interfaces 2016, 8, 14029–14036.
[CrossRef] [PubMed]

15. Kim, N.; Kang, H.; Lee, J.H.; Kee, S.; Lee, S.H.; Lee, K. Highly Conductive All-Plastic Electrodes Fabricated Using a Novel
Chemically Controlled Transfer-Printing Method. Adv. Mater. 2015, 27, 2317–2323. [CrossRef]

16. Kim, N.; Kee, S.; Lee, S.H.; Lee, B.H.; Kahng, Y.H.; Jo, Y.R.; Kim, B.J.; Lee, K. Highly Conductive PEDOT:PSS Nanofibrils Induced
by Solution-Processed Crystallization. Adv. Mater. 2014, 26, 2268–2272. [CrossRef]

17. Xia, Y.; Sun, K.; Ouyang, J. Solution-Processed Metallic Conducting Polymer Films as Transparent Electrode of Optoelectronic
Devices. Adv. Mater. 2012, 24, 2436–2440. [CrossRef]

18. Kim, Y.U.; Park, S.H.; Nhan, N.T.; Hoang, M.H.; Cho, M.J.; Choi, D.H. Optimal Design of PEDOT:PSS Polymer-Based Silver
Nanowire Electrodes for Realization of Flexible Polymer Solar Cells. Macromol. Res. 2021, 29, 75–81. [CrossRef]

19. Kim, H.G.; Kim, M.; Kim, S.S.; Paek, S.H.; Kim, Y.C. Silver Nanowire/PEDOT:PSS Hybrid Electrode for Flexible Organic
Light-Emitting Diodes. J. Sci. Adv. Mater. Devices 2021, 6, 372–378. [CrossRef]

20. Ko, S.-J.; Choi, H.; Lee, W.; Kim, T.; Lee, B.R.; Jung, J.-W.; Jeong, J.-R.; Song, M.H.; Lee, J.C.; Woo, H.Y.; et al. Highly Efficient
Plasmonic Organic Optoelectronic Devices Based on a Conducting Polymer Electrode Incorporated with Silver Nanoparticles.
Energy Environ. Sci. 2013, 6, 1949–1955. [CrossRef]

21. Ghazy, O.A.; Ibrahim, M.M.; Abou Elfadl, F.I.; Hosni, H.M.; Shehata, E.M.; Deghiedy, N.M.; Balboul, M.R. PEDOT:PSS Incorpo-
rated Silver Nanoparticles Prepared by Gamma Radiation for the Application in Organic Solar Cells. J. Radiat. Res. Appl. Sci.
2015, 8, 166–172. [CrossRef]

22. Morvillo, P.; De Girolamo Del Mauro, A.; Nenna, G.; Diana, R.; Ricciardi, R.; Minarini, C. ITO-Free Anode with Plasmonic Silver
Nanoparticles for High Efficient Polymer Solar Cells. Energy Procedia 2014, 60, 13–22. [CrossRef]

23. Ottonelli, M.; Zappia, S.; Demartini, A.; Alloisio, M. Chitosan-stabilized Noble Metal Nanoparticles: Study of Their Shape
Evolution and Post- Functionalization Properties. Nanomaterials 2020, 10, 224. [CrossRef] [PubMed]

24. Castellano, M.; Alloisio, M.; Darawish, R.; Dodero, A.; Vicini, S. Electrospun Composite Mats of Alginate with Embedded Silver
Nanoparticles: Synthesis and Characterization. J. Therm. Anal. Calorim. 2019, 137, 767–778. [CrossRef]

25. Alloisio, M.; Zappia, S.; Demartini, A.; Petrillo, G.; Ottonelli, M.; Thea, S.; Dellepiane, G.; Muniz-Miranda, M. Enhanced and
Reproducible Photogeneration of Blue Poly(Pentacosadiacetylene) Chemisorbed onto Silver Nanoparticles: An Optimized
Synthetic Protocol. Mater. Chem. Phys. 2014, 147, 293–303. [CrossRef]

26. Moreno, K.J.; Moggio, I.; Arias, E.; Llarena, I.; Moya, S.E.; Ziolo, R.F.; Barrientos, H. Silver Nanoparticles Functionalized in Situ
with the Conjugated Polymer (PEDOT:PSS). J. Nanosci. Nanotechnol. 2009, 9, 3987–3992. [CrossRef]

27. Valdivia, J.C.; Pérez, A.; Rodríguez, G.; Hurtado, G.; Moggio, I.; Arias, E.; Zappia, S.; Destri, S.; Scavia, G.; Alloisio, M.; et al.
Estudio Espectroscópico de Nanopartículas de Plata Pasivadas Con El Polímero Conjugado PEDOT:PSS Spectroscopic Study of
Silver Nanoparticles Passivated with the Conjugated Polymer PEDOT:PSS. Superf. Vacío 2021, 34, 211101. [CrossRef]

28. Glasser, A.; Cloutet, É.; Hadziioannou, G.; Kellay, H. Tuning the Rheology of Conducting Polymer Inks for Various Deposition
Processes. Chem. Mater. 2019, 31, 6936–6944. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

162



Citation: Alam, M.N.; Kumar, V.;

Jung, H.-S.; Park, S.-S. Fabrication of

High-Performance Natural Rubber

Composites with Enhanced

Filler–Rubber Interactions by Stearic

Acid-Modified Diatomaceous Earth

and Carbon Nanotubes for

Mechanical and Energy Harvesting

Applications. Polymers 2023, 15, 3612.

https://doi.org/10.3390/

polym15173612

Academic Editor: Roman A.

Surmenev

Received: 7 August 2023

Revised: 29 August 2023

Accepted: 30 August 2023

Published: 31 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

Fabrication of High-Performance Natural Rubber Composites
with Enhanced Filler–Rubber Interactions by Stearic
Acid-Modified Diatomaceous Earth and Carbon Nanotubes for
Mechanical and Energy Harvesting Applications
Md Najib Alam , Vineet Kumar , Han-Saem Jung and Sang-Shin Park *

School of Mechanical Engineering, Yeungnam University, 280, Daehak-ro, Gyeongsan 38541, Republic of Korea;
mdnajib.alam3@gmail.com (M.N.A.); vineetfri@gmail.com (V.K.); depictme@naver.com (H.-S.J.)
* Correspondence: pss@ynu.ac.kr

Abstract: Mechanical robustness and high energy efficiency of composite materials are immensely
important in modern stretchable, self-powered electronic devices. However, the availability of
these materials and their toxicities are challenging factors. This paper presents the mechanical and
energy-harvesting performances of low-cost natural rubber composites made of stearic acid-modified
diatomaceous earth (mDE) and carbon nanotubes (CNTs). The obtained mechanical properties
were significantly better than those of unfilled rubber. Compared to pristine diatomaceous earth,
mDE has higher reinforcing efficiencies in terms of mechanical properties because of the effective
chemical surface modification by stearic acid and enhanced filler–rubber interactions. The addition
of a small amount of CNT as a component in the hybrid filler systems not only improves the
mechanical properties but also improves the electrical properties of the rubber composites and has
electromechanical sensitivity. For example, the fracture toughness of unfilled rubber (9.74 MJ/m3)
can be enhanced by approximately 484% in a composite (56.86 MJ/m3) with 40 phr (per hundred
grams of rubber) hybrid filler, whereas the composite showed electrical conductivity. At a similar
mechanical load, the energy-harvesting efficiency of the composite containing 57 phr mDE and 3 phr
CNT hybrid filler was nearly double that of the only 3 phr CNT-containing composite. The higher
energy-harvesting efficiency of the mDE-filled conductive composites may be due to their increased
dielectric behaviour. Because of their bio-based materials, rubber composites made by mDE can be
considered eco-friendly composites for mechanical and energy harvesting applications and suitable
electronic health monitoring devices.

Keywords: rubber nanocomposites; diatomaceous earth; carbon nanotubes; mechanical properties;
electrical properties; energy harvesting

1. Introduction

Rubber composites have attracted considerable attention in recent technological ap-
plications [1]. Rubber composites have advantages over other polymer composites, such
as high stretchability, low glass transition temperatures, excellent resiliency, and good
abrasion resistance. These properties make rubber composites suitable for applications in
tyres, tubes, conveyor belts, and shoes. Owing to their stretchability, rubber composites are
used in many advanced applications, such as electromagnetic interference shielding [2–4],
strain sensors [5–7], nanogenerators [8,9], and other stretchable devices [10–12].

Fillers play a vital role in determining the functionality of rubber composites. Depend-
ing on their reinforcement capability, fillers can be classified as reinforcing, semi-reinforcing,
or non-reinforcing. Non-reinforcing fillers are used to reduce the cost of rubber compos-
ites. However, proper modification of these fillers has changed them to semi-reinforcing
or even reinforcing fillers, which can improve certain mechanical properties of rubber
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composites [13]. Reinforcing fillers are generally on the nanometer scale and have a large
interacting surface area that can strongly bind rubber chains to their surface. Silica and
carbon black are the two most abundant fillers used in the tyre industry for mechanical
reinforcement. Carbon nanomaterials interact very well with rubber, followed by van
der Waals and π–π stacking interactions [14]. Among different carbon nanomaterials,
carbon nanotubes (CNTs) are highly useful for improving the mechanical, thermal, and
electrical properties of rubber composites [15]. Because of their one-dimensional rod-like
morphology, high electrical conductivity (>102–106 S/cm), and high thermal conductivity
(>2000 Wm−1 K−1), a small amount of CNT can significantly enhance the electrical and
thermal properties of rubber compounds.

Rubbers are dielectric materials with negligible or very low electrical conductivity.
Conducting materials must be incorporated to make rubber a conducting material. A wide
range of conducting rubber composites can be fabricated depending on the structure and
conductivity of the filler. In addition to their mechanical applications, conducting rubber
composites have gained wide attention in modern electronic devices [16,17]. Owing to their
mechanical robustness, conducting rubber composites can replace metal-based conductors,
in which stretchability is a vital factor. Piezoresistive and piezoelectric behaviours of
rubber composites have been observed in various applications such as sensors, actuators,
and electromechanical transducers [18,19]. Electrical power generation using dielectric
elastomers is highly renewable and has gained popularity in recent years [20–22]. Dielectric
materials play a significant role in capacitance-based energy harvesting devices. Rubber
has a very low dielectric loss and is suitable for energy harvesting at low frequencies.
To further improve the dielectric constant, the addition of ceramic materials with high
dielectric constants is useful [23,24]. However, these materials should be used in higher
proportions to achieve the percolation of polymer composites [24]. Salaeh et al. [25]
used barium titanate and lead titanate to improve the dielectric behaviour of natural
rubber. Although these ceramic materials provide improved dielectric rubber composites
at higher proportions, they significantly reduce the mechanical properties of the composite
and enhance the hysteresis loss. Moreover, ceramic materials are expensive, and heavy-
metal-based ceramics may be toxic. Hence, energy-harvesting composites with cheap and
nontoxic filler materials may be of great interest for energy-harvesting devices, especially
health-monitoring self-sensing devices.

Recently, biofillers have become popular in rubber compounds [26]. They are attractive
because of their low cost, natural availability, non-toxicity, and hierarchical structure.
Among the different natural fillers, natural fibres, crystalline cellulose, bone dust, biochar,
and bio-calcium carbonate have been successfully applied in rubber compounding, either
in pristine or modified forms [27]. From the viewpoint of toxicity and the limitations
of petroleum resources, scientists have tried to establish silica as an alternative filler to
carbon black in the tyre industry, with some special advantages [28–30]. Silica fillers mainly
reduce the rolling resistance of tyres, which reduces the fuel cost of vehicles [30]. Although
silica filler partially or fully replaces carbon black, depending on the rubber products with
reduced toxicity, synthetic silica filler remains costly in rubber compounding, as it requires
some critical steps [30].

In addition to synthetic silica, biogenic silica can serve as an alternative to silica re-
sources. Beidaghy et al. [31] discussed different procedures for producing silica from rice
husk and straw. Choophun et al. [32] successfully utilised rice husk-derived silica for
rubber compounding, which may have applications in tyre tread formulations. Recently,
Barrios and colleagues [33] have discussed various sustainable fillers, such as chitin, chi-
tosan, lignin, and cellulose, for elastomeric compounds. Sustainable fillers might possess a
high content of polar groups that are not compatible with non-polar rubber. Additionally,
they contain a high level of absorbed moisture that inhibits the interfacial interactions
between the filler and rubber [34]. Rubber–filler interactions can be enhanced with these
filler systems, followed by drying the filler at an elevated temperature and surface mod-
ification. Occasionally, the methods are not straightforward or inexpensive, which has
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hindered the industrial applications of these fillers in rubber compounding. Diatomaceous
earth is another major source of biogenic silica [35]. The diatomaceous earth comprises
the focal remains of diatoms (hard-shelled microalgae). It mainly consists of 80–90% sil-
ica, 2–4% alumina, and 0.5–2% iron oxide. In a review paper, Reka et al. [36] discussed
diatomaceous earth in detail, along with its different applications. They discovered that
diatomaceous earth had a low level of moisture content that could be easily removed
by heating and exhibited good thermal stability. Diatomaceous earth naturally contains
hierarchical structures because of the hard-shelled structure of diatoms. Filler morphology
plays an important role in rubber reinforcement [37]. Higher filler structures may improve
the mechanical strength of rubber compounds, owing to the contribution of filler–filler
mechanical interactions [38]. Diatomaceous earth can also be used to improve the dielectric
properties of rubber [39]. It also contains certain metal oxides that can participate as cure
activators in sulphur vulcanisation [40]. However, despite possessing several advantageous
properties for use as a filler in rubber compounding, diatomaceous earth has drawbacks
associated with polar functional groups on its surface. Because diatomaceous earth is a
naturally abundant, cheap material with a highly porous structure, it is used as a filler in
different rubber composites [41–45].

Among different types of rubber, natural rubber is the most widely used in industrial
products. Some benefits, such as abundant natural availability, non-toxicity, low cost,
excellent resilience, high stretchability, and good scratch resistance, can only be observed
in natural rubber [46]. Liliane Bokobza [47], Sethulekshmi et al. [48], and Sethulekshmi
et al. [48] have reviewed natural rubber-based composites with numerous filler systems.
Natural rubber shows very good mixing behaviour with all types of fillers and enhances the
desired properties [47,48]. Inorganic nanofillers or surface-modified fillers have a greater
effect on the reinforcement of rubber properties. Similar to other clay minerals, diatoma-
ceous earth can also be used as a reinforcing filler in rubber composites. However, owing to
the larger particle size and polarity, it remains challenging to improve the tensile properties
other than the stiffness of rubber composites. Although there are many possibilities for
enhancing the properties of rubber composites with pure or modified diatomaceous earth,
only a few reports have been published [41–45,49]. To the best of our knowledge, this is
the first study on diatomaceous earth and carbon nanotubes as hybrid reinforcing fillers
in natural rubber composites for suitable applications in mechanical and self-powered
electromechanical sensing.

In this study, we aim to fabricate novel natural rubber composites comprising stearic
acid-modified diatomaceous earth and carbon nanotubes. Motivated by the excellent oil
absorption properties of diatomaceous earth, a simple and efficient method was developed
to alter its polarity using stearic acid. Thus, the conversion of the polar surface to the non-
polar surface of diatomaceous earth could significantly improve the mechanical properties
of natural rubber by improving the interfacial interactions. Because the mechanical stability
of rubber composites is the most important factor for all types of stretchable applications,
we mainly discuss the mechanical properties of rubber composites, along with some
basic electrical properties. After the successful fabrication of rubber composites using
modified diatomaceous earth and CNT-based hybrid filler systems, the energy-harvesting
performances of the composites were evaluated and discussed.

2. Materials and Methods
2.1. Materials

An ultra-soft masterbatch rubber compound was prepared by mixing the natural
rubber (STR 5L), zinc oxide, stearic acid, accelerator tetramethyl thiuram disulfide, acceler-
ator N-tert-butyl-2-benzothiazolimesulfonamide, and sulphur in 100, 5, 2, 1, 1.75, and 1.5
amounts in gram, respectively, in a two-roll mill for about 30 min. The rubber and curing
ingredients were sourced from local rubber goods manufacturing companies, Gyeongsang,
Republic of Korea. Multi-walled carbon nanotubes (specific surface area: ~250 m2/g) were
obtained from Hanwha Nanotech Corporation, Seoul, Republic of Korea. Good quality
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filtration-grade diatomaceous earth (DE) powder was purchased from Sigma–Aldrich (St.
Louis, MO, USA). Stearic acid was purchased from Sigma–Aldrich (USA). Toluene was
purchased from Daejung Chemicals & Metals Ltd., Siheung, Republic of Korea.

2.2. Preparation of Masterbatch Rubber

The raw rubber was initially masticated on a two-roll mill for approximately 20 min.
Subsequently, zinc oxide and stearic acid were incorporated and milled for about 5 min.
Lastly, accelerators and sulphur were added simultaneously and milled for another 5 min
before being removed from the mill. The parameters and fabrication method for the
masterbatch rubber can be located elsewhere [40].

2.3. Stearic Acid Treatment of Diatomaceous Earth

First, 2 g of stearic acid was dissolved in 100 mL of toluene via ultrasonication for a
few minutes. After that, 20 g of pristine DE was added to the solution and kept for 30 min
in an ultra-sonication bath at 25 ◦C. After sonication, the colloidal-like mixture was dried
at 80 ◦C for complete drying. The dried compounds (mDE) were stored in a desiccator. The
ratio of diatomaceous earth to stearic acid for filler modification was fixed at 10:1 (w/w).
Typically, coupling agents below 10 wt% were employed in relation to the silica filler based
on the quantity of functional groups in terms of molar content [28].

2.4. Characterizations of Fillers

The morphologies of the filler and tensile fractured rubber sections were characterised
by field-emission scanning electron microscopy (FE-SEM, S-4800, Hitachi, Tokyo, Japan).
Before the SEM analysis, the samples were sputter-coated with platinum. The diatomaceous
earth was characterised before and after treatment with stearic acid using Fourier transform
infrared spectroscopy (FT-IR) to investigate the chemical changes in the functional groups
at 4 cm−1 resolution and two scan numbers.

2.5. Fabrication of Rubber Composites

The solvent-bending method was applied to fabricate rubber composites by maintain-
ing filler structures similar to their pristine forms. First, 25 g of masterbatch rubber was
soaked in 150 mL of toluene in a glass jar for one day. A smooth rubber slurry was obtained
via mechanical stirring. In another vessel, the required amount of filler(s) was added to
100 mL of toluene and sonicated for approximately 30 min. The two slurries were mixed
and vigorously stirred for 10 min. The final slurry was then transferred to a flat tray and
dried in an oven at 80 ◦C. It should be noted that appropriate handling and reutilisation of
the solvent (toluene) can have a negligible environmental impact. Furthermore, achieving
a nano-level filler distribution is only feasible through solvent blending methods. Nev-
ertheless, an excessive use of solvent can lead to the sedimentation of the filler particles.
The conventional dry mixing on the two-roll mill was avoided because it could disrupt the
anisotropy of the filler particles and potentially result in the loss of electrical conductivity
in the rubber composite. The advantages of employing the solvent-blending technique can
be found elsewhere [50,51]. The dried compounds were vulcanised in a hot press at 150 ◦C
for 15 min as sheets, cylindrical samples, and electrodes, as previously described [50,51].
Details of the mixing compositions are listed in Table 1.

2.6. Mechanical Properties

Compressive mechanical properties were evaluated using cylindrical samples
(d = 20 mm × h = 10 mm), and tensile mechanical properties were evaluated using
dumbbell-shaped (ISO-37, Type-2) [52] test pieces in a universal testing machine (Lloyd,
Westminster, UK) using a 1 kN load cell. The deformation rates for the compressive and
tensile tests were 2 mm/min and 300 mm/min, respectively. The load-carrying capacities of
the rubber composites after multiple cycles were determined using dimensions identical to
those of the cylindrical samples. Different mechanical properties, such as Young’s modulus,
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modulus at 10% elongation, tensile strength, elongation at break, and fracture toughness,
were obtained from the stress–strain data, and their average values are presented. Four
specimens were scrutinised for each composition, and the most representative stress–strain
data were presented.

Table 1. Mixing composition for rubber composites per hundred grams of rubber (phr).

Formulations Masterbatch Amounts of
DE/mDE (phr) Amounts of CNT (phr)

NR-unfilled 100 - -
NR/20-DE 100 20 -

NR/20-mDE 100 20 -
NR/40-mDE 100 40 -
NR/60-mDE 100 60 -
NR/3-CNT 100 - 3

NR/17-mDE/3-CNT 100 17 3
NR/37-mDE/3-CNT 100 37 3
NR/57-mDE/3-CNT 100 57 3

2.7. Swelling Properties

To determine the solvent swelling index and cross-link density in the rubber compos-
ites, cylindrical samples of the above dimensions were kept in toluene for 7 days to reach
equilibrium. After 7 days, the surface toluene was immediately removed using blotting
paper, and the swollen weight was measured. The swelling index was calculated as follows
from Equation (1):

Swelling Index =
(Swelled weight − Initial weight)

Initial weight
(1)

The chemical cross-link densities of the vulcanised compounds were calculated from
the equilibrium swelling data according to the Flory–Rehner equation [53] as presented in
Equation (2):

Vc = −

{
ln(1 − Vr) + Vr + χV2

r

}

{
Vsdr

(
V

1
3
r – Vr

2

)} (2)

where Vc is the cross-link density of the rubber vulcanisate, Vr is the volume fraction of
rubber in the swollen compound, χ = 0.3795 is the interaction parameter of the natural
rubber and toluene system, Vs = 106.2 cm3/mole is the molar volume of toluene (solvent),
and dr is the density of the rubber vulcanisate.

The volume fractions of rubber compounds were calculated by this formula in Equation (3),

Vr =

(
wr
dr

)

{(
wr
dr

)
+
(

ws
ds

)} (3)

where wr is the weight of the rubber taken, dr is the density of the rubber vulcanisate, which
was obtained by the formula density = mass/volume considering the cylindrical sample
(d = 20 mm × h = 10 mm), ws is the weight of the swollen solvent, and ds = 0.87 g/cm3 is
the density of the swollen toluene (solvent).
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2.8. Electrical and Electromechanical Sensing Properties

The electrical resistivity was calculated by this formula in Equation (4),

ρ =
RA
L

(4)

where ρ is the electrical resistivity, R is the electrical resistance of the rubber composite, A
is the area of the electrode, and L is the distance between the electrodes. The resistance (R)
was measured using a source meter with copper electrodes placed on opposite sides of the
cylindrical sample (d = 20 mm × h = 10 mm).

The electrical conductivity of the rubber composites was found by this formula in
Equation (5),

Conductivity =
1
ρ

(5)

Electromechanical energy-harvesting devices were prepared by placing the composites
as 1 mm thick electrodes on opposite sides of a 5 mm thick unfilled rubber sheet. The
electromechanical activity of the rubber composites in energy-harvesting systems was
measured using the output voltages. The electrodes were connected to a source metre
(Agilent, Model: 34401A, Santa Clara, CA, USA), and a dynamic load of 50 kPa was applied
to the top of the DC electrode using a loading tip. During cyclic loading–unloading, the
energy-harvesting device exhibited changes in the output voltages. At similar mechani-
cal loads, the voltage output can be considered the electromechanical energy-harvesting
efficiency of these composites.

3. Results and Discussion
3.1. Characteristics of the Filler Materials

The morphology of the CNTs and pristine DE can be seen in Figure 1a,b. From
Figure 1a, it can be seen that the diameters of the CNTs are less than 50 nm, and the
lengths vary from a few hundred nanometers to micrometres. The SEM images suggest
that the CNTs have a higher aspect ratio. Because of the high aspect ratio of the CNT,
a small amount was sufficient to achieve electrical percolation in the rubber composite.
Figure 1b suggests that the DE particles are micrometres in size and have hierarchical
porous structures. Owing to the porous structures and cavities inside the DE, rubber
molecules can easily enter the particles, and effective reinforcement is possible because of
physical interactions. However, owing to the higher polarity of DE, chemical interactions
are expected to be poor between unmodified DE and non-polar rubber molecules. Figure 1c
shows the morphology of the stearic-modified DE. It is difficult to visualise the surface
modification of DE with a morphology similar to that of untreated DE. Hence, stearic acid
may have better chemical interactions than film formation on the DE surface. The detailed
chemical interactions between stearic acid and DE were ascertained from the FT-IR spectra
shown in Figure 1d.

The black line in Figure 1d represents the untreated DE. The strong band at 3675 cm−1

may arise from the in-phase symmetric vibration of OH groups on either the outer or inner
surface of the octahedral sheets that are weakly hydrogen-bonded with the next tetrahedral
sheet, as found in kaolinite [54,55]. Because DE contains kaolinite structures, it is reasonable
to determine this band. The peak at 2989 cm−1 may be due to unknown organic impurities
in the DE. The 1063 cm−1 band could be attributed to a Si-O-Si stretching vibration [54].
The band at ~790 cm−1 was assigned to the OH translational vibration [54,56].
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Figure 1. SEM images of (a) multi-walled carbon nanotube, (b) pristine diatomaceous earth, and
(c) stearic acid-modified diatomaceous earth; (d) FT-IR spectroscopies of pristine DE (black line),
stearic acid (red line), and modified DE (mDE) (blue line).

The red line in Figure 1d represents the FTIR spectrum of stearic acid. The peaks
at approximately 2917 and 2848 cm−1 are representative of the stretching vibrations of
the CH2 groups [57]. The peak at ~1697 cm−1 represents the stretching of the stearic acid
carbonyl group. From the observed spectra of the modified DE (blue line), it can be seen
that the peak of the carbonyl group was completely absent, although the modified DE
was not washed to remove the unreacted stearic acid. The absence of this peak strongly
indicates the conversion of carbonyl to carboxyl anions through chemical bonding with
DE, which results in a new peak at 1535 cm−1 for the antisymmetric stretching vibration
of the C=O bond in the carboxyl group [57,58]. It is believed that, in addition to silica and
kaolinite in DE, there are many basic materials [36,54] that react with stearic acid and form
strong bonds. Because of these strong interactions, the intensities of the other functional
groups in DE were either suppressed or tended to be lower when we compared the black
and blue lines of the pristine and modified DE, respectively, as shown in Figure 1d.

The mechanism of action of stearic acid medication is illustrated in Figure 2. It is
believed that stearic acid molecules dissolved in toluene can attach to the DE surface via
H bonding and form a metastable compound [59]. Upon ultrasonication, the metastable
compound finally formed a stable modified compound, followed by a condensation-type
chemical reaction [58]. It is believed that, upon vibration, the gallery between the octahedral
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and tetrahedral sheets may expand and become feasible for exchanging the hydroxyl group
from the octahedral site with the carboxyl group from stearic acid. At a 10:1 ratio of DE
to stearic acid, there may be a complete condensation reaction between DE and stearic
acid because the stearic acid peaks for the carbonyl group are absent in the modified DE.
Thus, stearic acid modification can considerably lower the surface polarity of DE and can
interact strongly with non-polar natural rubber, as evidenced by the various properties in
later sections.
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Figure 2. Schematics for the modification of diatomaceous earth by stearic acid.

3.2. Mechanical and Physical Properties of the Rubber Composites

Various compressive mechanical properties are shown in Figure 3a–d. From the
compressive stress–strain curves in Figure 3a, it is clear that the mDE-filled compound
(NR/20-mDE) has a better compressive modulus than the pristine DE-filled (NR/20-DE)
compound. This could be due to additional interactions between the rubber and modified
DE (mDE). In addition, the compressive modulus increased with increasing mDE content
(Figure 3a). Interestingly, after 40 phr of mDE, the stress–strain slope lost linearity at a
higher compressive strain. This could be due to filler percolation above 40 phr DE. The clear
slope change of approximately 5% of the compressive strain in the 60 phr mDE-containing
composite (NR/60-mDE) may be due to strain-dependent filler percolation. However,
with up to 5% compression, the stress–strain slope remained linear. Hence, mDE can be
useful as a filler for up to 60 phr when low deformation and high compressive strength
are required. The addition of CNTs to the mDE-filled compounds further increased the
compressive modulus (Figure 3b). This could be due to the improved filler dispersion in
the hybrid filler systems and the higher reinforcing power of the CNT fillers. The highest
compressive modulus is obtained for the NR/57-mDE/3-CNT system. The variation in
Young’s modulus with the amount of filler is plotted in Figure 3c,d. From these figures,
it can be observed that the increase in Young’s modulus with the filler amount is more
exponential for the hybrid filler systems than for the mDE-only filler systems. This suggests
that overall interactions combining physical and chemical hybrid filler systems have a
greater value than mDE-filled compounds at similar filler amounts. This may be due to the
higher aspect ratio and higher interfacial interactions between the rubber and CNT [60].
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Figure 3. Compressive mechanical properties, (a,b) compressive stress–strain curves, and
(c,d) Young’s modulus as a function of filler amounts.

Cyclic compressive loading–unloading tests were performed to study actual dynamic
compressive mechanical applications. The results are shown in Figure 4a–f. From these
figures, it can be concluded that the hybrid filler systems have a higher load-carrying
capacity than the mDE filler systems with similar filler amounts. Interestingly, for the mDE-
only filler systems, the load value stabilised after approximately 5–10 cycles. However, the
load stabilised at higher cycles for the hybrid filler systems. It can be seen that the load-
carrying capacity is significantly higher up to 40 phr of filler amounts in the hybrid filler
systems compared to mDE filler systems only at similar filler amounts. From Figure 4e,f, it
can be observed that the load value decreases with increasing cycles. However, stable load
values were obtained after 50 cycles at higher filler loadings. The decreasing load-carrying
capacity was due to hysteresis loss, which might be due to the permanent breakdown of
some filler networks and stress softening [61]. The better load-carrying capacity, even after
many cycles, indicates that mDE-based rubber composites can be useful for compressive
applications, even at higher filler loadings.
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Figure 4. Effect on compressive load at 20% deformation with loading–unloading cycles in different
rubber composites: (a) NR/20-mDE, (b) NR/17-mDE/3-CNT, (c) NR/40-mDE, (d) NR/37-mDE/3-
CNT, (e) NR/60-mDE, and (f) NR/57-mDE/3-CNT.

Figure 5a–f shows the various tensile mechanical properties. From the curves in
Figure 5a,b, it is evident that the stress–strain relationships are hyperelastic. With increasing
filler content, the stress–strain curve became more nonlinear at lower strains. At the
beginning of the curve, a higher slope value indicates the existence of filler–filler interactions
that inhibit extension at lower deformations [38]. With increasing filler amounts, the
filler–filler interactions become more prominent. After a critical distance of nearly 10%
elongation, the filler–filler interactions were minimised. Above this deformation, the stress–
strain slopes better represented the filler–polymer and polymer–polymer interactions [38].
According to the lower stress–strain slope of the unfilled rubber, it is difficult to say that
stress-induced crystallisation occurs in these vulcanised systems. The addition of filler
greatly improved the stress–strain slope value, which can be attributed to the improved
filler–filler and filler–polymer interactions in the rubber composites.

Because the modulus at a small deformation better indicates filler–filler interac-
tions [38], the modulus value at this deformation can provide information regarding the
filler percolation threshold. From Figure 5c, the greater change in the modulus from 40 to
60 phr could be due to filler percolation above 40 phr. Hybrid fillers show a higher change
in modulus with filler amounts, which could be due to the improved filler distribution and
anisotropic structure of the CNT, which produces hybrid filler networks [62,63].

Figure 5d shows the variation in tensile strength with the filler amount. From this
figure, it can be understood that the tensile strength was significantly improved at 20–40 phr
filler amounts for the unfilled rubber. This may be due to the formation of a sufficient
amount of the rubber–filler network at this filler level. The highest tensile strength was
obtained in the hybrid filler system (NR/17-mDE/3-CNT) with 20 phr of filler. This
further suggests that the hybrid filler showed improved filler distribution and reached
filler percolation at lower filler amounts. Up to a 40 phr filler amount, both filler systems
showed better tensile strength, but beyond that amount, the tensile strength decreased
more rapidly with increasing filler content. It was observed that with a hybrid filler system
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at 40 phr, the tensile strength was approximately 429% higher compared to the unfilled
rubber vulcanisate. A similar observation was noted in the case of a silica–kaolinite mixed
mineral filler, similar to diatomaceous earth, where after 40 phr of filler, there were no
significant changes in the tensile strength values [13]. At higher filler amounts, the filler–
filler interactions were enhanced at the expense of the filler–polymer interactions, owing to
the lowering of the rubber fraction. It was found that similar mDE filler amounts provided
better tensile strengths than the pristine ones. This suggests that the modified DE improved
the filler–polymer interactions. Significant improvements in the tensile strength of the
hybrid filler systems were also possible because of the higher surface area of the CNT.
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Figure 5. Tensile mechanical properties: (a,b) stress–strain curves, (c) modulus at 10% deformation,
(d) tensile strength, (e) elongation at break, and (f) fracture toughness.

Figure 5e shows the variation in the elongation at break with respect to the filler
amount. From this figure, it can be seen that the elongation at the break can be enhanced
by the addition of up to a critical amount of filler. This strongly supports the formation of
filler–polymer networks at the filler percolation level that are more flexible and reversible
than chemical bonds and can be stretched more than unfilled rubber [11]. The highest
elongation at break was obtained for the 40 phr mDE filler. This could be due to the strong
interconnecting filler–polymer networks, with fewer filler–filler networks below the filler
percolation level [11]. Hybrid filler systems may have improved filler dispersion, and
hybrid filler networks cause more effectively bonded rubber [62,63]. Strong rubber–filler
interaction inhibits the extension of rubber chains and has a similar or reduced elongation
at break values as unfilled rubber.

Figure 5f shows the variation in fracture toughness with the filler amount. From this
figure, it is clear that the toughness of the composites can be enhanced by up to 40 phr of
filler content. After 40 phr, the hybrid filler showed reduced fracture toughness, whereas
the mDE showed only an insignificant change in toughness. Although the 60 phr hybrid
filler system has a lower toughness value compared to 20 or 40 phr, it is still higher than
the 3 phr MWCNT and unfilled rubber compounds. Toughness generally depends on
the overall bonding strength, considering both the physical and chemical properties [64].
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In a later section, it is observed that the cross-link densities of the rubber composites are
optimised at an optimum filler concentration. In addition, optimum rubber–filler networks
can only be achieved with an optimum amount of both filler and rubber. At higher filler
amounts, the rubber fraction was reduced to obtain fewer rubber–filler networks, thereby
reducing the fracture toughness. Owing to the better filler distribution and rubber–filler
interactions, the fracture toughness of NR/37-mDE/3-CNT was 484% higher than that of
the unfilled natural rubber.

The swelling and cross-linking characteristics of the rubber compounds are shown in
Figure 6a–c. As shown in Figure 6a, the swelling index gradually decreases with increasing
filler content. This suggests that an increase in the amount of filler enhanced the rubber–
filler interactions. The hybrid filler showed a higher rate of decrease in the swelling index
than the mDE-only filler system. Hybrid filler systems are expected to have higher surface
areas than mDE filler systems at similar filler amounts and more interactions with rubber.
From Figure 6b, it is evident that the composites containing the hybrid fillers showed
higher cross-linking densities than the mDE filler systems with similar filler amounts.
The highest cross-linking density was obtained for the 40 phr hybrid filler containing the
NR/37-mDE/3-CNT composite. When the filler amount was greater than 40 phr, the cross-
link density was slightly reduced, which may have been due to a significant reduction in
the rubber fraction. Although the 40 phr hybrid filler shows the highest cross-link density,
it does not merely indicate the highest toughness value but also roughly indicates a better
modulus value compared to 20 phr. It is believed that because of the decrease in the rubber
fraction at higher filler contents, particularly over filler percolation, the extensibility of
rubber chains may be reduced, as is evident from the reduced elongation at break values.

Figure 6c shows the filler efficiencies of the hybrid filler systems used to investigate
the synergism in the cross-linking density. The cross-linking efficiencies of the hybrid filler
systems were determined by dividing the cross-linking densities by the filler amount. It can
be seen that the experimentally obtained cross-link densities in the hybrid filler systems are
much better than the theoretically calculated cross-link densities from the contributions of
the individual fillers. This synergism in the cross-link densities of the hybrid filler systems
may be due to the improved mDE filler distribution in the composites, which may have a
greater effect on the curing activity [13].

The improved mechanical and physical characteristics of the rubber composites can
be further understood from a microscopic view of the filler distribution, as shown in
Figure 7a–h. From Figure 7a,b, it is clear that the stearic acid modification of DE significantly
improved the adhesion of rubber to the filler surface. From Figure 7b–d, it is clear that
the rubber–filler compatibility can be reduced at higher filler amounts when mDE is used
as a single filler system. Further improvement in the filler–rubber compatibility can be
achieved with the addition of CNT in the hybrid filler systems (Figure 7e–g) compared
to the mDE-filled composites (Figure 7b–d) at similar filler amounts. This may be due to
the more homogeneous filler distribution in the hybrid filler systems during solvent-aided
mixing [51]. Also, from Figure 7h, it can be seen that rubber molecules can enter the DE
particles through the pores, and effective rubber–filler binding is possible. However, at
higher filler amounts, the separation of the contact areas between the rubber and filler
increased with strain (Figure 7h) and hence significantly reduced the elongation at break.

From the study of filler modification and the observed mechanical properties, a simple
mechanism can be drawn for the reinforcement of rubber using stearic-acid-modified DE,
as shown in Figure 8. Stearic acid primarily forms strong bonds with DE through its polar
groups. However, the non-polar tail may have interacted with the non-polar rubber chains
through van der Waals-type interactions. Because stearic acid has long-chain hydrocarbons,
the interactions become strong, and significant rubber reinforcement is possible.

174



Polymers 2023, 15, 3612
Polymers 2023, 15, x FOR PEER REVIEW 13 of 20 
 

 

 

Figure 6. Swelling properties: (a) variation in swelling indexes with filler amounts, (b) variation in 

cross-link densities with filler amounts, and (c) filler efficiencies on cross-link densities to the hy-

brid filler systems. 

Figure 6c shows the filler efficiencies of the hybrid filler systems used to investigate 

the synergism in the cross-linking density. The cross-linking efficiencies of the hybrid 

filler systems were determined by dividing the cross-linking densities by the filler 

amount. It can be seen that the experimentally obtained cross-link densities in the hybrid 

filler systems are much better than the theoretically calculated cross-link densities from 

the contributions of the individual fillers. This synergism in the cross-link densities of the 

hybrid filler systems may be due to the improved mDE filler distribution in the compo-

sites, which may have a greater effect on the curing activity [13]. 

The improved mechanical and physical characteristics of the rubber composites can 

be further understood from a microscopic view of the filler distribution, as shown in 

Figure 7a–h. From Figure 7a,b, it is clear that the stearic acid modification of DE signifi-

cantly improved the adhesion of rubber to the filler surface. From Figure 7b–d, it is clear 

that the rubber–filler compatibility can be reduced at higher filler amounts when mDE is 

used as a single filler system. Further improvement in the filler–rubber compatibility can 

be achieved with the addition of CNT in the hybrid filler systems (Figure 7e–g) compared 

to the mDE-filled composites (Figure 7b–d) at similar filler amounts. This may be due to 

the more homogeneous filler distribution in the hybrid filler systems during sol-

vent-aided mixing [51]. Also, from Figure 7h, it can be seen that rubber molecules can 

enter the DE particles through the pores, and effective rubber–filler binding is possible. 

However, at higher filler amounts, the separation of the contact areas between the rubber 

and filler increased with strain (Figure 7h) and hence significantly reduced the elongation 

at break. 

0 10 20 30 40 50 60
1

2

3

4

5

6

7

S
w

e
lli

n
g
 I

n
d

e
x

Amounts of filler (phr)

 NR/20-DE

 NR/(0-60)-mDE

 NR/3-CNT

 NR/(0-57)-mDE/(0-3)-CNT

(a) (b) 

(c) 

0 10 20 30 40 50 60
10

15

20

25

30

35

40

C
ro

s
s
-l
in

k
 d

e
n
s
it
y
 

(x
 1

0
-5

 m
o
l.
c
m

-3
)

Amounts of filler

 NR/20-DE

 NR/(0-60)-mDE

 NR/3-CNT

 NR/(0-57)-mDE/(0-3)-CNT

0

10

20

30

40

50

60

N
R
/5

7-
m

D
E/3

-C
N
T

N
R
/3

7-
m

D
E/3

-C
N
T

F
ill

e
r 

e
ff

ic
ie

n
c
y
 o

n
 c

ro
s
s
-l
in

k
 

d
e
n

s
it
y
 (

x
 1

0
-7

 m
o
l.
c
m

-3
.g

-1
)

Hybrid compounds

 Theorytically expected

 Experimentally obtained

N
R
/1

7-
m

D
E/3

-C
N
T

Figure 6. Swelling properties: (a) variation in swelling indexes with filler amounts, (b) variation in
cross-link densities with filler amounts, and (c) filler efficiencies on cross-link densities to the hybrid
filler systems.

3.3. Electrical and Energy Harvesting Performances of the Rubber Composites

It is well known that only electrically conducting materials can improve the electrical
properties of rubber composites. However, the choice of filler is an important factor in
obtaining better electrical and mechanical properties. CNTs have a high surface area and
aspect ratio, exhibit very good interactions with rubber, and can enhance their mechanical
properties. The basic electrical properties, such as resistivity and conductivity, of the rubber
composites, are shown in Figure 9a,b. From Figure 9a, it is evident that the resistivity
increases almost linearly with an increase in the mDE content with a fixed amount of CNT
in the rubber composites up to 40 phr of filler. Subsequently, it increased exponentially
with an increase in the filler amount. This could be because of the percolation of more
dielectric mDE fillers in the rubber composites [39]. Higher amounts of dielectric materials
can enhance the dielectric properties of rubber and, hence, lower its conductivity, as shown
in Figure 9b. Nevertheless, all rubber composites showed very good electrical conductivity
in the semiconducting region.
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Figure 9. Electrical properties of mDE/CNT–filled rubber composites: (a) resistivity and (b) conductivity.

The specimens used for the energy-harvesting study are shown in Figure 10a, and the
energy-harvesting efficiencies are shown in Figure 10b–h. According to the capacitor net-
work model [24,65], a large number of microcapacitors can be formed when a conducting
material incorporates a dielectric material. It is also seen that these capacitors are sensitive
to mechanical force and can act as transducers of mechanical force to electrical energy
during the charging and discharging processes during the change in the capacitance value
upon mechanical deformation [66,67]. The change in the capacitance of the composites
with the loading–unloading cycles is evident from the output voltages. From Figure 10b–d,
it is evident that the output voltages are sometimes much higher than the regular voltages.
It is believed that upon the addition of conducting materials (CNT), microcapacitors have
different capacitance values depending on the distance between the conducting and non-
conducting paths, assuming a parallel-plate-type capacitor. Upon the application of force,
a small change in the distance can change the large voltage gradient for capacitors with
higher capacitance values. The capacitor exhibits a higher capacitance at the minimum
distance between the conducting and non-conducting paths. Below this critical distance,
the two electrodes may collapse and lose their capacitance and sensitivity drift in the next
cycle. However, these incidents are irregular because the conducting paths are unstable in
viscoelastic materials [68,69]. Some new conducting paths were generated, and some were
destroyed by the applied deformation. As shown in Figure 10b–e, increasing the mDE con-
tent enhanced the intensities of the regular peaks, and the NR/57-mDE/3-CNT composites
showed very regular peaks with higher intensities after 250 loading–unloading cycles. This
could be because of the generation of the highest number of microcapacitors at the electrical
percolation threshold and uniform capacitance values through uniform dispersion of CNT
in the rubber matrix. Figure 10f shows regular peaks between −10 and +10 mV, which
is sufficient for sensing very low mechanical deformations because modern electronic
devices can measure as low as microvolts. It is evident that the energy output of the NR/57-
mDE/3-CNT composite is nearly double that of the CNT-filled composite, considering
the representative areas per cycle in Figure 10g,h. Because of their robust mechanical
and energy-conversion efficiencies, mDE and CNT hybrid filler-based composites may
find suitable applications in electromechanical energy harvesting and other mechanical
sensing devices.
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Figure 10. (a) Energy harvesting specimens, (b–f) voltage output with dynamic loading–unloading
cycles for different rubber composites, and (g,h) areas in one cyclic loading–unloading.

4. Conclusions

This study presents the successful development of rubber composites based on natu-
rally available diatomaceous earth with successful filler modification by stearic acid using
a convenient method. The FT-IR study and the mechanical properties of the rubber com-
posites suggest that stearic acid effectively modifies the diatomaceous earth. Compared to
pristine diatomaceous earth, stearic acid-modified diatomaceous earth exhibited better rein-
forcing properties. Modified diatomaceous earth can be useful up to 60 phr, with improved
mechanical properties compared with unfilled rubber. Hybrid fillers comprising modified
diatomaceous earth and multi-walled carbon nanotubes in suitable amounts can further
improve the mechanical and electrical properties of rubber composites. For example, a
composite based on a hybrid filler of 37 phr mDE and 3 phr CNT has higher tensile strength
and fracture toughness values of around 429% and 484%, respectively, in comparison to
the unfilled rubber vulcanisate. Hybrid fillers comprising modified diatomaceous earth
and CNT improved the energy-harvesting efficiencies of rubber composites at higher mDE
filler amounts. Thus, the fabricated rubber composites can be useful for harvesting electri-
cal power from renewable mechanical energy sources and for electromechanical sensing
applications. Currently, the hybrid composite can be commercialised for low mechanical
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energy purposes due to its low fracture toughness value at higher mDE content. However,
the fracture toughness and mechanical stability can be further improved by employing a
certain amount of reinforcing piezoelectric nanomaterial, a step that will be undertaken in
future extended work.

Author Contributions: Conceptualization, M.N.A. and V.K.; methodology, M.N.A., V.K. and
H.-S.J.; validation, M.N.A., V.K., H.-S.J. and S.-S.P.; formal analysis, M.N.A., V.K. and H.-S.J.;
investigation, M.N.A.; data curation, M.N.A. and V.K.; writing—original draft preparation, M.N.A.;
writing—review and editing, M.N.A., V.K., H.-S.J. and S.-S.P.; visualization, M.N.A. and S.-S.P.;
supervision, S.-S.P.; project administration, S.-S.P.; funding acquisition, S.-S.P. All authors have read
and agreed to the published version of the manuscript.

Funding: This research is funded by the Korean Government (MOTIE, 2022) (grant no. P0002092, the
Competency Development Program for Industry Specialist).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data will be available upon request to the corresponding author.

Acknowledgments: This research was supported by the Korea Institute for Advancement of
Technology (KIAT).

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References
1. Thomas, S.; Maria, H.J. (Eds.) Progress in Rubber Nanocomposites; Woodhead Publishing: Cambridge, UK, 2017.
2. Shahapurkar, K.; Gelaw, M.; Tirth, V.; Soudagar, M.E.M.; Shahapurkar, P.; Mujtaba, M.A.; MC, K.; Ahmed, G.M.S. Compre-

hensive Review on Polymer Composites as Electromagnetic Interference Shielding Materials. Polym. Polym. Compos. 2022, 30,
09673911221102127. [CrossRef]

3. Zhan, Y.; Oliviero, M.; Wang, J.; Sorrentino, A.; Buonocore, G.G.; Sorrentino, L.; Lavorgna, M.; Xia, H.; Iannace, S. Enhancing the
EMI Shielding of Natural Rubber-Based Supercritical CO2 Foams by Exploiting Their Porous Morphology and CNT Segregated
Networks. Nanoscale 2019, 11, 1011–1020. [CrossRef] [PubMed]

4. Zhang, X.; Fan, C.; Ma, Y.; Zhao, H.; Sui, J.; Liu, J.; Sun, C. Elastic Composites Fabricating for Electromagnetic Interference
Shielding Based on MWCNTs and Fe3O4 Unique Distribution in Immiscible NR/NBR Blends. Polym. Eng. Sci. 2022, 62, 2019–2030.
[CrossRef]

5. Kim, H.J.; Thukral, A.; Yu, C. Highly Sensitive and Very Stretchable Strain Sensor Based on a Rubbery Semiconductor. ACS Appl.
Mater. Interfaces 2018, 10, 5000–5006. [CrossRef] [PubMed]

6. Souri, H.; Banerjee, H.; Jusufi, A.; Radacsi, N.; Stokes, A.A.; Park, I.; Sitti, M.; Amjadi, M. Wearable and Stretchable Strain Sensors:
Materials, Sensing Mechanisms, and Applications. Adv. Intell. Syst. 2020, 2, 2000039. [CrossRef]

7. Alam, M.N.; Kumar, V.; Lee, D.J.; Choi, J. Synergistically Toughened Silicone Rubber Nanocomposites Using Carbon Nanotubes
and Molybdenum Disulfide for Stretchable Strain Sensors. Compos. Part B Eng. 2023, 259, 110759.

8. Zhang, H.; Yao, L.; Quan, L.; Zheng, X. Theories for Triboelectric Nanogenerators: A Comprehensive Review. Nanotechnol. Rev.
2020, 9, 610–625. [CrossRef]

9. Yi, F.; Lin, L.; Niu, S.; Yang, P.K.; Wang, Z.; Chen, J.; Zhou, Y.; Zi, Y.; Wang, J.; Liao, Q.; et al. Stretchable Rubber-Based Triboelectric
Nanogenerator and Its Application as Self-Powered Body Motion Sensors. Adv. Funct. Mater. 2015, 25, 3688–3696. [CrossRef]

10. Li, Y.; Li, J.; Li, W.; Du, H. A State-of-the-Art Review on Magnetorheological Elastomer Devices. Smart Mater. Struct. 2014, 23,
123001. [CrossRef]

11. Alam, M.N.; Kumar, V.; Jo, C.R.; Ryu, S.R.; Lee, D.J.; Park, S.S. Mechanical and Magneto-Mechanical Properties of Styrene-
Butadiene-Rubber-Based Magnetorheological Elastomers Conferred by Novel Filler-Polymer Interactions. Compos. Sci. Technol.
2022, 229, 109669.

12. Liu, Y.; Pharr, M.; Salvatore, G.A. Lab-on-Skin: A Review of Flexible and Stretchable Electronics for Wearable Health Monitoring.
ACS Nano 2017, 11, 9614–9635. [CrossRef] [PubMed]

13. Alam, M.N.; Kumar, V.; Debnath, S.C.; Jeong, T.; Park, S.S. Naturally Abundant Silica-Kaolinite Mixed Minerals as an Outstanding
Reinforcing Filler for the Advancement of Natural Rubber Composites. J. Polym. Res. 2023, 30, 59. [CrossRef]

14. Ma, P.C.; Siddiqui, N.A.; Marom, G.; Kim, J.K. Dispersion and Functionalization of Carbon Nanotubes for Polymer-Based
Nano-composites: A Review. Compos. Part A Appl. Sci. Manuf. 2010, 41, 1345–1367. [CrossRef]

15. Mensah, B.; Kim, H.G.; Lee, J.H.; Arepalli, S.; Nah, C. Carbon Nanotube-Reinforced Elastomeric Nanocomposites: A Review. Int.
J. Smart Nano Mater. 2015, 6, 211–238.

16. Geetha, S.; Satheesh Kumar, K.K.; Rao, C.R.; Vijayan, M.; Trivedi, D.C. EMI Shielding: Methods and Materials-A Review. J. Appl.
Polym. Sci. 2009, 112, 2073–2086.

179



Polymers 2023, 15, 3612

17. Park, M.; Park, J.; Jeong, U. Design of Conductive Composite Elastomers for Stretchable Electronics. Nano Today 2014, 9, 244–260.
[CrossRef]

18. Zhao, Y.; Yin, L.J.; Zhong, S.L.; Zha, J.W.; Dang, Z.M. Review of Dielectric Elastomers for Actuators, Generators, and Sensors. IET
Nanodielectrics 2020, 3, 99–106. [CrossRef]

19. Park, K.I.; Jeong, C.K.; Kim, N.K.; Lee, K.J. Stretchable Piezoelectric Nanocomposite Generator. Nano Converg. 2016, 3, 12.
[CrossRef]

20. Koh, S.J.A.; Keplinger, C.; Li, T.; Bauer, S.; Suo, Z. Dielectric Elastomer Generators: How Much Energy Can Be Converted?
IEEE/ASME Trans. Mechatron. 2010, 16, 33–41. [CrossRef]

21. Chiba, S.; Waki, M.; Jiang, C.; Takeshita, M.; Uejima, M.; Arakawa, K.; Ohyama, K. The Possibility of a High-Efficiency Wave
Power Generation System Using Dielectric Elastomers. Energies 2021, 14, 3414. [CrossRef]

22. Di, K.; Bao, K.; Chen, H.; Xie, X.; Tan, J.; Shao, Y.; Li, Y.; Xia, W.; Xu, Z.; E, S. Dielectric Elastomer Generator for Electromechanical
Energy Conversion: A Mini Review. Sustainability 2021, 13, 9881. [CrossRef]

23. Uyor, U.O.; Popoola, A.P.I.; Popoola, O.M.; Aigbodion, V.S. Thermal, Mechanical, and Dielectric Properties of Functionalized
Sandwich BN-BaTiO3-BN/Polypropylene Nanocomposites. J. Alloys Compd. 2022, 894, 162405. [CrossRef]

24. Zeng, Y.; Xiong, C.; Li, W.; Rao, S.; Du, G.; Fan, Z.; Chen, N. Significantly Improved Dielectric and Mechanical Performance of
Ti3C2Tx MXene/Silicone Rubber Nanocomposites. J. Alloys Compd. 2022, 905, 164172. [CrossRef]

25. Salaeh, S.; Muensit, N.; Bomlai, P.; Nakason, C. Ceramic/Natural Rubber Composites: Influence Types of Rubber and Ceramic
Materials on Curing, Mechanical, Morphological, and Dielectric Properties. J. Mater. Sci. 2011, 46, 1723–1731. [CrossRef]

26. Chang, B.P.; Gupta, A.; Muthuraj, R.; Mekonnen, T.H. Bioresourced Fillers for Rubber Composite Sustainability: Current
Development and Future Opportunities. Green Chem. 2021, 23, 5337–5378. [CrossRef]

27. Bhagavatheswaran, E.S.; Das, A.; Rastin, H.; Saeidi, H.; Jafari, S.H.; Vahabi, H.; Najafi, F.; Khonakdar, H.A.; Formela, K.;
Jouyandeh, M.; et al. The Taste of Waste: The Edge of Eggshell over Calcium Carbonate in Acrylonitrile Butadiene Rubber. J.
Polym. Environ. 2019, 27, 2478–2489. [CrossRef]

28. Ten Brinke, J.W.; Debnath, S.C.; Reuvekamp, L.A.; Noordermeer, J.W. Mechanistic Aspects of the Role of Coupling Agents in
Silica-Rubber Composites. Compos. Sci. Technol. 2003, 63, 1165–1174. [CrossRef]

29. Mora-Barrantes, I.; Rodríguez, A.; Ibarra, L.; González, L.; Valentín, J.L. Overcoming the Disadvantages of Fumed Silica as Filler
in Elastomer Composites. J. Mater. Chem. 2011, 21, 7381–7392. [CrossRef]

30. Sarkawi, S.S.; Kaewsakul, W.; Sahakaro, K.; Dierkes, W.K.; Noordermeer, J.W. A Review on Reinforcement of Natural Rubber by
Silica Fillers for Use in Low-Rolling Resistance Tires. J. Rubber Res. 2015, 18, 203–233.

31. Beidaghy Dizaji, H.; Zeng, T.; Hartmann, I.; Enke, D.; Schliermann, T.; Lenz, V.; Bidabadi, M. Generation of High-Quality Biogenic
Silica by Combustion of Rice Husk and Rice Straw Combined with Pre- and Post-Treatment Strategies-A Review. Appl. Sci. 2019,
9, 1083. [CrossRef]

32. Choophun, N.; Chaiammart, N.; Sukthavon, K.; Veranitisagul, C.; Laobuthee, A.; Watthanaphanit, A.; Panomsuwan, G. Natural
Rubber Composites Reinforced with Green Silica from Rice Husk: Effect of Filler Loading on Mechanical Properties. J. Compos.
Sci. 2022, 6, 369. [CrossRef]

33. Utrera-Barrios, S.; Bascuñán, A.; Verdejo, R.; Lopez-Manchado, M.A.; Aguilar-Bolados, H.; Marianella Hernández, M. Sustainable
Fillers for Elastomeric Compounds. In Green-Based Nanocomposite Materials and Applications; Engineering Materials; Springer:
Cham, Switzerland, 2023.

34. Masłowski, M.; Miedzianowska, J.; Strzelec, K. Natural Rubber Composites Filled with Crop Residues as an Alternative to
Vulcanizates with Common Fillers. Polymers 2019, 11, 972. [CrossRef] [PubMed]

35. Sardo, A.; Orefice, I.; Balzano, S.; Barra, L.; Romano, G. Mini-Review: Potential of Diatom-Derived Silica for Biomedical
Applications. Appl. Sci. 2021, 11, 4533. [CrossRef]

36. Reka, A.A.; Smirnov, P.V.; Belousov, P.; Durmishi, B.; Abbdesettar, L.; Aggrey, P.; Kabra Malpani, S.; Idrizi, H. Diatomaceous Earth:
A Literature Review. J. Nat. Sci. Math. 2022, 7, 256–268.

37. Scotti, R.; Conzatti, L.; D’Arienzo, M.; Di Credico, B.; Giannini, L.; Hanel, T.; Stagnaro, P.; Susanna, A.; Tadiello, L.; Morazzoni, F.
Shape Controlled Spherical (0D) and Rod-like (1D) Silica Nanoparticles in Silica/Styrene Butadiene Rubber Nanocomposites:
Role of the Particle Morphology on the Filler Reinforcing Effect. Polymers 2014, 55, 1497–1506. [CrossRef]

38. Fröhlich, J.; Niedermeier, W.; Luginsland, H.D. The Effect of Filler-Filler and Filler-Elastomer Interaction on Rubber Reinforcement.
Compos. Part A Appl. Sci. Manuf. 2005, 36, 449–460. [CrossRef]

39. Olewnik-Kruszkowska, E.; Brzozowska, W.; Adamczyk, A.; Gierszewska, M.; Wojtczak, I.; Sprynskyy, M. Effect of Diatomaceous
Biosilica and Talc on the Properties of Dielectric Elastomer-Based Composites. Energies 2020, 13, 5828. [CrossRef]

40. Alam, M.N.; Kumar, V.; Park, S.-S. Advances in Rubber Compounds Using ZnO and MgO as Co-Cure Activators. Polymers 2022,
14, 5289. [CrossRef]

41. Kucuk, F.; Sismanoglu, S.; Kanbur, Y.; Tayfun, U. Optimization of Mechanical, Thermo-Mechanical, Melt-Flow, and Thermal
Performance of TPU Green Composites by Diatomaceous Earth Content. Clean Eng. Technol. 2021, 4, 100251. [CrossRef]
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Abstract: The presented work discusses in detail the preparation of a cheap and environmentally
friendly biopolymer membrane from isinglass and its physicochemical characterisation. One of the
possible uses of the obtained membrane can be as a separator between electrodes in novel green
electrochemical devices as in, for example, electric double-layer capacitors (EDLCs). The functionality
of the mentioned membrane was investigated and demonstrated by classical electrochemical tech-
niques such as cyclic voltammetry (CV), galvanostatic cycling with potential limitation (GCPL), and
electrochemical impedance spectroscopy (EIS). The obtained values of capacitance (approximately
30 F g−1) and resistance (approximately. 3 Ohms), as well as the longevity of the EDLC during
electrochemical floating at a voltage of 1.6 V (more than 200 h), show that the proposed biopolymer
membrane could be an interesting alternative among the more environmentally friendly energy
storage devices, while additionally it could be more economically justified.

Keywords: biopolymer; membrane; energy storage; green chemistry; EDLC

1. Introduction

Recent years have been dominated by synthetic polymers; from everyday-use simple
appliances to highly sophisticated equipment, you can be certain to find it in your nearest
surroundings. Since 2004, more than 4.6 billion tons of plastics have been produced [1].
The increasing use of synthetic polymers causes a worldwide dilemma due to pollution [2].
Biopolymers could substitute for synthetic ones in any possible field; for example, in elec-
trochemistry, all devices are composed of two electrodes that are separated by a porous
membrane that allows for the flow of ions. Usually, the membrane is made of materials
such as glass fibre, which has potential cancerogenic properties [3], nafion, which is clas-
sified as a hazardous material, or poly(propylene), which is responsible for the release of
microplastic due to degradation [4]. Biopolymers are currently widely investigated as a
possible way to exchange problematic and hazardous materials [5]. The use of cellulose,
chitin [6,7], chitosan [8,9], dextrin [10,11], dextran [12,13], agar [14,15], lignin [16,17], and
other biopolymers [18–22] have been reported in the literature, with their promising use in
energy storage devices such as lithium-ion batteries (LIBs) [23–25] or electric double-layer
capacitors (EDLCs) [26–28]. Biopolymers can be used for almost any aspect of electrode
construction, from an electrode material binder [8], to conductor glue for improved ad-
hesion and electrical conductivity [29], to an electrolyte [30], and even for preparation of
active material responsible for energy storage mechanisms [31,32]. Most of the studies on
the use of biopolymer membranes in EDLCs are focused on the use of aqueous electrolytes
and can be summarised in Table 1.
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However, the preparation of biopolymer membranes presented in the literature can be
time-consuming and can even take up to 6 h at an elevated temperature of 50 ◦C [40], can
be complicated in execution [41], or can simply be costly [36] due to the use of additional
chemicals that cannot be considered environmentally friendly or green. In the mentioned
studies, the use of potassium iodide or glutaraldehyde, which are considered toxic to the
environment as well as human beings, is rather in opposition to the main goal of green
biopolymers, which is their environmental friendliness or at least their benign character.
Furthermore, price is often omitted in scientific studies, but from an economical point of
view, the use of 1-butyl-3-methylimidazolium acetate (close to 1500 USD per 1 kg) could be
hard to justify for a bigger-scale preparation of a sustainable biopolymer membrane for any
application. Furthermore, the use of biopolymer membranes allows for the mitigation of a
possible spill of liquid electrolyte from the electrochemical cell in case of cell body damage,
as most of the electrolyte is stored in the membrane volume [42]. However, the use of liquid
electrolytes is one of the most-used approaches because of the simplified construction and
automatization of cell assembly on a larger scale. Today, the reuse of wastes from fish
production, including isinglass, presents a promising avenue for addressing both envi-
ronmental and technological challenges. Isinglass, a protein-rich substance obtained from
fish bladders, is commonly used in the beer and wine industry as a fining agent [43–45].
However, its potential extends far beyond this traditional application. In the realm of elec-
trochemistry, isinglass can serve as a valuable precursor for the development of advanced
alternative biopolymer membranes for green electrochemical devices and can be employed
as electrodes in various energy storage and conversion devices, such as supercapacitors and
fuel cells. Utilising fish waste-derived isinglass as a membrane material not only reduces
environmental burdens by reusing otherwise discarded by-products but also contributes
to the advancement of eco-friendly and sustainable electrochemical technologies. This
interdisciplinary approach holds great promise in creating a more circular economy while
fostering advances in renewable energy and green technology sectors.

For the mentioned reasons, in this research, we decided to prepare a cost-effective and
green biopolymer membrane that could be successfully incorporated into energy storage
devices like, for example, EDLCs. An isinglass membrane can be successfully prepared
by heating it with a small amount of deionized water. Furthermore, isinglass possesses
flexible properties that can be used in the construction of novel wearable energy storage
systems [46]; for example, different types of smartwatches, which are becoming more
popular each day, not only among young generations but also for the elderly, as they can be
used for heart monitoring. These electronics could implement energy storage cells inside
the band and the flexible solar cell outside the band to maximize their longevity.

2. Materials and Methods
2.1. Preparation of Biopolymer Membrane

Isinglass (1 g, protein content 75–80%, humidity 10–12%, ashes 8–12%, Kremer Pig-
mente GmbH + Co. KG, Aichstetten, Germany) was placed in a stainless-steel beaker
with 10 mL of distilled water. The heterogeneous mixture was heated (100 ◦C) and stirred
(200 RPM) until excess solvent evaporated and a homogenous viscous yellowish mixture
was obtained. It was then casted on a silicone board and spread across its surface to obtain
a biopolymer membrane as thin as possible and then was placed in a universal laboratory
convection oven heated up to 80 ◦C for approximately 1 h (UN30, Memmert GmbH + Co.
KG, Schwabach, Germany). Once the membrane was dry, its thickness was measured
(approximately 150 µm) and it was introduced into the aqueous electrolyte solution of
1 mol L−1 Li2SO4 and stored in such conditions until the separators were cut with hollow
punchers (diameter 12 mm). The preparation of the isinglass membrane is summarised in
Figure 1.
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Figure 1. Schematic illustration of the isinglass membrane preparation process.

2.2. Electrochemical Cell Preparation

The electrodes for EDLCs were cut with hollow punchers (diameter 10 mm) of
Kynol ACC-507-20 carbon cloth with an average mass of each electrode of approximately
8 mg ± 1 mg. The electrodes were introduced to the Swagelok laboratory electrochemical
cell with stainless steel (316L) current collectors coated with conductive glue [29] and
separated by a prepared biopolymer membrane (described in Section 2.1) or by a glass
microfiber disk (diameter 12 mm and thickness 260 µm, Whatman® GF/A, Sigma-Aldrich,
Darmstadt, Germany). Finally, each electrode was soaked with approximately 100 µL elec-
trolyte. Additionally, to present the flexible properties of the isinglass membrane, porotype
pouch cells were assembled to highlight excellent performance when an external force is
applied to the cell body during electrochemical testing.

2.3. Electrochemical Testing Schedule

Cyclic voltammetry (CV) was performed at various voltage windows from 1.0 to 2.0 V
and at a constant scanning rate of 5 mV s−1 to determine the maximum operational voltage
for the rest of the electrochemical investigations, according to the calculation of the S-value
presented by Weingarth et al. [47]. Later, several scanning rates were used from 1.0 to
100 mV s−1 at 1.6 V voltage to observe qualitative changes in the charge accumulation.
Galvanostatic cycling with potential limitation (GCPL) was carried out at a voltage of 1.6 V
with different current densities from 100 mA g−1 to 5000 mA g−1 to quantitatively establish
the capacitance, energy, and power of the electrochemical cells. Furthermore, the constant
power (CP) technique was implemented to schedule electrochemical investigations to
adequately calculate the energy and power of electrochemical cells [48]. Potentiostatic
electrochemical impedance spectroscopy (PEIS) was performed to measure the internal
resistance (IR) of electrochemical cells (composed of equivalent series resistance (ESR)
and equivalent distributed resistance (EDR)) in the range of frequencies from 1 mHz to
100 kHz at the sinusoidal amplitude of the input signal 5 mV. Change in the resistance
upon floating was measured by the Current Interrupted (CI) technique, where small pulses
of current separated by rest periods allows one to estimate the internal resistance of the
device. The Electrochemical Floating Test (EFT) allowed for accelerated ageing of the
electrochemical cell by holding the maximum voltage of the electrochemical cell for an
estimated time period of 2 h several times and establishing its stability during the overall
time of the test. All valueswere calculated per mass of both electrodes. The equipment
used for electrochemical investigations was VMP3 (BioLogic, Seyssinet-Pariset, France) and
EC-Lab software version 11.32 (BioLogic, Seyssinet-Pariset, France) to process all acquired
data.

2.4. Raman Spectroscopy

To observe the structure and texture of the sample, a DXR3xi Raman Imaging Micro-
scope (Thermo Fisher Scientific Inc., Waltham, MA, USA) was used. Photographic images
were taken at the different magnifications ×10 and ×50, and the Raman spectra were taken
using a laser at 532 nm wavelength with power of 10 mW. The spectrum was acquired in
the range of 200 to 3500 cm−1 wavenumber at magnification ×50.
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3. Results and Discussion

The as-received isinglass particles (Figure 2a,b) were observed under a microscope
to see the changes that occurred after the preparation of the biopolymer membrane
(Figure 2c,d). As seen, the texture of the substrate and the product are completely dif-
ferent from each other; substrate particles are rough and uneven. The dried biopolymer
membrane has an intriguing drapery-like texture and the material itself is flexible but
brittle. The pictures of the membrane in Figure 2e,f were taken after the drop of electrolyte
(1 mol L−1 Li2SO4 in H2O) was in direct contact with the biopolymer membrane. The
texture of the biopolymer membrane flattened and evened out. Additionally, the porous
structure of the membrane began to be visible. Moreover, the membrane started to be
elastic, flexible, and easily adhered to the surface of the electrode.
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Figure 2. Microscopic images at magnification ×10 (a,c,e) and ×50 (b,d,f) for as-received isinglass
particles (a,b), dry biopolymer isinglass membrane (c,d), and membrane soaked with electrolyte (e,f).
Red plus sign is a central point of take image.

Raman spectra proved that the textural changes in the material had no impact on
the structure, as isinglass particles (upper red curve) and the dry biopolymer isinglass
membrane (lower green curve) have almost identical visible vibrations in Figure 3a, which
are coming from amide I and amide III, which are sensitive to the changes in the structure.
These vibrations are visible near the spectral range from 1200–1750 cm−1. Bands visible
near 1200–1400 cm−1 can be assigned to the following C-C stretching and N-H in-plane
bending vibrations. Bands in the range 1600–1700 cm−1 are usually related to the C = O
stretching vibrations of the peptide bond and N-H bending vibrations. Furthermore,
the most visible bands in the wavenumber range 2800–3200 cm−1 are -CH2 stretching
vibrations [49]. Finally, the noticeable bump above 3200 cm−1 comes from the stretching
vibrations of the -OH group. This shows that the proposed isinglass is mainly composed of
I-type collagen [50], presented in Figure 3b.

The isinglass membrane was introduced into the electrochemical cell with two carbon
electrodes and 1 mol L−1 Li2SO4. Cyclic voltammetry studies at 5 mV s−1 and with an
increase in operational voltage from 1.0 to 2.0 V are presented in Figure 4a,b. The shape
of both of the cyclic voltammograms is nearly rectangular, which implies that the energy
storage mechanism is purely capacitive. In the case of isinglass, the rectangular shape
of cyclic voltammograms was almost unaffected by the increased voltage; on the other
hand, the electrochemical cell with the glass fibre separator presented a noticeable rise in
anodic and cathodic current, especially above the value ca. 1.6 V. To correctly estimate
the highest possible operational voltage for each cell, the S-value was calculated [47] at
every investigated voltage. The S-value is calculated from the CV data. Firstly, the surface
area is integrated above (anodic) and below (cathodic) current of 0 mA g−1 (y axis) at each
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voltage. Then, the ratio of integral values for anodic and cathodic current is calculated,
which is called the S-value (Figure 4c,d). Finally, the difference between adjacent S-values
is calculated, and if the value ∆ > 0.005, then it is the maximum operational voltage. For
the electrochemical cell with a glass fibre separator, the maximum voltage was 1.6 V since
the difference in the S-values between 1.6 and 1.7 V was greater than 0.005 (0.013), while
in the case of the isinglass membrane, the difference between the S-values was 0.012. For
comparative purposes, both cells were limited to an operating voltage of 1.6 V, similar to
other reports [30].
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Figure 3. (a) Raman spectra of isinglass particles (upper red curve) and dry biopolymer isinglass
membrane (lower green curve) and (b) chemical structure of the main chemical component of
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fibre separator. The S-values calculated for cells with (c) biopolymer membrane and (d) glass fibre
separator.

At lower scanning rates of 1 and 5 mV s−1 (Figure 5a,b, respectively), both electro-
chemical cells with different separators (solid green line—isinglass biopolymer membrane,
red dashed line—glass fibre) presented a similar electrochemical behaviour. Still, the shape
of voltammograms for the cell with a biopolymer membrane presents a more rectangular
shape without any noticeable increases in the anodic nor the cathodic current, which is in
accordance with observations from previous experiments. A noticeable difference between
the two separators was observed when higher scanning rates were applied. At 10 mV s−1

(Figure 5c), the rectangular shape of the biopolymer membrane starts to be less rectangular,
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and at 20 mV s−1 (Figure 5d), it shows an even more resistive characteristic—due to worse
charge propagation—than in the electrochemical cell with the glass fibre separator.
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Figure 5. Cyclic voltammograms for electrochemical cells with isinglass membrane (solid green line)
and glass fibre separator (red dashed line) at (a) 1, (b) 5, (c) 10, and (d) 20 mV s−1, voltage 1.6 V.

Similar to the CV results, the charge/discharge profiles indicate that the attainable
capacitance for both systems is similar and near 30 F g−1, where both cells—the one with
the glass fibre separator (red dashed lines) and the one with the isinglass (green solid
lines)—reached the same value of 28 F g−1 at current density 100 mA g−1 (Figure 6a).
While at the higher current densities of 200 and 500 mA g−1 (Figure 6b,c, respectively),
the discrepancy between the two cells starts to be present due to the difference in their
internal resistance; at the highest current density presented, 1000 mA g−1 (Figure 6d), the
capacitance of the electrochemical cell with the glass fibre separator reaches ca. 27 F g−1,
and the isinglass separator achieves only 20 F g−1. Increasing the current density highlights
resistance differences in the case of the electrochemical cell with the biopolymer membrane
and the one with the glass fibre separator.

The visible resistance discrepancy between the electrochemical cell with the biopoly-
mer membrane and the glass fibre separator was quantitatively examined by potentiostatic
electrochemical impedance spectroscopy (PEIS) (Figure 7a–c). Values of equivalent series
resistance (ESR) and equivalent distributed resistance (EDR) for the electrochemical cell
with the glass fibre separator (Figure 7a,b, red dashed line) are 1 and 3 Ohms, respec-
tively. However, in the case of the electrochemical cell with the biopolymer membrane
(Figure 7a,b, green solid line), these values were higher; ESR was 3 Ohms and EDR was
7 Ohms. Furthermore, the calculated values of capacitance vs. frequency proved what was
also observed in the cyclic voltammetry and galvanostatic charging/discharging, that the
biopolymer membrane can be successfully applied when milder conditions are applied to
the electrochemical cell with a biopolymer membrane as the separator.
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Figure 7. (a) Nyquist plots of electrochemical cells with biopolymer membrane (solid green line)
and glass fibre separator (red dashed line) and (b) the magnification of the ESR and EDR region and
(c) the characteristic of capacitance versus frequency.

Once all of the basic electrochemical experiments were finished, it was necessary
to establish the end-of-life criterion (80% of initial capacitance or a two-fold increase in
resistance). Figure 8a,c present the leakage current profile for the holding time at the
maximum voltage of 2 h separated by ca. periods of 2 h, during which additional CVs
were performed to present qualitative changes in CV curves (Figure 8b,d), as well as
GCPL and CI experiments to quantitatively estimate capacitance and resistance, presented
in Figure 8e. This 4 h time period can be considered one full cycle, which means that
during the experiment presented in Figure 8a,c, the total time of holding at maximum
voltage was 100 h. The data from the initial 200 h of the electrochemical technique were
insufficient to establish the failure of the electrochemical cells, and it was repeated until the
end-of-life criterion (80% capacitance), which was reached after 362 h of holding time at the
maximum voltage of 1.6 V (the electrochemical cell with the glass fibre separator reached
almost identical end-of-life criterion at 378 h). After 200 h of technique time, it was already
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noticeable that the shape of CVs (Figure 8b,d) had deteriorated from the typical rectangular
shape, which indicates partial oxidation and reduction of electrodes, which are identical for
both electrochemical cells and are similar to observations reported elsewhere [51]. During
the overall time of the experiment, the capacitance of the electrochemical cell with the
isinglass membrane was 27 to 24 F g−1, while the resistance increased from 2.9 to 4.0 Ohms;
in comparison, the electrochemical cell with the capacitance of the glass fibre separator
fell from 29 to 27 F g−1 and the resistance increased from 1.0 to 1.3 Ohm, which means
the overall drop in capacitance and increase in resistance are similar in both of the cases.
The leakage current data indicated that the amount of current necessary to sustain the
maximum voltage during the hold period was 10 mA g−1 in the case of the biopolymer
membrane, and for the glass fibre separator, it was 23 mA g−1, which can be attributed to
the dielectric properties of the isinglass membrane.
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Figure 8. Leakage current for an electrochemical cell with (a) glass fibre separator and (c) biopolymer
membrane. CV plots for electrochemical cells with (b) glass fibre and (d) isinglass separator before
(solid lines) and after (dashed lines) 200 h of experiment time. (e) Change in capacitance (upper
lines) and resistance (lower lines) during the initial 200 h of electrochemical testing of the cells with
isinglass membrane (solid lines) and glass fibre separator (dashed lines).

In addition, both electrochemical devices were subjected to electrochemical tests to
establish their cyclic life (Figure 9) by continuous charge/discharge at a current density
of 0.1 A g−1 within the voltage range of 0.0 to 1.6 V. Changes in capacitance and specific
energy values during 10,000 cycles are very similar for both electrochemical cells with the
isinglass membrane (solid lines) and the glass fibre separator (dashed lines). In the case
of the glass fibre separator, there was a 4% decrease in the capacitance (dashed middle
red line) value after 10,000 cycles, and the Coulombic efficiency was nearly 99.6% (dashed
yellow upper line). For the electrochemical cell with the isinglass membrane, there was
a noticeable 5% drop in the capacitance compared to the initial value (26 F g−1 ), while
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the Coulombic efficiency was ca. 99.7%. It is interesting that the initial 3% of the drop in
the capacitance value was observed during the first 1000 cycles for the electrochemical
cell with the isinglass membrane and the glass fibre separator. Afterwards, between cycle
numbers 1000 and 10,000, the drop in capacitance value is smaller, ca. 2%. The observable
capacitance in the case of electrochemical cells with a glass fibre separator and a biopolymer
membrane appears to stabilise afterward. This observation is probably related to the initial
penetration of the porous structure of the electrodes with the electrolyte solution and the
ion entrapment inside of the carbon material.

1 
 

 
Figure 9. Cyclic life of the electrochemical cell with glass fibre separator (dashed lines) and biopolymer
membrane (solid lines). The upper lines represent the Coulombic efficiencies of electrochemical cells,
the middle lines represent the capacitance values, and, finally, the lower lines represent the specific
energy data.

Finally, specific values of energy and power values were calculated based on gal-
vanostatic charge–discharge profiles, as well as the constant power discharge technique
(Figure 10a), because galvanostatic experiments can be prone to overestimation of data [48].
The specific energy and specific power values for both electrochemical cells are almost
identical up to the specific power value of 2 kW kg−1, when the higher resistance of
the electrochemical cell with the isinglass membrane starts to hinder the energy of said
cell (3 Wh kg−1). The energy of the electrochemical cell with the glass fibre separator
(5 Wh kg−1) at higher values of specific power is even more noticeable. The presented
data clearly show the better overall electrochemical performance of the electrochemical
cell with the glass fibre separator at higher current loads. The isinglass possesses one
intrinsic property that glass fibre separators do not have, which is flexibility. To compare
both dielectrics, pouch cell prototypes were assembled and tested using cyclic voltammetry
at a scanning rate of 5 mV s−1 up to a voltage of 1.6 V (Figure 10b) when an external
force was applied to the pouch cell. Electrochemical cells were permanently bent during
electrochemical testing (Figure 10c) to observe the current response when the external
force was applied to the cell. As seen, the pouch cell with the biopolymer membrane
(green solid line) still retains the rectangular shape characteristic for uninterrupted charge
propagation, while the electrochemical characteristic of the cell with glass fibre is noticeably
impacted by the applied external force. The difference between the glass fibre and the
isinglass biopolymer membrane is in their structure. Although the glass fibre is made
of tiny rod-shaped structures that are excellent for static applications, their flexibility is
limited, and they are prone to separate from each other and increase overall resistance.
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(dotted lines) for an electrochemical cell with a glass fibre separator (red lines with square markers)
and an isinglass membrane (green lines with circle markers). (b) CVs of the electrochemical cells with
an isinglass membrane (solid green line) and a glass fibre separator (solid red line) examined in (c) a
prototype pouch cell.

4. Conclusions

The obtained isinglass membranes were successfully implemented in green energy
storage devices such as EDLCs. In our opinion, the isinglass membrane is an interesting
alternative to the data reported so far, due to its relatively high operating voltage of 1.6 V,
good longevity of 10,000 cycles (or at least 200 h of floating), and last but not least, the
flexibility proven by the prototype pouch cell that we were able to prepare. Moreover,
the preparation of the biopolymer membrane does not require any hazardous chemicals
and is easy and fast. The capacitance, energy, and power of the assembled EDLC with a
biopolymer membrane and a glass fibre separator are close to each other under milder
conditions, and they are similar. The capacitance near 28 F g−1, a resistance of 3 Ohms,
and an energy of ca. 9 Wh kg−1 at power 1 kW kg−1 are close to other results that
can be found in the literature. However, the overall performance of isinglass still needs
additional improvement to reach lower values of internal resistance, as this is the limiting
factor and one of the biggest drawbacks of the presented idea. To mitigate the mentioned
issues, we are already investigating several possible modifications to the biopolymer
membrane construction and additives, which could give a promising improvement in ion
transfer throughout the membrane and lower the overall internal resistance of the device,
even at stationary conditions (without applied external force, which changes the shape of
the electrochemical cell). Moreover, as the mentioned membrane can work successfully,
especially at lower currents, it is possible to apply it to other energy storage devices like
aqueous batteries or pseudocapacitors, where lower currents than those of EDLCs are
applicable. Furthermore, compared to typical glass fibre separators, this type of biopolymer
membrane has excellent flexible properties and can be easily transferred to more industrial-
type cells, like pouch cells or cylindrical cells.
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Abstract: Redox-active polymers have garnered significant attention as promising materials for
redox capacitors, which are energy-storage devices that rely on reversible redox reactions to store
and deliver electrical energy. Our focus was on optimizing the electrochemical performance in
the design and synthesis of redox-active polymer electrodes. In this study, a redox-active polymer
was prepared through step-by-step synthesis on a gold electrode. To achieve this, we designed an
automatic sequential polymerization equipment that minimizes human intervention and enables
a stepwise polymerization reaction. The electrochemical properties of the polymer gold electrodes
were investigated. The degree of polymerization of the polymer grown on the gold electrode can
be controlled by adjusting the cycle of the sequential operation. As the number of cycles increases,
the amount of accumulated charge increases proportionally, indicating the potential for enhanced
electrochemical performance.

Keywords: redox capacitor; redox-active polymer; gold electrode

1. Introduction

Redox-active polymers have emerged as promising materials for redox capacitors,
which are energy-storage devices that rely on reversible redox reactions to store and
deliver electrical energy [1–13]. Redox-active polymers, which offer high energy den-
sity, serve as ideal electrode materials because of their high charge storage capacity,
good cycling stability, and ability to undergo reversible redox reactions. These poly-
mers typically comprise conjugated [3,4] or non-conjugated [5,6] main or side chains
that incorporate redox-active moieties, such as transition metal complexes [7,8], organic
radicals [9–11], or quinones [12,13], which are capable of undergoing reversible oxidation
and reduction processes.

The design and synthesis of redox-active polymer electrodes are focused on optimiz-
ing their electrochemical performance. Several parameters, including redox-active units,
polymer structure, molecular weight, and design of the molecular-level electrode surface,
were carefully optimized to enhance the charge storage capacity, stability, and conductivity
of the polymer electrode [14–18]. Emphasizing the design of the molecular-level electrode
surface is crucial because it plays a vital role in optimizing polymer morphology and elec-
trode configuration, thereby facilitating efficient charge transport and minimizing energy
loss within the capacitor system. Although dip- and spin-coating methods are commonly
employed for fabricating polymer electrodes, concerns have emerged regarding polymer
orientation and electrode stability. However, these concerns can be effectively addressed
by utilizing the Self-Assembled Monolayer (SAM) [19], which involves bonding gold and
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thiophene to prepare electrodes. SAM provides a solution for achieving a desirable polymer
orientation and enhancing the bonding between the polymer and electrode [20–23].

Our primary focus was the electrode design. Our approach aims to achieve the
sequential reaction of monomers on the electrode surface instead of simply attaching
the polymer to the electrode. This approach offers several advantages, including the
suppression of polydispersity and ease of controlling the degree of polymerization. By
adjusting the degree of polymerization, precise control over the maximum charge storage
capacity can be achieved. Additionally, this method allows for the incorporation of various
functionalities into the molecule by modifying the aldehyde group.

Previously, we reported a novel pseudo-living polymerization technique involving
1-methylpyrrole (MePyr) and aldehydes. This technique allows for a step-by-step reac-
tion starting from the terminal monomer and facilitates the synthesis of polymers with
a precisely controlled structure [24,25]. In this study, our objective was to polymerize
a redox-active polymer on a gold electrode using MePyr and ferrocenecarboxaldehyde
(FcA). To achieve this, we designed an automatic sequential polymerization equipment that
minimizes human intervention and enables a stepwise polymerization reaction. Herein,
we demonstrate the synthesis of a redox-active polymer on a gold electrode using an
automatic sequential polymerization approach. Adjusting the cycle of the sequential op-
eration allows for precision control over the degree of polymerization of the polymer
grown on the gold electrode. Furthermore, as the number of cycles increases, the amount
of accumulated charge increases proportionally, indicating the potential for enhanced
electrochemical performance.

2. Materials and Methods
2.1. Materials

1-Methylpyrrole (MePyr), and 3-thiophenemethanol were purchased from Tokyo
Chemical Industry (Tokyo, Japan). Ferrocenecarboxaldehyde (FcA), p-toluenesulfonic acid
monohydrate (p-TS), tetrabutylammonium hexafluorophosphate (TBuAPF6), ferrocene
(Fc), tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), and propylene carbonate were
purchased from FU-JIFILM Wako Pure Chemical Corporation (Osaka, Japan). The MePyr
monomer was purified via distillation prior to its use.

2.2. Measurements

Electrochemical measurements were conducted using a three-electrode system. The
ALS660B electrochemical analyzer was employed for the measurements. ALS660B electro-
chemical analyzer, Pt working electrode, and Ag/AgCl reference electrode were purchased
from BAS corporation (Tokyo, Japan).

2.3. Synthesis
2.3.1. Automatic Sequential Polymerization Equipment

The automatic sequential polymerization equipment (Figure 1) used in this study was
specifically designed by J. Kurata. This equipment was developed to enable precise and
efficient step-by-step polymerization reactions on an electrode surface. By minimizing
human intervention and integrating automated control, our equipment allows for the
systematic synthesis of redox-active polymers with enhanced properties. In addition, the
immersion and washing times in the experimental procedure could be adjusted according
to the specific requirements of the synthesis. By modifying these parameters, we optimized
the reaction conditions and controlled the growth and attachment of the redox-active
polymer to the gold electrode.
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Figure 1. Image of automatic serialization equipment.

2.3.2. Preparation of Polymer Electrodes

The preparation of the gold electrode involved several steps. Firstly, a 1.0 cm × 2.0 cm
Indium Tin Oxide (ITO) glass substrate was thoroughly cleaned using an ultrasonic cleaning
process. The substrates were sequentially immersed in water, methanol, and acetone for
10 min each. Following the cleaning process, a thin film of gold (100 nm) was deposited onto
the substrate using vacuum vapor deposition. Subsequently, the electrode was annealed to
enhance the crystallinity of the gold surface and ensure flatness.

Preparation of polymer electrodes using automatic sequential polymerization equip-
ment (Figure 1): To prepare Solution 0, 0.0086 g of 3-Thiophenemethanol, 0.122 g of MePyr,
and 0.014 g of p-TS were dissolved in 0.3 g of THF. The resulting solution was allowed to
react at 60 ◦C for 24 h. After the reaction, the solution was diluted with DMSO to obtain
a 1 mM solution. The gold electrodes were then immersed in the solution for 24 h. After
immersion, the gold electrodes were washed with DMSO and THF. To prepare Solution 1,
FcA (0.750 mmol, 0.161 g), p-TS (0.610 mmol, 0.116 g), and THF (1.5 mL) were mixed. The
gold electrode was placed in Solution 1 and allowed to react for 30 s, followed by washing
with THF. To obtain Solution 2, MePyr (1.5 mmol, 0.122 g), p-TS (0.075 mmol, 0.014 g),
and THF (1.5 mL) were mixed together. The gold electrode was placed in Solution 2 and
allowed to react for 20 s. Alternating between Solution 1 and Solution 2, this process was
repeated for 20, 40, and 80 cycles.

Important note: It is important to use freshly prepared MePyr, FcA and THF washing
solutions for each set of 20 cycles when preparing modified gold electrodes.

3. Results and Discussion

Redox-active polymers were synthesized via a step-by-step approach, involving the
sequential synthesis of MePyr and FcA on gold electrodes using an automatic sequential
polymerization apparatus. The redox behavior of ferrocene, which is characterized by the
reversible transfer of electrons between its iron centers, makes it an excellent building block
for the construction of electrochemically active materials [26]. Our goal is to systematically
synthesize and characterize a redox-active ferrocene polymer on a gold electrode to explore
its potential as an electrode material for various applications. To facilitate unidirectional
growth of the polymer from the gold electrodes, 3-thiophenemethanol was chosen. The
structures of the polymers are shown in Figure 2a. The step-by-step synthesis followed a
specific order: Step (0) involved synthesizing the terminal groups of 3-thiophenemethanol
and methylpyrrole, followed by binding these terminal groups to the gold electrodes using
SAM. Step (1) entailed the reaction with FcA. Step (2) and Step (3) involved washing with
THF. Step (4) entailed the reaction with MePyr. Step (5) and Step (6) included washing
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with THF. The sequence from Step (1) to Step (6) constituted one cycle (further details are
provided in Section 2.3.2; a video demonstrating one cycle of the step-by-step synthesis
process is included in Supplementary Materials). We performed three sets of syntheses
with 20, 40, and 80 cycles. The preparation process for each set is illustrated in Figure 2b.

Figure 2. (a) Synthesis of redox-active polymer on a gold electrode using automatic sequential
polymerization equipment; (b) preparation of polymer gold electrodes using automatic sequential
polymerization equipment.

The electrochemical measurements were conducted using a three-electrode system,
with the polymer gold electrode serving as the working electrode, Ag/AgCl as the reference
electrode, and a Pt wire as the counter electrode. Cyclic voltammograms of the polymer
gold electrodes were recorded in a 0.1 M TBuAPF6 propylene carbonate solution, and the
results are presented in Figure 3 and Table 1. The redox waves originating from ferrocene
were detected in all polymer gold electrodes. Conversely, sequential reactions carried out
in the absence of thiophene did not lead to the synthesis of polymers on the gold surfaces.
This finding suggests that the successful execution of sequential reactions on the gold
electrode was facilitated by the SAM, as depicted in Figure 3a, highlighting the importance
of incorporating thiophene in the process.
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Figure 3. Cyclic voltammograms of polymer gold electrodes in 0.1 M TBuAPF6 propylene carbonate
solution, (a) polymer synthesis on the gold electrode with (-S-) and without (non) thiophene, (b) poly-
mer gold electrodes of syntheses with 20, 40, and 80 cycles, reference electrode: Ag/Ag+, at a sweep
rate of 50 mV/s.

Table 1. Electrochemical properties of samples.

Sample Redox Potential/V Peak to Peak/V Charges Recorded at 1 s/×10−4 C

20 0.11 0.231 2.17
40 0.107 0.361 4.78
80 0.111 0.313 7.14
Fc 0.035 0.430 -

The current value progressively increased with an increasing number of cycles, in-
dicating gradual polymerization of the polymer from the electrode surface (Figure 3b).
Notably, the width of the oxidation and reduction peaks in the redox wave of the polymer
electrode was narrower than that of ferrocene in solution (Figure 4; CV measurement was
performed on the ferrocene solution utilizing a gold electrode with the same dimensions
of 1.0 cm × 1.0 cm as the gold electrode used for the polymerization process). This can
be attributed to the binding of the ferrocene-based polymer to the electrode through the
SAM, resulting in a more confined electrochemical environment. The cyclic voltammo-
grams of the species adsorbed on electrodes typically exhibit sharp peaks. However, in
this particular system, the redox wave of the adsorption system did not exhibit sharp
peaks. This deviation from expected behavior can be explained by the redox reaction of
the Fc groups in the polymer, which involves the incorporation of counterions that diffuse
through the polymer to maintain electrical neutrality. It is likely that the current observed
in the experiment was influenced by the diffusion of these counterions.

Figure 5 illustrates the electrode charge transfer for each of these polymer electrodes,
as measured during the 1 s chronocoulometric measurements. The corresponding charges
recorded at 1 s are listed in Table 1. The amount of charge accumulated on the polymer
electrodes produced by different cycles was found to vary. In addition, consistent with the
CV results, the amount of accumulated charge increased with the number of cycles. This
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observation strongly suggests that the polymer grows on the gold electrode as the number
of cycles increases.

Figure 4. Cyclic voltammogram of Fc in 0.1 M TBuAPF6 propylene carbonate solution, reference
electrode: Ag/Ag+ at a sweep rate of 50 mV/s.

Figure 5. Chronocoulometry of polymer gold electrodes in 0.1 M TBuAPF6 propylene carbonate
solution at 0.2 V taken for 1 s.

4. Conclusions

In conclusion, we have successfully demonstrated the synthesis of a redox-active poly-
mer on a gold electrode using a step-by-step approach, employing an automatic sequential
polymerization apparatus. By controlling the cycle of the sequential operation, we achieved
precise control over the degree of polymerization of the polymer grown on the gold elec-
trode. Furthermore, our observations revealed a direct correlation between the number of
cycles and amount of accumulated charge, indicating the potential for further optimization
and enhancement of the electrochemical properties of the polymer. These findings highlight
the potential of redox-active polymers synthesized on gold electrodes for high-performance
energy storage applications. Our ongoing research focuses on the development of redox
capacitors with increased energy densities, achieved through improved sequential cycle
numbers and electrode design.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/polym15173517/s1. Video S1: One cycle of the step-by-step
synthesis process.
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Abstract: Recently, hybrid fillers have been found to be more advantageous in energy-harvesting
composites. This study investigated the mechanical and electromechanical performances of silicone
rubber-based composites made from hybrid fillers containing conductive nanocarbon black (NCB) and
molybdenum disulfide (MoS2). A hybrid filler system containing only 3 phr (per hundred grams of
rubber) MoS2 and 17 phr NCB provided higher fracture strain, better tensile strength, and excellent
toughness values compared to the 20 phr NCB-only-filled and 5 phr MoS2-only-filled rubber composites.
The chemical cross-link densities suggest that NCB promoted the formation of cross-links, whereas MoS2

slightly reduced the cross-link density. The higher mechanical properties in the hybrid filler systems
suggest that the filler particles were more uniformly distributed, which was confirmed by the scanning
electron microscope study. Uniformly distributed filler particles with moderate cross-link density in
hybrid filler systems greatly improved the fracture strain and fracture toughness. For example, the
hybrid filler with a 17:3 ratio of NCB to MoS2 showed a 184% increment in fracture toughness, and
a 93% increment in fracture strain, compared to the 20 phr NCB-only-filled composite. Regarding
electromechanical sensing with 2 kPa of applied cyclic pressure, the hybrid filler (17:3 CB to MoS2)
performed significantly better (~100%) than the 20 phr NCB-only compound. This may have been due
to the excellent distribution of conducting NCB networks and piezoelectric MoS2 that caused symmetric
charging–discharging in the toughened hybrid composite. Thus, hybrid composites with excellent
fatigue resistance can find dynamic applications, such as in blood pressure measurement.

Keywords: silicone rubber; nanocarbon black; molybdenum disulfide; nanocomposites; energy harvester

1. Introduction

Recently, silicone rubber has become increasingly popular in various electronic, medical,
and soft robotic applications, either directly or in combination with reinforcing fillers [1–6].
Silicone rubber is a highly dielectric material, and cannot transmit electricity. It exhibits a very
high actuation value in the presence of electrical fields, considering its application in the field
of soft robotics [7]. Inversely, it exhibits fluctuations in the electrical dipoles upon mechanical
deformation, and converts mechanical energy to electrical energy. These properties make it
valuable for applications in electromechanical pressure, strain, and other sensors [8,9].

To fabricate a soft and flexible electromechanical sensor, silicone rubber must be
compounded with a conducting filler. Among various nanofillers, carbon black (CB), nano
graphite (NG), and carbon nanotubes (CNTs) are the most suitable that can sufficiently
improve the mechanical and electrical properties of silicone rubber [6]. CB is of particular
interest because of its isotropic filler structure, excellent reinforcing properties, and good
electrical properties. Owing to their isotropic shape, the composites are very stable, with
fatigue in all directions; they are suitable for dynamic applications such as tires. Thus,
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electrodes made of CB in silicone rubber should maintain a uniform conductivity, which is
necessary for electromechanical sensing.

Recently, instead of using a single filler, a hybrid filler was used to make rubber
composites to reduce filler percolation and achieve synergistic mechanical and electrical
properties [10]. The hybridization of different-dimensional fillers in rubber could be useful
for improving filler dispersion, reducing filler percolation, and improving the stretchability
of hybrid filler networks. These advantages make hybrid-filler-based rubber composites
tougher than single-filler-based rubber composites. Furthermore, CB has recently been
hybridized with silica [11], nano clay [12], graphene [13], and carbon nanotubes [14,15] in
different polymers.

After the significant achievements of two-dimensional (2D) graphene in science and
technology, many other 2D nanomaterials, such as hexagonal boron nitride, graphitic
carbon nitride, and transition metal dichalcogenides (TMDs), have been investigated as
alternatives to graphene [16,17]. Among the different TMDs, MoS2 has gained significant
interest because of its electronic properties that are complementary to those of graphene.
Unlike graphene, MoS2 has an intrinsic bandgap that enables its use in semiconducting
electronic and optoelectronic applications [18,19]. Single-layered MoS2 has an extraordinary
fracture strength of ~23 GPa and an elastic modulus of 300 GPa, which are similar to those
of chemically reduced graphene [20]. Moreover, MoS2 is a piezoelectric material [21].
Therefore, MoS2 can be used as a reinforcing filler. Different polymer composites [22–26],
including rubber composites [27–31], have been fabricated using modified and unmodified
MoS2 particles for mechanical, microwave absorption, and tribology applications. Tang
et al. [31] hybridized CB and 2D-MoS2 particles to reinforce natural rubber, and found about
a 50% enhancement in the tensile modulus from a single CB-loaded composite. Although
2D MoS2 remarkably improves the properties of rubber composites, few studies have
investigated silicone rubber composites for improving its toughness and its applications in
electromechanical energy harvesting.

Reinforcing filler, with a high aspect ratio such as CNT, can simultaneously improve
the electrical and mechanical moduli, but can significantly reduce the fracture strain [32].
Hence, a low aspect ratio with an electrically conductive filler could be useful to make a soft
and stretchable energy harvester for low-energy sensing applications. This research aimed
to improve the mechanical properties, especially the fracture strain and fracture tough-
ness, of silicone rubber composites that can find suitable applications in energy harvesting
devices for low mechanical energy sensitivity. Nano carbon black (NCB) is a very useful
reinforcing filler for all types of rubber, owing to its considerable mechanical and electrical
properties. NCB provides good electrical conductivity at 15–20 phr of filler amounts in
silicone rubber [33]. In rubber-based flexible piezoresistive strain sensors, the sensitivity de-
pends highly on the gauge factor. At low deformation, the gauge factor is significantly low.
However, at higher deformation, the gauge factor could be enhanced, but the stability of
the piezoresistive strain sensor gradually decreases. Ding et al. prepared flexible electrodes
for energy harvesting devices, considering carbon black and polydimethylsiloxane rubber
have low energy loss and high durability [34]. Due to the isotropic structures of the filler
particles and good filler–polymer interactions, the fatigue life of the rubber composites may
be very high [35]. Although the mechanical modulus at this filler level was sufficient, the
fracture toughness could be improved by increasing the fracture strain value. Toughness
and stretchability are two important factors for most stretchable electronic applications.
Hence, the present study investigated the effects of two-dimensional MoS2 particles on
NCB-reinforced room-temperature-vulcanized (RTV) silicone rubber composites, for tough
but stretchable energy harvesting applications. The mechanical properties and fatigue
under cyclic deformation were studied to determine the importance of hybrid-filler-based
rubber composites. The composites were tested as electrodes in a flexible-type capacitor
such as an energy harvesting device. Owing to the effects on the mechanical and piezo-
electric properties of different amounts of MoS2, the hybrid composites can be synergized.
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The synergistic effects were described, followed by filler distribution and filler–polymer
interactions in hybrid filler systems.

2. Materials and Methods
2.1. Materials

The silicone rubber was condensation-cured one-component room-temperature vul-
canized (RTV)-silicone rubber (SR, grade KE-441) purchased from Shin-Etsu Company,
Tokyo, Japan. The catalyst (CAT-RM) for room-temperature vulcanization was provided
by the same company. The RTV-thinner was purchased from Shin-Etsu Company, Tokyo,
Japan. Molybdenum disulfide (particle size < 2 µm) was purchased from Sigma-Aldrich.
Nanocarbon black (NCB, Conductex SC Ultra grade, electrical conductivity = 2.5 S/cm [36])
was purchased from Saehan Silichem Corporation, Ltd., Seoul, Republic of Korea. All
materials were used as received.

2.2. Characterization of Fillers

Primary characterization of the fillers was performed using an X-ray diffractometer
(XpertPro-PANanalytical-Diffractometer) with an X-ray wavelength for CuKα (0.154 nm),
with scanning Bragg angles (2θ) from 10◦ to 80◦. Field emission scanning electron mi-
croscopy (FE-SEM, S-4800, Hitachi, Japan) was used to investigate the morphology of the
filler structures.

2.3. Preparation of Rubber Nanocomposites

The different amounts of materials used for fabricating the rubber nanocomposites are
provided in Table 1. The required amounts of filler(s) (in phr) were added to 100 g of RTV
silicone rubber and mechanically mixed using a stirrer for 10 min. After homogeneous
mixing, 2 phr vulcanizing initiator was added and thoroughly mixed for 1 min. The
compounded rubber was poured into a mold and maintained for 24 h under compressed
conditions. The vulcanisates were stored in a refrigerator to protect them from further
curing. Before measuring the chemical and mechanical properties, the samples were
removed and maintained for 24 h at room temperature (~25 ◦C).

Table 1. Formulation table of the silicone rubber-based composites.

Formulation RTV-SR (phr) NCB (phr) MoS2 (phr) Vulcanizing Agent (phr)

SR-unfilled 100 - - 2
SR/20-NCB 100 20 - 2

SR/19-NCB/1-MoS2 100 19 1 2
SR/17-NCB/3-MoS2 100 17 3 2
SR/15-NCB/5-MoS2 100 15 5 2

SR/5-MoS2 100 - 5 2

2.4. Measurement of Cross-Link Density

The cross-link densities of the silicone rubber composites were measured using the
equilibrium swelling method [37] after 7 days of immersion in toluene.

Vc = −
[
ln (1 − Vr) + Vr + χV2

r

]
/VsV1/3

r

where Vc is the cross-link density, Vr is the volume fraction of rubber in the swollen
sample, χ = 0.465 is the interaction parameter between toluene and silicone rubber [32],
and Vs = 106.2 is the molar volume of toluene. The Vr values were calculated as follows:

Vr = (wr/dr)[(wr/dr) + (ws/ds)]

where wr is the weight of the rubber, dr is the density of the rubber, ws is the weight of the
swelled toluene, and ds is the density of toluene.
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2.5. Mechanical and Hysteresis Properties

The compressive and tensile mechanical properties were investigated using a universal
testing machine (UTM, LLOYD, United Kingdom) with a 1 kN load cell. Cylindrical
samples (h = 10 mm × d = 20 mm) were used for analysis of the compressive mechanical
properties. For the tensile properties, dumbbell-shaped test specimens were used according
to ISO 37, Type 2 (gauge length = 25 cm). The average of four tests was calculated for each
reported value. For the hysteresis test, a cylindrical sample was used with 30% dynamic
compressive strain over 100 cycles.

2.6. Filler Distribution Studies

The filler distribution was characterized using scanning electron microscopy (SEM).
The level of filler dispersion was investigated, followed by an energy-dispersive spec-
troscopy (EDS) mapping technique fitted with the SEM instrument.

2.7. Fabrication of Energy Harvesting Device

Electrodes of 0.1 mm thickness were painted on both sides of the 1 mm thick unfilled
elastomer slab, following the method described previously [38]. NCB (20 phr) or hybrid
filler (20 phr of NCB: MoS2 at 17:3 ratio) was used to fabricate electrode composites, in
addition to 60 phr of thinner and 100 phr of RTV silicone rubber. The painted electrodes
were then coated with protective silicone rubber layers.

3. Results and Discussion
3.1. Crystal Structure and Morphology of Filler

The characteristic X-ray diffraction (XRD) plots of MoS2 and NCB are shown in
Figure 1a,b, respectively. The different major peaks in Figure 1a with 2θ values of 14.402◦,
32.631◦, 33.459◦, 35.833◦, 39.510◦, 44.233◦, 49.781◦, 55.992◦, 58.236◦, 60.33◦, 72.831◦, and
76.009◦ correspond to the 002, 100, 101, 102, 103, 104, 105, 106, 110, 008, 203, and
116 crystal planes, respectively, for the hexagonal crystal system of pure molybdenum
disulfide according to the reference (JCPDS card no. 00-024-0513). Similarly, the different
major peaks in Figure 1b with 2θ values of 24.029◦, 43.731◦, 44.533◦, and 47.723◦ correspond
to the 009, 104, 015, and 018 crystal planes, respectively, of the rhombohedral crystal system
of NCB, according to the card reference (JCPDS card no. 01-074-2328). Figure 1c shows an
SEM image of plate-like MoS2 layers stacked together to form larger particles. The SEM
image in Figure 1d shows spherical particles aggregated to form branched structures of
NCB, which are responsible for electrical conductivity.

3.2. Curing Properties

The cross-link densities of the different rubber composites after 24 h of curing are
shown in Figure 2. NCB enhanced the cross-link density, and MoS2 slightly reduced the
cross-link density, compared to unfilled rubber. The hybrid filler-containing vulcanisates
showed cross-link densities that were between the NCB and MoS2-only compounds. The
surface chemistry of the filler particles may have been the reason for the different cross-
linking densities in the different filler systems. The cross-link density in condensation-cured
silicone rubber depends mainly on the curing catalyst and filler surface functionalities. Since
MoS2 particles are platelet-shaped without hydrolyzable functional groups, they may act as
a barrier to moisture, which may influence condensation-cured silicone rubber with a lower
cross-link density [39,40]. In contrast, NCB promotes the cross-linking of condensation-
cured silicone rubber because of its hydrolyzable surface functional groups [41].
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3.3. Mechanical Properties of Rubber Nanocomposites
3.3.1. Compressive Mechanical Properties

The compressive stress–strain curves for the different rubber composites are shown in
Figure 3a. From the different curves, it is evident that the compressive stress increased with
slightly higher values after 15% of compressive strain. This could be due to the generation
of filler percolation and polymer chain packing at higher compressive strains [42]. The
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addition of NCB significantly improved the compressive stress at 35% strain. Little improve-
ment in the mechanical properties was observed with the addition of MoS2, unlike in the
case of the unfilled rubber. This could be due to the cure retardation of sulfur-based MoS2
particles in silicone rubber [39,40]. The highest compressive stress at 35% of deformation
was obtained for the SR/17-NCB/3-MoS2 hybrid composite, which was much higher than
that for the unfilled rubber. The elastic modulus values of the different composites are
shown in Figure 3b. The enhanced compressive stress and elastic modulus of the SR/17-
NCB/3-MoS2 hybrid composite over those of the SR/20-NCB composite may indicate an
improved filler distribution in the composite matrix [43]. The elastic modulus obtained
in the compressive mode was much higher than the elastic modulus determined in the
tensile mode in the present study. It is believed that the filler networks have a significant
effect on the compressive modulus compared to the tensile modulus. In the compressive
mode of detection, the filler particles became closer to agglomerate, which resulted in filler
percolation, and improved the mechanical strength of the composite. On the other hand,
filler particles became separated by the tensile strain that reduced the filler percolation, and
filler networks showed slightly different behavior to the elastic modulus obtained via the
tensile mode. The higher elastic modulus of SR/17-NCB/3-MoS2 than that of SR/20-NCB
indicates more homogeneously distributed filler particles that require higher energy for
packing at a higher compressive strain.
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Figure 3. Compressive mechanical properties of different composites; (a) compressive stress–strain
and (b) compressive elastic modulus.

3.3.2. Tensile Mechanical Properties

The different tensile mechanical properties are shown in Figure 4a–e. From the stress–
strain curves in Figure 4a, it is evident that hybrid filler-containing composites provide
better stretchability, and the area under the curve is also higher than those of the single and
unfilled rubber composites. This could be due to the higher flexibility of the rubber matrix,
followed by controlled cross-links and strong filler–polymer interactions through NCB.
Thus, in the presence of MoS2, more flexible NCB filler networks may be formed that can
withstand larger deformations. From Figure 4b of the elastic modulus chart, it is evident
that the addition of MoS2 to the NCB-containing composites resulted in a varied elastic
modulus with increasing MoS2 content. The SR/20-NCB composite showed the highest
elastic modulus in tensile mode, which could be due to the higher reinforcing efficiency of
carbon black that restricted the movement of the rubber chains. At 1 phr of MoS2 in the
hybrid (SR/19-NCB/1-MoS2), the decrease in the elastic modulus was mainly due to the
sum of the reduced chemical cross-links and insufficient filler dispersion. At 3 phr of MoS2
(SR/17-NCB/3-MoS2), strong and mutual dispersion [43] of fillers may have occurred,
which resulted in a further increase in the elastic modulus with a subsequent increase in the
tensile strength, fracture strain, and fracture toughness, as shown in Figure 4c–e. Another
reason for the improved tensile strength in hybrid filler systems may be the increase in the
effective surface area owing to better filler dispersion, which improves the van der Waals
interactions between the polymer and filler particles [44]. Further additions of MoS2 may

209



Polymers 2023, 15, 2189

result in reduced mutual filler dispersion and a reduced number of polymer cross-links, as
shown by the reduced elastic modulus in Figure 4b. Thus, MoS2 in the hybrid filler controls
curing and improves mutual filler dispersion, which provides long-range filler–polymer
connectivity. At similar modulus values in different composites, higher toughness indicates
that the sample can withstand larger deformations. Hence, for stretchable electronic devices,
a higher toughness is necessary to achieve higher durability. Table 2 compares the tensile
properties of a few silicone rubber composites where CB is the main filler material [45,46].
From this table, it can be concluded that CB/MoS2 hybrid filler obtained overall good
mechanical properties. Moreover, the fracture toughness was highly improved, which
could be beneficial for improving the electromechanical energy harvesting, which was not
reported in the literature [45,46].
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Figure 4. Tensile mechanical properties of different composites; (a) stress–strain, (b) elastic modulus,
(c) tensile strength, (d) fracture strain, and (e) fracture toughness.

Table 2. Comparison of tensile properties of silicone rubber composites with carbon black as the
main filler material.

Composites Filler (Grade) Amount of Filler Tensile Strength (MPa) Elongation at Break (%) References

SR/CB (N990) CB (N990) 20 phr 0.61 93.5 [45]
SR/CB (Vulcan XC-72) CB (Vulcan XC-72) 20 phr 3.6 257.3 [45]
SR/CNT/CB (BP 2000) CNT/CB (BP 2000) 5.76 vol% 4.5 211 [46]

SR/17-NCB/3-MoS2
CB (Conductex SC

Ultra)/MoS2
20 phr 1.57 177.67 This study

3.3.3. Hysteresis Losses on Dynamic Loading–Unloading Cycles

The hysteresis losses in the filled compounds were mainly due to the breakdown of the
filler structures and rubber networks [47]. Up to a certain deformation, the expended energy
was used to break down the filler structures. After the complete breakdown of the filler
structure, the expended energy caused the breakdown of the rubber networks [47]. The
hysteresis loss increased up to a certain level, and then decreased because the breakdown
of the filler network was proportional to the first-order deformation, while the breakdown
rubber network was proportional to the second-order deformation [47]. Thus, a lower
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hysteresis loss signifies bonding stability. Figure 5a,b show the variations in load values of
100 cycles of cyclic compression and relaxation for up to 30% deformation of the rubber
composites. From Figure 5c, it can be seen that the area under the first cyclic deformation is
higher for the NCB-only compound than for the hybrid filler-loaded SR/17-NCB/3-MoS2
composites. In addition, Figure 5a,b show that the highest load value at maximum deforma-
tion reduced more rapidly, with increasing cycles for the SR/20-NCB composite compared
to that for the hybrid filler-based SR/17-NCB/3-MoS2 composite. A higher number of
inelastic changes, such as the permanent deformation of filler structures, indicates higher
fatigue than the elastic change of filler networks [47]. In this respect, it seems that the
hybrid filler containing the SR/17-NCB/3-MoS2 composite is more flexible, and returns
to quick equilibrium networks with higher fatigue resistance than the only NCB-filled
SR/20-NCB composite.
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Figure 5. Hysteresis losses in rubber composites; (a) SR/20-NCB with 100 deformation cycles,
(b) SR/17-NCB/3-MoS2 with 100 deformation cycles, and (c) SR/20-NCB & SR/17-NCB/3-MoS2

with first 6 deformation cycles.

3.4. Filler Dispersion

The filler dispersion was investigated using SEM analysis. The SEM images in Figure 6a–c
show that a more homogeneous filler distribution was possible in the SR/17-NCB/3-MoS2
composite (Figure 6b) compared with the higher MoS2-containing SR/15-NCB/5-MoS2 com-
posite (Figure 6c), as reflected by the mechanical properties having lower values than those of
the highly dispersed fillers in the SR/17-NCB/3-MoS2 compound. Moreover, the NCB was
well dispersed in the SR/17-NCB/3-MoS2 composite (Figure 6b) compared to the SR/20-NCB
composite (Figure 6b).

The reduced filler distribution in SR/15-NCB/5-MoS2 can be confirmed from the EDS
mapping shown in Figure 7a–f. Figure 7a shows the area under investigation. While the
carbon, silicon, and oxygen elements in Figure 7b–d show homogeneity in the matrix,
the MoS2 particles are distributed heterogeneously, as shown in Figure 7e–f. Figure 7e–f
also show that nano-range filler dispersion was possible along with microdispersion. The
increased nano-level filler dispersion may be due to the increased filler–filler mechanical
interactions during mixing [43]. Thus, an optimum filler ratio could be the best for obtaining
improved reinforcing properties.
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From the mechanical properties, cross-link densities, and SEM analysis, it was evident
that MoS2 has a small reinforcing effect on silicone rubber. However, due to its lubricating
properties, it can promote the distribution of NCB particles that have greater interactions
with silicone rubber. Thus, in hybrid filler systems, more homogeneously distributed
fillers showed improved physical interactions with the silicone rubber matrix, and largely
enhanced the fracture toughness in the hybrid composites. At 17 phr NCB and 3 phr
MoS2, the hybrid composites showed excellent filler distribution of both NCB and MoS2,
which is beneficial for improving the toughness value. It is believed that in highly tough
rubber composites, the stress distribution is more homogenous and could result in higher
electromechanical sensitivity, as found in the later section.
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3.5. Electromechanical Sensing Performance of Energy Harvester

To study the effect of MoS2 on the capacitance-based electromechanical performance,
two specimens, one with 20 phr CB (SR/20-NCB) and the other with 20 phr hybrid filler
containing a 17:3 CB to MoS2 ratio (SR/17-NCB/3-MoS2), were prepared according to
the method described above (Section 2.7). The samples were tested for up to 5000 cycles
of repeated dynamic loading and unloading in a machine, and the results are shown
in Figure 8a–d. With the same applied cyclic pressure up to 2 kPa, the output voltage
was much higher for the SR/17-NCB/3-MoS2 composite than the SR/20-NCB controlled
composite. The decrease in voltage efficiency with increasing cycles may be due to the
permanent breakdown of conducting NCB filler networks in the controlled composite, while
a similar or increasing efficiency in the SR/17-NCB/3-MoS2 composite may indicate better
retention of the conducting filler networks [48,49], which is also evident from Figure 5a,b,
with a lower stress softening tendency for the hybrid composite. The energy output was
~100% higher in the SR/17-NCB/3-MoS2 composite compared to the SR/20-NCB controlled
composite as an electrode. This could be due to the improved CB filler dispersion aided by
MoS2, and the piezoresistive effect of the electronic band gap of MoS2 under strain [50,51]
that may enhance the output voltage difference. Moreover, due to the higher toughness
in the SR/17-NCB/3-MoS2 composite, the stress distribution was more homogeneous
throughout the matrix than the SR/20-NCB controlled composite. The approximately 100%
higher efficiency of SR/17-NCB/3-MoS2 with only 3 phr MoS2 compared to the control
composite indicates the role of the electronic band gap of MoS2 in the sensitivity of the
electromechanical energy harvesting performance. It was also evident from Figure 8b,d
that the SR/17-NCB/3-MoS2 composite had very uniform sensitivity compared to the
SR/20-NCB controlled composite as an electrode. Hence, two-dimensional MoS2 could be
very useful in combination with conducting fillers for capacitance-type energy harvesters
for electromechanical sensing applications [52–54]. Although the peak sharpness is much
better in Figure 8d than in Figure 8b, this could be further enhanced by increasing the
conductivity and the elasticity of the composite. Since viscoelastic materials undergo typical
stress relaxation behavior and have a slow stress relaxation rate, charging and discharging
are consequently not fast, and may reduce the sharpness of the peaks.

When electrical conducting filler disperses in dielectric rubber, such as in silicone
rubber, a capacitor can be produced. Since the capacitance depends on the electrode
surface area and the distance between electrodes, mechanical deformation can change the
capacitance, followed by changing the electrode surface area and the distance between
the electrodes [55]. Due to the deformation, the capacitance value of the capacitor is
changed, and the charging–discharging results as negative and positive output voltages.
In the hybrid filler system, it is believed that the conducting networks are distributed
homogeneously in the rubber matrix, which enhances the capacitance. Since a higher
capacitance belongs to a higher charge, hence the amplitudes of output voltages become
higher. Moreover, in a hybrid filler system, due to the piezoelectric behavior of MoS2, some
additional potential gradients may be generated, and can further increase the efficiency of
the capacitor sensor. Such a type of capacitance-based sensing is a very low-energy process,
and can be useful as a pressure sensor in health monitoring applications [55]. For example,
under normal body conditions, the systolic (16 kPa) to diastolic (11 kPa) pressure difference
is 5 kPa, which is much higher than the applied pressure (≤2 kPa) in this experiment.
Hence, this composite can easily detect and measure blood pressure.
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4. Conclusions

This study examines the mechanical and electromechanical sensing performance of
conducting NCB and MoS2 hybrid fillers in RTV silicone rubber. In examining the me-
chanical properties and fatigue properties, it was evident that a suitable ratio of NCB and
MoS2 in silicone rubber can provide excellent fracture toughness with improved tensile
strength and fracture strain compared to unfilled and single-filler systems. Such improve-
ments in the mechanical properties could be due to the mutually interacting fillers for
excellent filler dispersion in the rubber matrix. Owing to the controlling effect of MoS2 on
excessive cross-links in the silicone rubber matrix, the hybrid composites showed higher
elongation properties, and maintained better conductivity of the NCB networks in the
rubber composites. Thus, the hybrid filler with 17 phr CB and 3 phr MoS2 in silicone rubber
provides improved mechanical properties and excellent efficiency for electromechanical
sensing. A nearly 100% higher energy harvesting efficiency was obtained with ≤2 kPa
of applied pressure for the 17:3 ratio of NCB to MoS2 hybrid compared to NCB only at
20 phr, which confirmed better electromechanical sensitivity of the hybrid composite. The
improved sensitivity of the hybrid filler-loaded composite could be attributed to higher
charging and discharging during capacitance change followed by the piezoelectricity of the
two-dimensional MoS2 particles during mechanical deformation. Hence, 2D MoS2 could
be a fascinating hybrid component filler with nanocarbon black for the future develop-
ment of rubber nanocomposites with advanced mechanical and electromechanical energy
harvesting and sensing applications.
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