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Preface

Energy is the fundamental driver of all physical phenomena. Per relativistic principles, energy

forms are interconvertible, enabling diverse key conversion processes. In modern civilization,

harvesting diverse energy sources is critical for long-term sustainable development. Thermodynamics

dictates that all energy dissipates as thermal energy, but optimizing conversion pathways cuts waste

heat significantly. For instance, biomass combustion emits CO2, contributing notably to global

warming; wind, hydropower, and ocean waves offer clean, renewable, economical alternatives. Rapid

microelectronics/portable tech advances have spiked demand for small-scale sustainable power,

met by harvesting mechanical, thermal, and ambient effects. Continuous materials science progress

positions polymers as indispensable for next-gen energy conversion/storage. Their diverse structures,

tunable physical/chemical properties, and excellent processability let them fulfill key functional

roles across energy device components. This reprint delivers comprehensive insights into recent

polymer-based energy harvesting/storage advances: materials design, fabrication, characterization,

conversion mechanisms in polymers/composites, plus eco-friendly polymers/hybrids for better

efficiency and sustainability. Each chapter is organized into conceptual, experimental, and concluding

sections to aid clear understanding and knowledge transfer. We are confident this reprint, like

previous editions, equips readers with advanced practical knowledge to foster continued innovation

in polymer-based energy materials.

Md Najib Alam and Vineet Kumar

Guest Editors
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Editorial

Polymeric Materials in Energy Conversion and Storage,
2nd Edition

Md Najib Alam and Vineet Kumar *

School of Mechanical Engineering, Yeungnam University, 280, Daehak-ro, Gyeongsan 38541, Republic of Korea;
mdnajib.alam3@gmail.com
* Correspondence: vineetfri@gmail.com

1. Introduction

At present, the utilization of electronic devices is rapidly increasing due to the grow-
ing demand for a more sophisticated and convenient lifestyle. Consequently, the global
demand for electrical energy is continuously rising. In general, mechanical and chemical
energy sources serve as the two primary means of electrical energy generation. Although
chemical energy can produce a substantial amount of electricity, it is often associated with
environmental and safety concerns, prompting researchers to explore more sustainable and
eco-friendly alternatives. Mechanical energy, which naturally exists in the form of wind
or water flow, can be effectively converted into electrical energy through mechanical-to-
electrical conversion systems such as wind turbines or hydroelectric generators. Likewise,
renewable sources such as solar radiation and waste heat can be transformed into electricity
using photovoltaic cells or thermoelectric generators, respectively, offering environmen-
tally benign solutions. Moreover, efficient storage of electrical energy plays a crucial role
in ensuring the continuous and stable operation of remote or portable electronic devices.
Therefore, the development of advanced energy harvesting and storage systems has become
an essential focus in modern energy research and technology.

The choice of materials plays a critical role in achieving efficient electrical energy
conversion and storage. In this context, polymers have garnered significant attention
due to their diverse range of physical and chemical properties. These materials exhibit
remarkable versatility, with characteristics that vary from rigid to flexible, degradable to
non-degradable, and stable under both low- and high-temperature conditions. Additionally,
polymers offer tunable flow behavior, solvent swelling capacity, electrical conductivity or
dielectric nature, chemical reactivity, and optical transparency. Their lightweight nature,
ease of processing, and economic availability from both synthetic routes and natural sources
further enhance their appeal. Owing to this unique combination of attributes, polymers
have emerged as highly suitable candidates for energy generation and storage applications
across a wide range of environmental and operational conditions.

Li et al. [1], in their review, discussed various polymers utilized in flexible energy
storage devices. Polymer materials can serve multiple functions in these systems, acting as
electrodes, electrolytes, separators, and packaging layers [1–7]. Similarly, Wang et al. [8]
systematically described the role of polymers in self-powered energy conversion systems.
Polymer-based energy harvesters have demonstrated broad applicability across diverse
fields, including biomedical and electronic devices [8–11].

Several notable studies were reported in the previous Special Issue entitled “Poly-
meric Materials in Energy Conversion and Storage” [12]. Alam et al. [13,14] developed

Polymers 2025, 17, 2982 https://doi.org/10.3390/polym17222982
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hybrid rubber composites using nano carbon black/MoS2 in silicone rubber and natu-
ral rubber/CNT–diatomaceous earth systems, achieving up to a 184% increase in frac-
ture toughness and over a 100% enhancement in output voltage (3.2 mV), as well as a
484% improvement in toughness and a 25 mV output voltage for CNT-filled samples.
Jeżowski et al. [15] fabricated a biopolymer membrane exhibiting a capacitance of 30 F/g
and an output voltage of 1.6 V, while Guo et al. [16] synthesized redox-active polymers
capable of generating up to 7.14 × 10−4 C of charge. Zappia et al. [17] employed sil-
ver nanoparticles to develop water-processable anodes, and Alshammari et al. [18] en-
hanced the electrical conductivity of PVA films by nearly an order of magnitude. Muñoz
et al. [19] achieved 96.12% capacitance recovery in PVA/H3PO4-based supercapacitors,
while Surisetty et al. [20] and Yuan et al. [21] investigated the aging and electrother-
mal behavior of polymers. Xu et al. [22] and Liu et al. [23] demonstrated ionogel ac-
tuators and PEDOT-based thermoelectric materials with a conductivity of 62.91 S/cm.
Tameev et al. [24] reported that incorporating electron acceptor molecules such as PCBM
into poly-TPD significantly enhanced charge carrier mobility, increasing electronic mobility
from approximately 4.2 × 10−6 cm2/V·s for pure poly-TPD to 8.3 × 10−6 cm2/V·s for
the poly-TPD:PCBM composite. Furthermore, Cho et al. [25] fabricated durable Zn–MnO2

batteries, and Hrostea et al. [26] along with Wei et al. [27] explored optoelectronic and
light-actuated elastomer systems, demonstrating significant performance enhancements.

2. Overview of Published Articles

The continuous evolution of advanced materials for energy harvesting, conversion,
and storage has accelerated the development of multifunctional devices and systems
that merge mechanical robustness, structural adaptability, and high energy efficiency.
Recent works [28–36] demonstrate substantial progress in these domains, spanning from
structural design optimization in polymeric cellular architectures to hybrid and composite
systems for triboelectric, piezoelectric, photovoltaic, and electrochemical applications.
Collectively, these studies contribute to the growing body of knowledge focused on the
design, processing, and multifunctional performance of next-generation materials.

Monkova et al. [28] investigated the mechanical behavior and energy absorption ca-
pacity of thermoplastic cellular structures based on triply periodic minimal surfaces (TPMS)
such as Primitive, Diamond, and Gyroid architectures. Using Nylon CF12 fabricated via
Fused Filament Fabrication (FFF), the study systematically evaluated the impact of volume
fraction (30–55%) on bending properties, stiffness, yield strength, and effective modulus.
The results highlighted the direct influence of cell topology and wall thickness on mechani-
cal response and ductility indices, which are crucial for impact absorption and damping
applications. Such findings underscore the promise of TPMS-based cellular structures in
automotive, aerospace, and protective systems, where lightweight materials must exhibit
high energy dissipation and durability.

Alam et al. [29] presented a highly efficient stretchable triboelectric nanogenerator
(TENG) based on styrene–butadiene rubber (SBR) composites incorporating barium ti-
tanate (BT) and carbon nanotubes (CNTs). The study emphasizes the synergistic influence
of dielectric and conductive fillers, particularly when BT is modified with stearic acid to
enhance nanoscale dispersion. The resulting composites demonstrated superior power den-
sity (8.258 mW/m3) and charge efficiency (0.146 nC/N) under low compressive strain (2%),
with stable performance under cyclic loading. Additionally, the TENG exhibited excellent
handwriting recognition capabilities with high repeatability (<5% deviation), highlighting
its potential in wearable electronics, low-pressure sensors, and human–machine interfaces.
This work provides critical insights into achieving balance between mechanical flexibility
and electrical performance in elastomer-based energy harvesters.
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Li et al. [30] advanced the field of flexible piezoelectric sensors through the fabrication
of ZnO nanorod (NR)-reinforced P(VDF-TrFE) nanofiber membranes. Employing electro-
spinning with a high-speed rotating drum, the researchers achieved uniform alignment
and controlled nanorod incorporation. The optimal composition yielded a piezoelectric
coefficient (d33) of −62.4 pC/N, nearly ten times higher than that of neat P(VDF-TrFE).
The enhanced piezoelectric response facilitated effective bending and finger-tapping de-
tection, demonstrating the potential of such nanocomposite membranes for wearable
electronics, motion sensors, and self-powered devices. The study reinforces the efficacy
of nanostructure–matrix interactions in tuning electromechanical coupling and offers a
scalable route for the development of high-sensitivity piezoelectric materials.

Kim et al. [31] focused on self-powered perovskite-based photovoltaic photodiodes
(PVPDs), integrating a poly(amic acid)-polyimide (PAA-PI) interfacial layer within MAPbI3

perovskite devices. The introduction of PAA-PI effectively reduced charge carrier recombi-
nation at the perovskite/PEDOT:PSS interface, yielding an improved power conversion
efficiency (PCE) of 11.8%, compared to 10.4% for control samples. The devices exhibited
significantly enhanced specific detectivity (7.82 × 1010 Jones) and rapid response times
(61 μs rise; 18 μs decay). These improvements demonstrate the critical role of interfacial
engineering in enhancing the optoelectronic properties of perovskite systems. Such de-
sign strategies pave the way for weak-light detection and high-sensitivity photodetectors,
suitable for advanced imaging and sensing applications.

The study by Taouali et al. [32] employed density functional theory (DFT) and time-
dependent DFT (TD-DFT) to explore novel donor–π–acceptor (D–π–A) organic compounds
for solar cell applications. By modifying phenothiazine-based donors and introducing
brominated thienyl-fused indanone-cyano (IC) acceptor groups, the researchers tailored
six molecular systems (M1–M6) exhibiting HOMO–LUMO energy gaps between 2.14 and
2.30 eV and open-circuit voltages (Voc) exceeding 1.5 V. Enhanced dipole moments and
strong charge transfer characteristics were achieved through halogen substitution, indicat-
ing potential for improved light absorption and charge separation. These computational
insights serve as a roadmap for the rational design of high-efficiency organic photovoltaic
materials, particularly those incorporating halogenated functionalities for better stability
and tunability.

Feng et al. [33] provided an in-depth molecular-level understanding of proton ex-
change membranes (PEMs) by constructing semicrystalline and crystalline models of
perfluoro sulfonic acid (PFSA) systems. Using molecular dynamics (MD) and energy-
conserving dissipative particle dynamics (DPD) simulations, they revealed that crystalline
regions exhibit 5–10 times higher proton transport efficiency and 1–3 times higher thermal
conductivity compared to amorphous regions. The study introduced a proportionality coef-
ficient dependent on temperature and hydration level to describe proton mobility, bridging
computational predictions with experimental validation. The findings offer valuable in-
sights into microstructure–transport relationships, facilitating the rational optimization of
PEMs in fuel cells and hydrogen-based energy systems.

Fischer et al. [34] explored cellulose acetate butyrate (CAB) microspheres as a precursor
for porous carbon materials, introducing an alternative to traditional cellulose acetate routes.
CAB-based carbon microspheres exhibited high specific surface areas (567 m2/g) and
tunable pore structures even without chemical activation. When employed as electrodes in
symmetric supercapacitors (6 M KOH electrolyte), the activated carbons achieved energy
densities of 12 Wh/kg at a power density of 0.9 kW/kg. These results highlight CAB-
derived carbons as promising sustainable electrode materials with controllable morphology,
bridging the gap between biopolymer chemistry and electrochemical energy storage.

3
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Huang et al. [35] reviewed electrically conductive functional polymers (ECFPs)—notably
conjugated and radical polymers—for applications in batteries, flexible electronics, and
solid-state devices. The review detailed limitations such as low conductivity, dopant in-
stability, and poor environmental resistance, and proposed strategies including molecular
design, self-doping side chains, hydrophobic modifications, and 2D material composites.
These approaches enhance electronic transport and mechanical resilience while promot-
ing eco-friendly and renewable synthesis routes. The study underscores that tailoring
the structure–function relationships in ECFPs is pivotal to achieving high-performance,
sustainable energy storage materials.

Finally, Annu et al. [36] presented a comprehensive review of cobalt oxide composites
with conducting polymers such as polypyrrole (PPy) and polyaniline (PANI) as electrode
materials for supercapacitors, batteries, and hybrid “supercapatteries”. The synergy be-
tween cobalt oxide’s high theoretical capacitance and the polymers’ pseudocapacitive
and conductive properties yields enhanced charge transport, ion diffusion, and cycling
stability. Despite challenges in scalability and long-term durability, these hybrid systems
show strong potential for next-generation electrochemical energy storage devices, bridging
the functionality of batteries and supercapacitors.

3. Summary and Future Outlook

Collectively, these studies highlight a cross-disciplinary progression in the design,
synthesis, and performance optimization of advanced materials across structural, electronic,
and energy domains. From TPMS-based lightweight architectures to hybrid nanocompos-
ites for triboelectric and piezoelectric energy harvesting and from molecularly engineered
solar cells and photodiodes to biopolymer-derived carbons and conductive polymers for
energy storage, a unifying trend becomes evident—namely, the convergence of multi-
functionality, scalability, and sustainability. These collective innovations provide a strong
foundation for the next generation of smart materials and devices capable of efficiently
harvesting, storing, and utilizing energy while maintaining mechanical adaptability and en-
vironmental compatibility. Future research should focus on the development of functional
polymers and filler systems with enhanced physical, chemical, and interfacial properties to
further expand the potential of next-generation energy materials.
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Abstract: The aim of the manuscript is to study the effect of volume fraction on the bending
properties of selected thermoplastic cellular structures (Primitive, Diamond, and Gyroid)
from a mechanical and energy absorption perspective, with a view to their promising
prospects and use not only for bumpers, but also for various vehicle and aircraft com-
ponents, or other applications. Samples belonging to the group of so-called complex
structures with Triply Periodic Minimal Surfaces, dimensions of 20 × 20 × 250 mm, and
volume fractions of 30, 35, 40, 45, and 55%, were prepared by PTC Creo 10.0 software and
produced using the Fused Filament Fabrication technique from Nylon CF12 material, while
the basic cell size of 10 × 10 × 10 mm was maintained for all samples and the volume
fraction was controlled by the wall thickness of the structure. Experimental bending tests
were performed on a Zwick 1456 machine and based on recorded data; in addition to the
maximum forces, the stiffness, yield strength, and effective modulus of elasticity in bending
were evaluated for individual structures and volume fractions. Furthermore, the amount
of energy absorbed until reaching the maximum force and until failure was compared, as
well as the ductility indices μd and μU (derived from deformation and absorbed energy,
respectively), as an important dissipation factor in absorbers, based on which it is also
possible to predict which of the structures will have better damping.

Keywords: bending; energy; cellular structures; additive manufacturing; thermoplastic;
mechanical properties

1. Introduction

The development of science and technology affects the progress of various sectors and
industries. It allows components to be produced faster, more efficiently, and more reliably.
Not only new technologies and materials, but also computer-aided design and simulations
play a key role. Technologies that are advancing by leaps and bounds today include 3D
printing, which reduces the consumption of materials for the fabrication of a component,
since the processes for removing unnecessary material from the semi-finished product that
were necessary in conventional production are no longer needed [1,2].

The main advantage of 3D printing is the possibility of manufacturing a part with a
complex shape that cannot be manufactured conventionally. A special area of components
is the so-called lightweight components with regularly spaced structures inside the compo-
nent body. From a certain point of view, this lightweight material is a three-dimensional

Polymers 2025, 17, 2795 https://doi.org/10.3390/polym17202795
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(3D) reticulated “foam” with a special structure, but the pore support is connected and
oriented according to certain rules in porous materials. This means that the pores are not
randomly shaped and distributed, so their properties are better controlled [3–5].

Porous materials can give certain products specific exceptional properties. In addition
to making the component lighter and having exceptional mechanical properties per unit
volume of material, they can also absorb a lot of energy and therefore serve as good
“absorbers”. This makes them very promising for application in various industrial sectors,
from aerospace through to civil and automotive industries to biomedicine [6].

For example, in cars, bumpers play a very important role in terms of safety. They must
be deformable, elastic, absorb impacts, and prevent permanent damage. Car manufacturers
use a variety of materials to make bumpers, with aluminum, fiberglass, and composites
often used, as well as thermoplastic materials [7,8].

To compare the quasi-static bending from an energetic point of view, the authors
selected three types of structures, so-called Primitive, Diamond, and Gyroid, made of
thermoplastic Nylon CF12, as a promising perspective for their use not only for bumpers,
but also for other components of vehicles, aircrafts, or for other applications.

2. State of the Art

In recent years, intensive research has been conducted worldwide on the various
properties of cellular structures and their application possibilities. There are also several
studies specifically focused on the mechanical properties of thermoplastic materials and
porous structures evaluated from an energy point of view. These include, for example, the
following studies.

Bernard [9] hypothesized that cellular solids absorb energy more efficiently than
monolithic materials. Lattice materials are particularly valuable for their predictable
behavior and adaptability through additive manufacturing. His study investigated the
strength of multi-layer multi-topology lattices (MLMTs) made from nylon and carbon
fiber composites. The material properties were tuned by the orientation of the struts, and
single- and three-layer cubic and octet lattices were compared at 30% relative density.
The results show that the unique MLMT designs do not exceed the energy absorption
of their combined layers, but that modifying the layer interfaces can improve the results.
The cubic-octet-cubic MLMT lattice outperformed the octet lattice in mass-specific energy
absorption, while the octet-cubic-octet lattice improved the plateau voltage over its MLMT
counterpart, although the cubic lattices had higher absorption overall.

The study of Sahu [10] examined how honeycomb cell size affects compressive
strength, flexural strength, beam deflection, and impacts behavior. TPE nylon cores showed
both in-plane cushioning and out-of-plane energy absorption. Smaller cells (<15 mm) failed
by crushing but absorbed more energy, while 15–36 mm cells offered the best in-plane
cushioning with lower flexural strength. Larger cells reduced overall beam deflection
due to plastic buckling. Drop impact tests confirmed that smaller cells (10 mm) absorbed
more energy, which decreased with larger cell sizes. Experimental results matched FEM
simulations. Cells under 15 mm are ideal for energy absorption, while 15–36 mm cells
excel at cushioning. TPE filament’s flexibility makes it suitable for use as a backing layer in
bulletproof vests, helping absorb energy and reduce blunt trauma.

The bending performance of 3D-printed lattice beams, focusing on octet and cube
structures, was examined by Yalçın [11] Results showed that energy absorption, specific
energy absorption (SEA), and specific load capacity (SLC) depend on lattice type, layer
count, and arrangement. Octet beams consistently outperformed cube beams; for instance,
in a triple-layer double column set up, the octet beam absorbed 38% more energy and
had a higher SEA (0.39 J/g vs. 0.29 J/g). Force–displacement analysis revealed that the
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octet specimen also supported 43% greater maximum load. While mixed-lattice beams like
octet-cube-octet showed benefits, uniform octet lattices achieved the best energy absorption
and load capacity. The study also identified two deformation regions—stretch-dominated
and compressive-dominated—where vertical struts contributed less to load-bearing in the
former, explaining the lower capacity of cube beams compared to octet ones. However,
vertical struts were more effective in compressive-dominated regions.

Calignano [12] investigated mechanical properties of components fabricated with a
low-cost printer utilizing carbon fiber-reinforced nylon filament. The results showed that
components produced in the XY plane exhibit higher hardness than those manufactured
in the XZ plane. Within the XZ orientation, samples with 80% and 100% infill demon-
strate similar hardness; however, at 100% infill, the hardness of XZ plane specimens is
substantially lower than that of their XY counterparts. Specimens printed along the XZ axis
are stiffer than those printed along the XY axis, as evidenced by higher Young’s modulus
and stress at break, while energy at break is greater for samples from the XY plane. As
previously noted, the relationship between mechanical properties and filing factors remains
nonlinear.

Additively manufactured (AM) nylon matrix composites reinforced with short and
continuous carbon fibers under tensile loading were tested by Islam and his team [13]. It
also compares how fiber volume fraction affects mechanical properties using both experi-
mental results and literature. Tensile tests show that nylon with 5% continuous carbon fiber
achieves higher tensile strength and Young’s modulus, but lower elongation at break than
nylon with 20% short carbon fiber, due to the advantages of continuous fibers. Fracture
surfaces indicate brittle failure and fiber pull-outs in the continuous fiber composite, sug-
gesting weak matrix–fiber bonding. Mechanical property trends are presented for varying
fiber content, showing a near-linear increase in strength and stiffness for continuous fibers
at high volume fractions, while short fibers at low content display no clear relationship.

Monkova [14] investigated how loading and layering directions affect the flexural
properties of 3D-printed Nylon CF12, with implications for lightweight sports equipment
like pole vault poles. Full-volume and porous samples (Diamond, Primitive, Gyroid) at
fixed volume fractions of 30% underwent three-point bending tests. Results revealed that
full-volume beams’ flexural properties depend heavily on loading direction and printing
strategy, whereas porous cellular beams show minimal differences. At the given volume
fraction, the Diamond structure exhibited the highest yield strength among porous designs,
while Gyroid had the lowest. Layer adhesion and material deposition paths likely influence
these outcomes.

The article of Alfouneh [15] has presented a topology optimization approach for
multi-layer, multi-material composite structures under static loads. The method extends
moving iso-surface threshold optimization with a physical response function discrepancy
scheme and integrates an alternating active-phase algorithm. Three objective functions
are addressed: minimizing compliance, maximizing mutual strain energy, and minimizing
full-stress (von Mises stress) designs. Benchmark examples demonstrate that the approach
yields effective, stiffer, and highly optimized layouts compared to the existing literature, and
using multiple materials in layered plates can enhance compliant mechanism performance.
All objectives show smooth convergence during optimization, and fully stressed designs
have layouts similar to those minimizing compliance.

Xie and Shen [16] investigated the effect of hole shape, size, and distribution on the
impact response of porous materials by comparing a spherical hole array model and a
square hole model using both an experimental approach and a finite element method. They
found that the specific energy absorption capacity correlated with the hole shape, size, and
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deformation mode, and that, unlike spherical holes, the deformation in square holes was
always caused by compression dominance, either with open or closed cells.

There are certainly several other studies that dealt with the mechanical properties of
some cellular materials [17–23], as well as a small number of studies that compare energy
absorption between structures [24–27], but a study that would investigate the effect of
volume fraction on the bending properties of complex structures of the Gyroid, Primitive,
and Diamond type made of Nylon CF12, and at the same time compare their behavior
from a mechanical and energetic point of view as presented in this research, has so far been
absent. The obtained results can contribute to the expansion of knowledge not only in the
field of material behavior of the thermoplastic Nylon CF12 during bending, but also in
the field of investigating cellular structures from an energetic point of view, given their
prospective application in many industrial and consumer sectors.

3. Materials and Methods

3.1. The Samples Design and Production

To investigate bending properties from energetic point of view, three types of cellular
structures were used—Diamond, Primitive and Gyroid—which belong to the category of
Triply Periodic Minimal Surfaces (TPMSs). They are based on three-dimensional surfaces
that minimize surface area for a given boundary. Additionally, they are triply periodic,
repeating in three independent spatial directions, resulting in crystallographic symmetry.
They have a zero-mean curvature at every point, indicating that the surfaces are locally
flat and lack sharp edges [28]. The basic unit cells of the above structures designed in PTC
Creo 10.0 software, similarly to the whole samples, are shown in Figure 1.

   
(a) (b) (c) 

Figure 1. Basic cells of the investigated structures: (a) Diamond; (b) Primitive; (c) Gyroid.

The selection of the structures, as well as the Nylon CF12 material, was based not
only on their promising energy absorption properties and possible applications in the
automotive and aerospace industries, but also on ongoing research into the behavior of
cellular structures, which has been conducted at the authors’ home institution for several
years, while the technological conditions of 3D printing were also optimized.

Nylon CF12 is a carbon-filled thermoplastic, featuring 35% short carbon fibers by
weight in a Nylon 12 matrix. It offers superior flexural strength and stiffness-to-weight
ratio among FDM thermoplastics. Ideal for strong yet lightweight tooling, functional
prototypes, and end-use parts in aerospace, automotive, and industrial sectors, it resists
heavy mechanical stress and harsh conditions while maintaining structural integrity. Its
stability, strength, lightness, and vibration resistance also make it suitable, e.g., for drone
frames or components requiring damping properties [29,30].

Physical properties of Nylon CF12 are listed in Table 1.
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Table 1. Physical properties of Nylon CF12 [29].

Property Unit Value

Density g/cm3 1.19
Melting point ◦C 180–190
Tensile modulus of
elasticity * GPa 3–9.46

Ultimate tensile strength * MPa 32.7–83.5
Elongation at break % 1.2–2.4
Toughness J/m2 50

* Depends on printing orientation.

The material in the form of a filament with a diameter of 1.75 mm was delivered
wound on a spool and vacuum-packed, suitable for direct use without the need for drying,
and its properties were verified in ongoing tests, confirming the specifications given in the
material sheet.

Given the manufacturability of the 10 × 10 × 10 mm basic cell of all selected structures
from Nylon CF12, established based on previous research [31], a minimum material volume
fraction (defined as the ratio of the volume of the material required to create the structure
inside the cell to the total volume of the cell space [32]) of Vr = 30% was chosen to determine
the effect of volume fraction on bending properties. Subsequent volume fractions of 35, 40,
45, and 55% were established to examine their respective effects, with the highest fraction
selected to ensure a discernible reduction in the weight of the final products, while the
volume fraction was controlled by the wall thickness of the structure.

Three identical samples were produced from each series specified by volume fraction
and structure type, so a total of 45 samples were manufactured (3 structures × 5 volume
fractions × 3 pieces). Samples’ total sizes of 20 × 20 × 250 mm (2 × 2 × 25 cells) were
printed using the Fused Filament Fabrication (FFF) technique employing a MarkerBot
Method X printer (MakerBot, New York, NY, USA) with MarkerBot Cloud software 3.10.1
with the following production parameters set up based on preliminary research [33]:
filament diameter, 1.75 mm; nozzle diameter, 0.4 mm; temperature in the printer chamber,
65 ◦C; extruder temperature, 260 ◦C; printing speed, 35 mm/s; travel speed, 80 mm/s;
layer height, 0.15 mm; bed temperature, 65 ◦C; printing technique, stripes with 45◦ degree
angle and 90◦ degree rotation for every second layer.

An example of produced samples with 35% volume fraction is in Figure 2.

 
Figure 2. Example of produced samples with 35% volume fraction.

3.2. Testing and Evaluation Methodology

Experimental bending tests were performed on a Zwick 1456 machine (Ulm, Germany)
according to ISO 178:2019 [34] standard at a temperature of 20 ◦C and a humidity of 50%.
The support span distance of l = 200 mm was set symmetrically around the center of the
specimen; the pressure thumb had a radius of 10 mm and operated at a crosshead loading
rate of 10 mm/min. The experimental set up is shown in Figure 3.
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Figure 3. Sample during testing when placed in the experimental set up of the testing machine.

The crosshead speed of 10 mm/min was set up based on the standards of ASTM
D790 (3-point flexural test for plastics) [35] and ISO 178 (plastics—determination of flexural
properties) [34].

ASTM D790 has Procedure A (for materials that break at comparatively small deflec-
tions, it uses a strain rate of 0.01 mm/mm/min) and Procedure B (for materials that yield
large deflections, it uses 0.10 mm/mm/min). ASTM D790 gives the formula for crosshead
speed (displacement rate) calculation. For the material Carbon fiber-reinforced Nylon (i.e.,
thermoplastic composite, moderately stiff and brittle) used in our case, with a support span
of 200 mm and cross-section (width × depth) of 20 mm × 20 mm, the target crosshead
speed was calculated based on the standard recommendation as 66.7 mm/min. This keeps
strain rate at 0.01 mm/mm/min, matching quasi-static requirements.

ISO 178 recommends 1 %/min strain rate for rigid plastics that also leads to a crosshead
speed of 66.7 mm/min. So, both the ASTM D790 and ISO 178 standards are essentially the
same in the crossbar speed prescription.

For 70% porosity (Vf = 30%), the effective modulus is reduced which means that
material stiffness behaves much more flexibly, so calculated crosshead speed was close
to 30 mm/min. The authors decided to use a crosshead speed of 10 mm/min, which
is much slower than the standards prescribe, to be sure that they are in the quasi-static
loading region.

The central position of the pressure finger relative to the supports was ensured by
the test machine fixtures (checked before the experiments were run, Figure 4a), and the
symmetrical position of the sample relative to the push thorn was checked before each
experiment by aligning the marked center of the sample with the center of the push thorn,
as well as with respect to the marked center between the supports (Figure 4b).

  
(a) (b) 

Figure 4. Central position of a sample checking (a) before experiments were run; (b) aligning the
marked center of the sample with the center of the push thorn.
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Outliers from further measurements and calculations were excluded by statistical
processing, while the recorded differences in results between identical samples within one
series were in all cases less than 5%.

Several outcomes were assessed using recorded data and load–deflection curves based
on the fundamental theory of the three-point bending test.

The bending load has its highest value in the cross-section of the maximum deflection,
i.e., in the middle of the specimen, as is seen in Figure 5. The material is subjected to
compressive stress on the inside and tensile stress on the outside side, while the stress
values are highest at the surface layer of the material due to the maximum compression
or strain. In so-called neutral axis, the tensile and compressive stresses are distributed
identically over the cross-section.

 
Figure 5. Three-point bending test in theory—bending moment distribution.

Assuming a linear stress distribution, the bending moment M relates to the stress
σ (Pa) at a distance “z” from the neutral axis, based on the specimen’s cross-sectional
geometry defined by the area moment of inertia I (also referred to as the second moment of
area) [36].

σ =
M
I

z , (1)

The limit to which the materials can be stressed at a given bending load without
permanent deformations is called flexural yield strength. The induced bending moment
My (Nm) at the onset of plastic deformation can be determined with the yield force Fy

according to the equation

My =
Fyl
4

, (2)

where l is a supporting span.
During loading, the energy is stored in the structure. It can be said that a structure’s

energy is its capacity to do work. In linear elasticity, the entire deformation work is
converted into elastic tension energy and strain energy is the internal energy in the structure
because of its deformation [37]. By the principle of conservation of energy,

Wi = U (3)

where U denotes the strain energy and Wi represents the work done by internal forces. For
linearly elastic structures, the partial derivative of the strain energy concerning an applied
force F is equal to the displacement u of the force along its line of action [38,39]:

u =
∂U
∂F

(4)
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The strain energy of a beam can be expressed by the equation [40]:

U =
∫ l

0

M2

2EI
dx. (5)

where E is flexural elastic modulus (Pa) of the beam material. Finding the partial derivative
of this expression will give the equations of Castigliano’s deflection and rotation of beams.

According to elementary beam theory, the applied bending moment M is given as
follows [41]:

M = EI
d2w
dx2 , (6)

where x is the distance along the beam. Then, double integration of Equation (6) results in
the beam’s deflection.

Based on the energy approach, the flexural modulus of elasticity E can also be deter-
mined. If the elastic deflection we (m) is expressed by Equation (7)

we =
Fel3

48EI
, (7)

then flexural elastic modulus can be expressed

E =
Fel3

48we I
, (8)

where Fe denotes the applied elastic force (N).
It becomes apparent from Equation (7) that the greater the product of flexural modulus

E (material property) and area moment of inertia I (geometric property), the less the
specimen deflects. For this reason, this product EI is often referred to as flexural rigidity
Rf (Nm2) which refers to the ability of a material to maintain its shape under stress or load,
while bending stiffness kb (N/m) refers to the ability of a material to resist deformation
when subjected to an external load, and it comes from the relation [42]

kb =
Fe

we
(9)

The sample can continue to be plastically deformed with tough materials as the
load increases. Compared to ductile materials, brittle ones break without any noticeable
deformation [43].

When evaluating results from an energetic point of view, total energy absorption can
be found by integrating the force–deflection curve. Subsequently, based on energy, the
ductility of the beams can also be accessed through two indices, μd and μU, that are given
by Formulas (9) and (10) [44,45]:

μd =
wu

we
(10)

μU =
1
2

(
Utot

Ue
+ 1

)
(11)

where wu (mm) is the deflection at the ultimate load and wu (mm) is the deflection at the
elastic limit; Utot (J) is the total energy absorbed by the sample during bending; and Ue (J)
is the elastic energy absorbed up to the elastic limit.
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4. Results and Discussions

4.1. Experimental Results

In order to determine the behavior of samples of Nylon CF12 material with the selected
topology characterized by the type of structure and volume fraction while maintaining the
cell size of 10 × 10 × 10 mm, experimental testing was carried out using a three-point bend.
During testing, curves of the dependence of the applied force on the deformation of the
beam were recorded. Examples of recorded dependencies of three identical samples, which
were subjected to testing with respect to repeatability and statistical data processing for
three different structure topologies, are shown in Figure 6.

  
(a) (b) (c) 

Figure 6. Load–deformation curves recorded during experimental testing for repeated measurements
of identical samples within a single series: (a) Diamond 30%; (b) Primitive 35%; (c) Gyroid 40%.
(The results of three samples of the same type, tested for repeatability and statistical processing, are
inserted into one graph, while the recorded dependencies are shown in the graph with a different
line color for clarity).

As is evident from the displayed dependencies, the samples in each series showed
good agreement of the measured data and the reliability of repeated measurements, which
was also confirmed by the results of statistical processing focusing on the Grubbs’ test, with
only one outlier found, which was excluded from further data processing.

An example of one collection of post-failure samples divided by structure type and
arranged in ascending order of volume fraction is shown in Figure 7. According to the
assumption, failure occurred at the point of highest stress in the middle of the lower
part of the specimens and crack propagation proceeded by breaching the intercellular
walls upwards.

For structures with a volume fraction of 30%, failures occurred approximately in the
middle of the beam, around the point of the largest bending moment, but at the locations
of the highest stress concentration. In the Diamond structure (Vf = 30%), two crack propa-
gations were observed after failure, which proceeded obliquely upwards perpendicular to
the cell walls (Figure 8a); in the Gyroid (Figure 8b), this was similar, but due to the larger
pore size, the propagation was steeper. In the Primitive structure (Figure 8c), the deflection
of the crack propagation was caused by the perpendicular orientation of the cell wall of the
internal pore, which in this case acted as a reinforcing element.
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(a) (b) (c) 

Figure 7. An example of damaged samples with different volume fractions: (a) Diamond;
(b) Primitive; (c) Gyroid.

   
(a) (b) (c) 

Figure 8. An example of crack propagation (red lines) at the samples with Vf = 30%, magnification
2:1: (a) Diamond; (b) Gyroid; (c) Primitive.

As volume fraction/wall thickness increased, a shift could be seen as slender elements
that could previously buckle or bend plastically were at some stages comparatively rigid;
the load carried by the walls was higher and local stresses likely reached levels that caused
fracture instead of allowing stable plastic deformation. Also, increased wall thickness
reduced slenderness; increased stiffness reduced the amplitude of buckling but increased
stress concentration at defects, etc.

The threshold volume fraction (or relative density), at which the failure mechanism
transitions (from buckling/ductile to brittle), depends not only on the geometry (topology),
but also on the material and the quality (defects, etc.). For our observed samples, those
volume fractions, 40% for Gyroid and 45% for Diamond, are plausible thresholds, which
are related to the material Nylon CF12 and print/processing conditions.

To assess the influence of volume fraction Vf on the behavior of samples during
bending loading, the measured data were processed and grouped by type of structures.
The average values of measured maximal forces are listed in Table 2, while representative
curves of one of the series of samples for each structure type are shown in Figure 9.

As expected, with increasing volume fraction, the maximum measured force also
increased; however, its increase was not regular regarding the volume fraction, but for
different types of structures the behavior was different, and similarly with regard to
the deflection achieved at sample failure. Therefore, examining the behavior of struc-
tures from various perspectives, including energetic viewpoint, could provide a more
comprehensive understanding.
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Table 2. Measured maximal forces Fmax (N).

Vf
Structure Type

Diamond Primitive Gyroid
M

ax
im

al
Fo

rc
e

F m
ax

(N
)

30% 163 ± 6.67 141 ± 5.33 110 ± 4.67
35% 190 ± 2.67 151 ± 4.67 227 ± 2.33
40% 213 ± 2.00 158 ± 5.33 242 ± 4.67
45% 279 ± 4.67 179 ± 4.00 252 ± 6.67
55% 317 ± 6.67 314 ± 6.33 283 ± 0.50

 
(a) (b) 

 
(c) 

Figure 9. Representative force–deflection curves with different volume fraction for individual
structures: (a) Diamond; (b) Primitive; (c) Gyroid.

4.2. Evaluation of Research Results from Mechanical and Energy Absorption Perspective

When evaluating the measured data and dependencies, at first, the bending stiff-
ness was calculated for each structure topology given by the type of structure and the
volume fraction.

From the histogram in Figure 10, it is clear that stiffness increases with increasing
volume fraction, which was expected. However, it is possible to observe different ways
of increasing stiffness with increasing volume fraction for different structures. For the
Primitive structure, the increase in stiffness is slow, and only at a volume fraction of 55%
is a sudden change evident, while the values for the studied area were in the range of
13.2–28.4 N/mm.
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Figure 10. Bending stiffness.

For Gyroid, the dependence of kb on Vf appears to be linearly increasing with val-
ues from 15 to 39.3 N/mm for extreme values of volume fraction of 30 and 55%, while
the highest stiffness values (20.9–47.3 N/mm) within the investigated range of volume
fraction were shown by the Diamond structure and the increase trend is related to an
exponential function.

The irregular growth of stiffness occurs because cellular materials have a nonlinear
response as they approach a more rigid mass-like structure. This transition depends on the
architecture of the unit cells and the mechanical properties of the material used. It can be
said that as the volume fraction in a cellular structure increases, the relative thickness of
the cell walls also increases, which affects the stiffness due to the bending and stretching
of the material in the structure. Thicker walls contribute more to the overall stiffness,
while thinner walls make the structure more flexible, as described in the studies [46,47].
Cellular materials are also prone to stress concentrations at the intersections of cell walls
and pores, which act as notches [48]. Higher volume fraction can lead to a transition where
the material becomes less porous and more rigid, which affects both stress transfers.

The authors therefore made a quick overview of the dependence of the wall thickness
of the structure on the volume fraction, and found that the differences between the wall
thicknesses of the structure are relatively large for the same volume fraction of the samples.
Below, in Figure 11, the authors generated dependence of the wall thickness on the volume
fraction for all three types of structures with a basic cell size of a = 10 mm.

Figure 11. Dependencies of wall thickness on volume fraction for all three studied structures with a
basic cell size of a = 10 mm.

It is possible to obtain wall thickness values for higher volume fractions based on the
trend of the dependencies given by the equations (with coefficient R2 = 1 in all three cases):

Diamond:
y = 0.0224x + 0.001 (12)
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Gyroid:
y = 0.0284x + 0.0012 (13)

Primitive:
y = 0.0322x + 0.0001 (14)

The graph in Figure 11 explains why the Primitive structure exhibits the lowest
mechanical properties and the Diamond structure the highest, and demonstrates that wall
thickness is a significant factor influencing the properties of the structures if the volume
fraction (i.e., the amount of solid phase material used in the production of samples) is set
as a criterion for comparing the behavior of the structures.

Analysis of the results suggests that the stiffness mutation observed at 55% volume
fraction in the Primitive structure could be due to an increase in cell wall thickness, which
causes the material to transition from a “porous support” structure to a “quasi-rigid”
structure, where the structure is more continuous and the material can carry a greater load.
This transition is likely to lead to a shift in the mechanical properties of the material.

The Gibson-Ashby model [49] describes the mechanical behavior of cellular solids
by relating their effective modulus to their relative density (volume fraction). The model
predicts the stiffness of the structure based on geometric factors (such as cell wall thickness)
and material properties. However, the Gibson-Ashby model assumes isotropic struc-
tures, which may not be applicable to more complex, anisotropic lattice structures such as
Gyroid or Diamond, which may require more sophisticated models to account for their
geometric anisotropy as well as realistic manufacturing conditions and the influence of
technological parameters.

For practical applications, it is essential to know the behavior of samples within elastic
regions to ensure that components function within a safe range, thereby preventing plastic
deformation and potential damage. By means of Equations (2) and (8), and entering the
geometric characteristics of the structure using software in which the 3D models of the
samples were generated, the yield strength σy and effective modulus of elasticity E were
calculated, implementing the average value of the force at the elastic point for a specific
sample topology, and these are presented in Figure 12. Since the experiments were not
directly aimed at specifying Young’s modulus following the necessary standards, the
term “effective modulus of elasticity Eef” is applied in the manuscript for the purpose of
presenting the obtained results, which represent the real behavior of the sample under the
given conditions.

 
(a) (b) 

Figure 12. Dependence of: (a) yield strength; (b) effective flexural modulus of elasticity, on
volume fraction.
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The effective elastic modulus in bending varied within the range of investigated
volume fraction Vf for individual structures according to the trends described by the
following equations:

Diamond: (R2 = 0.9516)

y = 0.0164x2 − 1.3202x + 46.804 (15)

Gyroid: (R2 = 0.9922)

y = −0.0422x2 + 3.8017x − 63.251 (16)

Primitive: (R2 = 0.9798)

y = 0.0328x2 − 2.711x + 66.991 (17)

It is clear that in the investigated volume fraction range of 30–55% (limited by manufac-
turability and meaningful applicable material lightweighting) there is a region (minimum
for Primitive and Diamond structures, respectively; maximum for Gyroid structure) in
which the stresses become extreme, which can mean that this combination of material,
structure, technological conditions, cell size, skin thickness, and volume fraction (controlled
by wall thickness) is the most suitable (respectively, the most unsuitable) for use when
considering the behavior of the sample in the elastic region.

With a high coefficient of determination R2, which states how well the statistical
model predicts the outcomes [50], it is possible to calculate a more accurate volume fraction
in which the function takes an extreme. For example, in the Gyroid structure, where a
second-order polynomial describes the behavior of the structure in terms of yield strength
with respect to volume fraction with relatively high reliability (R2 = 0.9922 is high, close
to 1), it is possible to determine through computation that the extremum of the function
(maximum value of yield strength) will be at a volume fraction of Vf = 45.044%.

Similarly, the dependence functions of the effective modulus of elasticity Eef on the
volume fraction Vf for individual structures were generated, while to describe the depen-
dencies with relatively good reliability of predicting the outputs, it was necessary to use
polynomials of a higher degree (third order for Gyroid and Primitive, and fourth order for
Diamond). The obtained dependency equations are as follows:

Diamond, R2 = 0.9402

y = −11.75x4 + 122.83x3 − 390.75x2 + 558.67x + 372 (18)

Gyroid, R2 = 0.9534

y = 0.1139x3 − 16.604x2 + 781.62x − 11149 (19)

Primitive, R2 = 0.9711

y = −0.0265x3 + 4.7789x2 − 256.47x + 4743.9 (20)

In this case, it also appears that the functions in a given range of volume fractions
reach an extreme at which the configuration of input parameters for the effective modulus
of elasticity Eef (Eef = σy/ε) is the most (or the least) appropriate. On the basis of the
dependencies, it is also inversely possible to determine the necessary volume fraction of
the material for the required modulus of elasticity, since sometimes in practice, for low-
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stressed components, the yield strength values are not the most important, but the strain is
more important.

A measure of the energy dissipation capacity of a structure is given by ductility, which
is the deformation capacity of a structure after the first yield [51]. Energy dissipation is
desirable for structures in many applications since it refers to the loss of energy in a system
in quasi-static loading, and materials with high static energy dissipation tend to also have
high damping capabilities under oscillatory motion [52].

Based on the methodology presented in Section 3.2, the values of absorbed energy
UFmax (J) up to the maximum force Fmax (N), energy required to break the sample Ubreak

(J), and consequently the values of the ductility indices μd and μE were calculated for
individual samples. The average values achieved from three measurements of identical
samples’ topologies are shown in the graphs in Figures 13–15, while the deviation of the
evaluated variable did not exceed 5% in all cases.

Both histograms in Figure 13 show similar behavior in samples of the same type. In
Gyroid and Diamond structures, the values of absorbed energy (both UFmax until reaching
Fmax and Ubreak until break) increased. Gyroid reached maximum values of absorbed
energy at Vf = 40%, unlike the Diamond structure, in which the values were highest at
45% volume fraction, after which the values decreased in both structures. The Primitive
structure also showed a gradual increase in absorbed energy with increasing volume
fraction, reaching a maximum at the highest volume fraction examined of 55%, but the
further development trend (increase or decrease in energy) is difficult to predict from the
measured results.

 
(a) (b) 

Figure 13. Histograms showing amount of energy (a) absorbed up to the maximum force Fmax (N);
(b) required to break the sample.

Figure 14. Energy absorption to break per mass unit.
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(a) (b) 

Figure 15. Ductility indices derived from (a) deformation and (b) absorbed energy for the investigated
topologies of the structures.

In order to compare the efficiency of material use, and for the purpose of comparing
performance with other materials (results of other researchers), the amount of energy
absorbed (until the sample breaks) per unit volume of the solid phase was calculated and
plotted in the histogram in Figure 14, and the values achieved for energy absorption to
break per a unit mass were tabled (Table 3).

Table 3. Average values of energy absorption to break per unit mass (J/g) for individual structures.

Structure
Type

Volume Fraction Vf (%)
30 35 40 45 55

Gyroid 0.1737 0.2107 0.2161 0.1837 0.1075
Diamond 0.1940 0.1843 0.2046 0.2292 0.1343
Primitive 0.1162 0.1134 0.1071 0.1064 0.1215

It is clear from the graph in Figure 14 that the highest absorbed energy normalized to
a unit volume of material is achieved by structures at different volume fractions; while for
Gyroid it is at 40% of the Nylon CF12 used and the value of Ubreak per unit volume reaches
0.257 MJ/m3, for the Diamond structure it is at a volume fraction of Vf = 45%, Ubreak per
unit volume = 0.273 MJ/m3, and for Primitive it is 0.145 MJ/m3 at a volume fraction of 55%.
Interesting values of material utilization efficiency for evaluating the amount of absorbed
energy were shown by the Diamond structure, which at 30% volume fraction reached a
value of 0.231 MJ/m3, which is higher than the Gyroid structure at Vf = 45%, and than the
Diamond structure at Vf = 35%.

After recalculating with the specific gravity of the material (1.19 g/cm3) [29], the
Diamond and Gyroid structures in our research achieved energy absorption values in
the range of 0.174–0.229 J/g, which is in line with the available study by Feng et al. [53],
which focused on CFRP tubes filled with bio-inspired stepped lattices and achieved an
amount of absorbed energy in the range of 1.33–3.19 J/g. On the other hand, our energy
absorption values are about half the results achieved by Ma [54], who dealt with a reinforced
star-shaped sandwich beam with auxetic honeycomb (RSSAH) reinforced with hollow
thin-walled tubes of the polymer material PLA. Zhou [55] evaluated energy absorption
performances of novel auxetic honeycomb circular tubes under different impact loading,
made of PLA and designed with a gradient auxetic circular tube (ACT) by adjusting the
number of radial honeycomb layers. The amount of energy absorbed reached a value of
around 1 J/g for their structures.
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In these mentioned cases, the skin covering the structures and its thickness played an
important role, as well as the volume fraction of the material and the shape of the samples,
which affect the section modulus of inertia to a large extent. The authors of the presented
research did not use any skin because they wanted to know the properties of the structures
themselves without the influence of the outer skin since their previous research [5] showed
that the influence of the outer surface layer of a continuous material (so-called skin) is
very large.

Energy absorption performances of hybrid thin-walled tubes with BCC and BCC-Z
lattice structures investigated by Cetin [56], which were made of AlSi10Mg, reached 35 J/g
under axial impact loading conditions. In this case, the metal material and the method of
loading play the most important role.

The ductility indices, μd (based on deformation, Figure 15a) and μU (based on ab-
sorbed energy, Figure 15b), show inverse behavioral trends for individual structures with
increasing volume fraction compared to the trend of energy absorption dependences on
volume fraction (Figure 13). If the values of one of the indices decrease with increasing
volume fraction, the values of the other index increase, while for the Primitive structure the
trend is almost constant in both cases.

As mentioned above, in the experimental analysis of structures with Gyroid and
Diamond topologies, an inverse relationship was observed between the ductility indices
(μd, μu) and the ability of the material to absorb energy during deformation. With in-
creasing energy absorption, the ductility of the material decreases, which at first glance
seems paradoxical, since a higher rate of absorbed energy is often associated with a greater
deformation capacity. However, this phenomenon can be explained in terms of the domi-
nant mechanisms of plastic dissipation and the nature of the deformation of the cellular
structure itself.

In structures with a higher volume fraction, i.e., denser topologies, more elastic
deformation occurred during loading, while the proportion of plastic energy dissipation
was limited. The thicker and stiffer cell walls of these structures showed increased resistance
to plastic flow and were more prone to elastic buckling or local deformations, which allowed
for a more efficient distribution of the loaded energy without permanent damage to the
material. This led to a higher value of absorbed energy, but at the cost of reduced ductility,
because plastic deformation—and therefore the ability of the material to change its shape
without immediate failure—was significantly limited.

In contrast, structures with a lower volume fraction had thinner cell walls, which
were more sensitive to plastic mechanisms such as permanent buckling, local fractures, or
friction between elements. In such cases, the energy during deformation was absorbed
predominantly by plastic work, thereby increasing the ductility of the structure. However,
this higher deformation capacity was achieved at the cost of lower overall energy absorp-
tion, as the structure was not able to effectively resist sudden or intense loads in an elastic
manner alone.

This correlation between ductility, energy absorption, and structural safety has a
fundamental impact on the selection of the appropriate topology for a particular applica-
tion. In cases where impact protection is a priority, such as in automotive deformation
zones or protective elements, structures with a higher volume fraction and higher energy
absorption are more suitable, even at the cost of lower ductility. Conversely, in applications
where high ductility or flexibility is required—such as in biomechanical implants or soft
damping components—structures with lower density are more advantageous, allowing for
greater plastic deformations. In cases where a compromise between energy absorption and
ductility is needed, such as in vibration dampers or multipurpose technical components,

23



Polymers 2025, 17, 2795

solutions with structural gradation, or a combination of different topologies or materials,
appear promising.

It follows from the above that the inverse relationship between energy absorption
and ductility is not just an empirical observation, but reflects deeper connections between
microstructural geometry, deformation mechanisms, and energy dissipation. In the fu-
ture, when designing functional structures from advanced topologies such as Gyroid and
Diamond, it will be therefore essential for the authors to consider not only their static
strength, but also their dynamic and plastic behavior in terms of the requirements of the
given application.

In connection with the tested material, questions arise regarding its limits in use for
specific applications. One of the most important environmental factors that can affect
the performance of Nylon CF12 is temperature. Since Nylon, as a synthetic fiber-based
polymer, is known for its susceptibility to change in mechanical properties at elevated
temperatures, in real practice, where materials are exposed to high temperatures, its
thermal degradation can occur. High temperatures can lead to softening of the material,
a decrease in its strength and elasticity, and thus a decrease in its ability to withstand
mechanical loads [57]. This effect can be particularly critical in applications where the
requirements for long-term stability of the material at operating temperatures are high.
On the other hand, low temperatures can also affect the performance of the material,
especially if Nylon CF12 operates in aerospace applications or in places with extreme winter
conditions. At temperatures below freezing, the material can become more brittle and less
able to withstand shock or impact loads, which could lead to structural failure [58]. These
temperature changes can have a negative impact on the overall service life of components
made from this material.

Another factor to consider when selecting Nylon CF12 for a given application is the
effect of humidity. Nylon, as a hygroscopic material, tends to absorb moisture from the
surrounding environment. In the case of high humid conditions (e.g., in humid environ-
ments or when the material is exposed to rain), mechanical properties can degrade, such
as a decrease in strength and elastic modulus. Humidity causes water molecules to bind
to the polymer chains, which can lead to their swelling and a decrease in intermolecular
forces between the chains [59]. This process can ultimately affect not only the strength of
the material, but also its resistance to wear and fatigue damage.

Possible improvements in the material properties include, for example, modifying the
material mixture to increase moisture resistance and improve stability at high temperatures,
or implementing protective coatings or composite materials to provide additional protection
against external influences.

For later practical applications, it will be important to find a compromise (using
multi-criteria optimization) between the performance characteristics of the sample and the
material consumption, while of course it will be necessary to take into account other safety
and reliability factors.

5. Conclusions

Porous materials can be an effective tool for saving material and reducing the weight
of a component while maintaining its desired properties. The aim of the presented research
was to determine the effect of volume fraction on the properties of Nylon CF12 in terms
of mechanical properties and energy absorption to assess their dissipative properties and
damping potential. At the same time, the behavior of three types of complex porous
structures (Diamond, Gyroid, and Primitive) was compared when changing the volume
fraction, while the same basic cell size was maintained for all samples. The most important
findings of the research are as follows:
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• The stiffness of the structure increased with increasing volume fraction, and the
highest stiffness was shown by the Diamond structure with values from 20.9 to 47.3
N/mm, followed by Gyroid in the range of 15–39.3 N/mm, and finally by the Primitive
structure with values of 13.2–28.4 N/mm in the investigated volume fraction range
of 30–55%.

• When assessing the behavior of the sample in the elastic region, the results of yield
strength and effective elastic modulus showed that within the investigated volume
fraction range of 30–55%, there is an area in which the individual structures show the
best/worst properties, which may mean that this specific combination of material,
structure, technological conditions, cell size, and volume fraction is the most suitable
(or least suitable). The dependencies of the above variables on Vf can be described
by polynomial functions with relatively good reliability, but the resulting equations
and coefficients will need to be verified in the future by testing with a larger number
of samples.

• Thicker and stiffer cell walls of these structures have shown increased resistance to
plastic flow and are more susceptible to elastic buckling or local deformations, which
allow for a more efficient distribution of the loaded energy without permanent damage
to the material. This leads to a higher value of absorbed energy, but at the cost of
reduced ductility, since plastic deformation—and therefore the ability of the material
to change its shape without immediate failure—is significantly limited.

• Until reaching maximum force, the Gyroid structure is best able to absorb energy,
and in terms of the total energy that the samples were able to absorb until failure,
the Gyroid and Diamond structures were comparable; however, the highest values of
absorbed energy were achieved by the Gyroid structure at 40% volume fraction, and
the Diamond structure at Vf = 45%.

• The inverse relationship between energy absorption and ductility reflects deeper
connections between microstructural geometry, deformation mechanisms, and
energy dissipation.

• In terms of ductility, the structures show different behavior. In the area up to the
maximum load, the ductility index μd based on deflection shows for the Gyroid
structure a decreasing character with increasing volume fraction, and, conversely,
for the Diamond structure it increases, while at Vf = 55% a significant decrease was
already recorded at the Diamond structure.
In the area of the behavior of the samples up to failure, the ductility index derived on
the basis of energy has the opposite trend; for the Gyroid it increases with volume
fraction and for the Diamond it decreases.
The Primitive structure shows stable values with the smallest influence of volume
fraction in both ductility indices.

• Based on the research, it can be stated that both Gyroid and Diamond structures
appear to be suitable static energy dissipators and the choice of structure will depend
on the application and the area in which energy absorption is required (i.e., whether
it is a stress area up to maximum load or to total failure). The damping properties
during oscillation or impact will be verified and compared in the authors’ research in
the near future.
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Abstract: In this research, a single composite-type stretchable triboelectric nanogenerator
(TENG) is proposed for efficient energy harvesting and handwriting recognition. The com-
posite TENGs were fabricated by blending dielectric barium titanate (BT) and conductive
carbon nanotubes (CNTs) in varying amounts into a styrene–butadiene rubber matrix. The
energy harvesting efficiency depends on the type and amount of fillers, as well as their
dispersion within the matrix. Stearic acid modification of BT enables near-nanoscale filler
distribution, resulting in high energy conversion efficiencies. The composite achieved
power efficiency, power density, charge efficiency, and charge density values of 1.127
nW/N, 8.258 mW/m3, 0.146 nC/N, and 1.072 mC/m3, respectively, under only 2% cyclic
compressive strain at 0.85 Hz. The material performs better at low stress–strain ranges,
exhibiting higher charge efficiency. The generated charge in the TENG composite is well
correlated with the compressive stress, which provides a minimum activation pressure
of 0.144 kPa, making it suitable for low-pressure sensing applications. A flat composite
with dimensions of 0.02 × 6 × 5 cm3 can produce a power density of 26.04 W/m3, a charge
density of 0.205 mC/m3, and an output voltage of 10 V from a single hand pat. The rubber
composite also demonstrates high accuracy in handwriting recognition across different
individuals, with clear differences in sensitivity curves. Repeated attempts by the same
person show minimal deviation (<5%) in writing time. Additionally, the presence of rein-
forcing fillers enhances mechanical strength and durability, making the composite suitable
for long-term cyclic energy harvesting and wearable sensor applications.

Keywords: triboelectric nanogenerator; barium titanate; carbon nanotubes; rubber
nanocomposite; energy harvesting; handwriting recognition

1. Introduction

Electrical energy derived from physical processes has become increasingly viable due
to advancements in materials and technology. Although the energy produced through
these processes is comparatively low, it does not have the harmful environmental im-
pacts associated with chemical processes. Recently, nanogenerators have been developed
to generate energy on both small and large scales from mechanical motion or tempera-
ture gradients [1]. Among various types of nanogenerators, triboelectric nanogenerators
(TENGs) have gained significant attention for their ability to harvest energy from mechani-
cal motion [2]. However, several challenges remain, including low power density, material
degradation due to friction, low stretchability, environmental sensitivity, limitations in
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large-scale production, irregular output, charge retention issues, fabrication complexity,
and compatibility with existing systems [3–8]. Overcoming these challenges could enable
TENGs to provide scalable energy solutions that can be utilized across a wide range of
intelligent and commercial applications [9–14].

Material selection and fabrication techniques are crucial for achieving high-power
TENGs. Ideally, the selected materials should possess high dielectric constants, wide
electron affinity differences, and large surface areas [15–18]. Since TENGs rely on contact
and separation mechanisms to generate electrical energy, significant physical interaction
between the interfaces is essential. This interaction leads to higher frictional forces, which,
in turn, generate more triboelectric charges [19,20]. The materials used in triboelectric
nanogenerators are diverse, including metals as conductors, dielectric polymers, and
inorganic materials [21]. Several parameters must be considered for practical applications,
including power efficiency, stretchability, mechanical stability, and material compatibility.

Among various electrically conductive materials, carbon nanotubes (CNTs) have
emerged as attractive components in TENGs. Okochi et al. [22] found that carbon nanotube
composite papers can serve as TENGs with promising output voltages. In another study,
Kınas et al. [23] demonstrated that a 3 wt% CNT-based polyacrylonitrile nanofiber TENG
composite (4 × 4 cm2) could generate 960 V and had a charge capacity of 260 nC under a
14.6 MΩ load resistance and a 0.022 μF capacitive load, respectively. Wang et al. [24] devel-
oped a TENG incorporating 0.5% CNTs into a supramolecular polyrotaxane matrix, achiev-
ing a power density of 385 mW/m2 at a 20 MΩ load resistance. Although polymer-based
composites [22–24] show significant output power densities, they may exhibit limitations
in mechanical properties such as stretchability. To address this, Lee et al. [25] developed
a poly (dimethylsiloxane) (PDMS)-based TENG using surface-modified CNTs via pulsed
laser ablation, achieving excellent power density. Similarly, Matsunaga et al. [26] demon-
strated a transparent and stretchable TENG fabricated with a thin CNT film over a PDMS
substrate, achieving excellent power output suitable for soft wearable applications.

Dielectric ceramic materials play a significant role in enhancing the dielectric prop-
erties of TENG components, thereby improving charge accumulation and polarization,
which leads to higher energy harvesting efficiencies [17,27–29]. Barium titanate, a ceramic
material with a high dielectric constant and excellent binding capability with polymers, is
an attractive choice for TENG composites [30–34]. Pandey et al. [30] fabricated a Nafion-
functionalized barium titanate and polyvinylidene fluoride composite, which demonstrated
several times higher output voltage, current density, and power density compared to pris-
tine polyvinylidene fluoride. Sun et al. [31] achieved a high-performance TENG by using
aminated barium titanate and functionalized graphite oxide with polyimide as a substrate,
aimed at the early detection of Parkinson’s disease. Yan et al. [32] demonstrated a TENG
with a polyimide nanofiber and a piezoelectric carbon nanotube/barium titanate hybrid
filler-based composite, resulting in three times higher energy output compared to pristine
polyimide. They also achieved a maximum power density of 5.3 W/m2 at a 5 MΩ loading
resistance and a maximum charge of approximately 80 nC with 25 N of applied force.
Shuai-Bo et al. [33] developed a paper-based TENG using barium titanate and bamboo
cellulose, achieving 13.51 μA of current, 118.5 V output voltage, and a maximum power
density of 0.36 W/m2 at a 5 MΩ load resistance, significantly outperforming pure cellulose
paper. Similarly, Patil et al. [34] achieved 103 V output voltage, 3.6 μA current, and a
maximum power density of 32 μW/cm2 at 40 N of applied force with a copy paper and bar-
ium titanate-based composite. From this discussion, it is evident that TENG performance
varies significantly with material properties, and thus, the choice of materials is critical for
achieving higher energy conversion efficiency.
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Recently, rubber has emerged as a viable candidate for flexible and stretchable TENG
applications [35–39]. As a tribo-negative material, rubber can be combined with tribo-
positive materials to enhance TENG efficiency. Unlike other polymeric materials, rubber
offers a wide elasticity range and robust stretchability. Additionally, due to stronger
physical and chemical interactions with various fillers, the mechanical properties of rubber-
based composites can be significantly improved. As a result, rubber composite-based
TENGs are suitable for use in durable electronic and energy-harvesting systems.

Appamato et al. [35] fabricated natural rubber-Ag nanocomposites with different
surfactants, finding that cationic surfactant CTAB-capped Ag nanoparticles resulted in
higher power densities compared to anionic SDS-modified composites, due to better
filler dispersion and dielectric enhancements. These composites achieved a maximum
output voltage of 120 V and a power density of 0.83 W/m2, which is six times higher
than unfilled natural rubber. The composites also exhibited antibacterial activity and
demonstrated energy harvesting from walking using a TENG film integrated into a shoe
insole. In another study, Chomjun et al. [36] obtained a maximum power density of
0.242 W/m2 and an output voltage of 89.6 V using a natural rubber and activated carbon
composite. Candido et al. [37] fabricated all-silicone rubber-based TENGs, achieving a
maximum power density of 197.2 μW/cm2 and an output voltage of 308.7 V with graphite-
impregnated electrodes. Lu et al. [38] developed a TENG with carboxyl-functionalized
nitrile butadiene rubber, achieving a maximum power density of 6.14 W/m2. Gao et al. [39]
created a TENG from a special rubber prepared by grafting acrylamide and hydroxyethyl
acrylate to carboxylated nitrile butadiene rubber, obtaining an open-circuit voltage of 723 V
and a power density of 3.25 W/m2. These results highlight that output voltage, current,
and power density vary with different rubber composites, likely due to differences in
electron affinity values and measurement techniques. A TENG composite with higher
resistivity may produce higher peak voltage and current according to Ohm’s law. Similarly,
maximum power density can be achieved at an optimum loading resistance. However,
charge generation primarily depends on the electron affinity differences and the interfacial
areas of interaction between the materials. Therefore, for high-performance TENGs, the
composite should exhibit a high electron affinity difference and large interfacial areas
of interaction.

Although the separated triboelectric interfaces in a TENG provide better peak volt-
ages due to the non-conducting nature of the films, the peaks are often non-symmetric
and irregular with mechanical loads. This could be attributed to the non-homogeneous
mechanical load transfer caused by distinctly separated triboelectric interfaces in the
two-electrode-based TENG system, which limits its application as a physical sensor. An-
other disadvantage of the two-electrode TENG system is the lower mechanical stability
when sufficiently thin films are used to enhance performance. In contrast, a single-electrode
type TENG produces lower output currents and voltages but exhibits more symmetric
responses to mechanical loads due to the homogeneous distribution of the triboelectric
interfaces in the composite. Considering these challenges, we have proposed a single-
electrode type TENG fabricated by incorporating conducting carbon nanotubes (CNTs)
and high-dielectric barium titanate (BT) into a styrene–butadiene rubber (SBR) matrix. SBR
is a synthetic rubber known for its high industrial value due to its elasticity, stretchability,
abrasion resistance, and ability to be reinforced with various fillers through physical and
chemical interactions [40–43]. Moreover, SBR contains a large number of benzene rings
as π-electron systems, which strongly interact with carbon materials such as carbon nan-
otubes through π–π interactions. This significantly improves the mechanical, electrical, and
electromechanical properties of the rubber composite [43]. Unlike other diene rubbers, SBR
also has a lower number of reactive unsaturations in its molecular chains, providing better
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aging resistance [44] and making it more suitable for harsh environments. Furthermore,
SBR belongs to the tribo-negative side, while barium titanate belongs to the tribo-positive
side in the triboelectric series, facilitating higher triboelectric charge generation. Given
these properties, SBR and the selected fillers were deliberately chosen to formulate a new
TENG composite aimed at achieving higher performance.

Here, we propose a single-electrode TENG composite, where electrically conduct-
ing networks in the rubber matrix act as the electrode, and rubber and barium titanate
interfaces serve as triboelectric layers, forming numerous hypothetical triboelectric cells
within the rubber composite. Upon the application of mechanical energy, even at very low
deformation, these cells generate a significant amount of triboelectric charge due to internal
friction between the rubber and barium titanate particles. This TENG offers several advan-
tages, including symmetric output voltage and current, possibly due to the homogeneous
distribution of the filler, which results in smooth mechanical load transfer. Moreover, due
to the strong reinforcing abilities of the filler materials, the composite becomes more robust
and gains higher mechanical stability, which is essential for a durable energy-harvesting
system. To understand the triboelectric behaviors of different rubber composites with vary-
ing filler amounts, power efficiency, power density, charge efficiency, and charge density
were measured. In a triboelectric cell, both the interactive area and the electrode area are
critical factors; thus, optimal conductivity and an optimal filler–rubber interfacial area
can result in the highest triboelectric charge generation. To investigate the triboelectric
interactions between barium titanate and the rubber phases, barium titanate was modified
with stearic acid, with the belief that, at an optimal concentration, it would enhance filler
dispersion in the rubber matrix, thereby resulting in higher triboelectric charge generation.
Beyond the optimum concentration, excess unreacted stearic acid may remain between the
triboelectric layers, reducing triboelectric efficiencies. The results support this hypothesis.
Finally, the optimum TENG composite was demonstrated for longer energy-harvesting
cycles and personal handwriting recognition.

2. Materials and Methods

2.1. Materials

Styrene–butadiene rubber (SBR-1502, approximately 23.5% styrene monomer content)
was procured from Kumho Petrochemicals, Seoul, Republic of Korea. A masterbatch of
unvulcanized rubber was formulated using a two-roll mixing mill, incorporating curing
ingredients such as zinc oxide, stearic acid, tetramethyl thiuram disulfide, N-tert-butyl-
benzothiazole sulfonamide, and sulfur in the amounts of 5, 2, 1, 1.75, and 1.5 g, respectively,
per 100 g of raw rubber, as described elsewhere [42,43]. Barium titanate (BT), with a
primary particle size of 100 nm, was purchased from US Research Nanomaterials, Inc.,
Houston, TX, USA. Multiwalled carbon nanotubes (CNT, CNT-100), with a specific sur-
face area of 250 m2/g, were purchased from Hanwha Nanotech Corporation Ltd., Seoul,
Republic of Korea. Both fillers were further characterized by X-ray diffraction (XRD, PAN-
alytical XpertPro, Malvern, Worcestershire, UK) and scanning electron microscopy (SEM,
S-4800, Hitachi, Tokyo, Japan) to examine their crystal structures and morphology. The
results are provided in Figure 1a–d. Figure 1a shows the cubic crystalline structure of
barium titanate, according to the ICDD-PDF#01-084-9618 [45]. The SEM image in Figure 1b
indicates that the primary particle dimensions range within 100 nm, although the agglom-
erated filler structures vary from a few micrometers to several micrometers (as shown in
the inset of Figure 1b). The XRD result in Figure 1c confirms that CNTs exhibit a hexagonal
graphitic crystal structure, according to the reference JCPDS PDF#00-008-0415. The SEM
image reveals that the CNTs have tubular morphologies, with individual tube diameters of
less than 50 nm and lengths extending to a few micrometers.
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Figure 1. (a) XRD plot BaTiO3, (b) SEM image images of BaTiO3, (c) XRD plot of CNT, and (d) SEM
image of CNT.

2.2. Fabrication of Rubber Composites

Before preparing the vulcanized rubber composites, the filler materials were mixed
with the unvulcanized masterbatch rubber using a solvent blending technique. This method
offers several advantages, including uniform filler dispersion, efficient wetting of fillers
by rubber chains, and enhanced electrical properties in the resulting rubber composites.
Additionally, it minimizes environmental impact when the solvent is used in a controlled
manner, as described previously [42,43,46].

First, 25 g of masterbatch rubber was taken in a glass jar, and 80 mL of toluene was
added and left to soak for about 18–20 h. After soaking, the rubber was converted into a
slurry by mechanical stirring. In another glass container, the requisite amount of barium
titanate from Table 1 was dispersed in 100 mL of toluene and sonicated for 1 h. The
container was then placed in an oven at 100 ◦C to evaporate the solvent, reducing the total
volume by half. For stearic acid-modified barium titanate-filled composites, the required
amount of stearic acid from Table 1 was first dissolved in toluene before adding the barium
titanate, followed by sonication. After removing the barium titanate solution from the oven,
the requisite amount of CNTs was added to the solution, and the entire mixture was further
sonicated for another 30 min. In the next step, the rubber slurry and the solvent-blended
fillers were mixed by vigorous mechanical stirring for about 10 min. The final slurry was
then placed in a flat tray and dried in an oven at 80 ◦C for about 24 h. The dried rubber
compounds were subsequently cured (vulcanized) into sheet and cylindrical shapes, as
presented in Figure S1a (Supporting Information), using a hot press molding machine at
150 ◦C for 15 min [42,43].
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Table 1. Mixing compositions of different fillers and modifier per hundred grams of masterbatch
rubber (phr).

Formulation
Amount of

Masterbatch
Rubber (g)

Amount of
BaTiO3 (g)

Amount of CNTs (g)
Amount of Stearic
Acid Modifier (g)

BT-50/CNT-1.5/ 100 50 1.5 -
BT-50/CNT-2 100 50 2.0 -

BT-50/CNT-2.5/ 100 50 2.5 -
BT-100/CNT-2.5 100 100 2.5 -

BT-50/CNT-2/SA-1 100 50 2 1
BT-50/CNT-2/SA-3 100 50 2 3
BT-50/CNT-2/SA-5 100 50 2 5

2.3. Measurements of Mechanical Properties

Mechanical properties, including compressive and tensile behavior, were investigated
using a Universal Testing Machine (Lloyd UTM, Westminster, UK) equipped with a 1 kN
load cell. For compressive tests, cylindrical samples (height = 10 mm, diameter = 20 mm)
were compressed up to 20% strain at a motor speed of 2 mm/min. For tensile tests,
dumbbell-shaped specimens (ISO-37 [47], Type-2) were used, with the motor speed set to
300 mm/min. To determine the average value of each specific property, four consecutive
tests were conducted.

2.4. Filler Dispersion of Rubber Composites

The dispersion of fillers in the rubber matrix was studied using the aforementioned
SEM instrument. Tensile fracture surfaces of the rubber composites were used for SEM
analysis. Prior to imaging, the samples were sputter-coated with gold.

2.5. Measurements of Triboelectric Properties

A digital multimeter (Keysight 34461A, Keysight, Santa Rosa, CA, USA) and a loading
machine (UTM) were used to measure the triboelectric performance in terms of power
efficiency, power density, charge efficiency, and charge density under a 2% compressive
loading–unloading cycle of cylindrical specimens (height = 10 mm, diameter = 20 mm).
These parameters were calculated using the following equations (Equations (1)–(4)) at a
frequency of 0.85 Hz, based on the average of ten cycles:

Power e f f iciency =
ΔI·ΔV

N
(1)

Power density =
ΔI·ΔV

Vn
(2)

Charge e f f iciency =

∫ t
0 I(t)dt

N
(3)

Charge density =

∫ t
0 I(t)dt

Vn
(4)

where ΔI is the difference between the maximum and minimum current values, ΔV is the
difference between the maximum and minimum voltage values, N is the applied force, Vn

is the volume of the cylindrical sample, and I(t) is the time-dependent current.
It is well known that electrical charge is the product of current and time, which

corresponds to the area under the current–time curve. In this case, the total electrical
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charge per cycle is obtained by integrating both the negative and positive areas under the
current–time plot over the full cycle duration from 0 to t.

Figure S1b illustrates the components of the triboelectric nanogenerator (TENG), while
Figure S1c,d show the experimental setup with the actual sample.

3. Results and Discussion

3.1. Mechanical Properties of the Rubber Composites

Mechanical properties are critical parameters for ensuring stable TENG applications.
Therefore, it is important to describe the mechanical behavior of the rubber composites
before discussing their TENG performance. Various compressive mechanical behaviors are
illustrated in Figure 2a–d. The compressive stress–strain curves in Figure 2a,b indicate that
compressive stress increases with increasing strain. As shown in Figure 2a, increasing the
amount of carbon nanotubes (CNTs) or barium titanate (BT) results in steeper stress–strain
slopes, suggesting enhanced stiffness. In contrast, Figure 2b shows that, at a constant BT
content, increasing the amount of stearic acid modifiers does not significantly affect the
slope. From the Young’s modulus values presented in Figure 2c,d, it can be observed that
the addition of CNTs or BT increases the modulus, while the inclusion of stearic acid as a
filler modifier decreases the modulus. This indicates that CNTs and BT act as reinforcing
fillers, whereas stearic acid reduces the reinforcing capability of the filler materials. Sev-
eral interactions contribute to the enhancement of compressive modulus in filled rubber
composites [48]. Among them, occluded rubber chains within the filler structures signifi-
cantly reduce the effective volume of soft rubber domains, and the higher stress transfer
through rigid filler networks results in increased stiffness or Young’s modulus. On the other
hand, stearic acid promotes the deagglomeration of filler particles into primary particles,
thereby reducing the effectiveness of stress transfer and leading to decreased stiffness or
modulus values compared to unmodified composites. This observation is supported by
the SEM studies discussed in later sections. Interestingly, although at the lowest amount
of stearic acid the Young’s modulus is lower than that of the unmodified composite, the
modified composite maintains a similar modulus, as observed from the stress–strain curves
in Figure 2b. This may be attributed to improved filler–polymer interactions, possibly due
to the increased effective surface area of the BT particles in the rubber composites following
filler modification [48,49]. For easier reference of load values corresponding to different
strain levels, Figure S2a,b are provided in the Supporting Information section.

Tensile mechanical properties are important for the stretchable applications of rubber
composites. It has been reported that CNT-based rubber composites exhibit excellent
strain sensitivity [43,50,51]. For high-performance strain sensors, mechanical stability and
stretchability are crucial parameters, along with linearity in strain sensitivity [43,50,51].
Various tensile properties of the rubber composites are presented in Figure 3a–d. From the
stress–strain curves in Figure 3a, it is evident that increasing the filler content enhances
the tensile strength. Unlike CNT, increasing the amount of BT leads to an improvement
in the elongation at break. Figure 3b further shows that the addition of stearic acid, up
to an optimal amount, results in increased tensile strength as well as elongation at break.
The stress–strain curves in Figure 3b also reveal smoother profiles for stearic acid-modified
composites, which can be attributed to improved filler distribution within the rubber matrix.
Fracture toughness, which is directly related to the mechanical stability of rubber compos-
ites, is shown in Figure 3c,d. These figures indicate that fracture toughness improves with
increasing filler content, with BT-rich composites demonstrating particularly high values.
Since fracture toughness is influenced by both tensile strength and elongation at break,
a significant increase in elongation can contribute to enhanced toughness. As shown in
Figure 3d, stearic acid modification of the filler significantly increases the fracture tough-
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ness and overall stability of the composites. Due to the smooth stress–strain response and
improved mechanical stability, the stearic acid-modified composite demonstrates excellent
potential for strain sensing applications, exhibiting a fracture toughness of 12.1 MJ/m3 and
an elongation at break of approximately 337%, which surpass previously reported values
for similar CNT content in SBR composites [43]. The variation in tensile load with strain is
provided in Figure S3a,b in the Supporting Information section.
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Figure 2. Compressive mechanical properties of rubber composites; (a,b) Stress–strain curves, and
(c,d) Young’s modulus.
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Figure 3. Tensile mechanical properties of rubber composites; (a,b) stress–strain curves and (c,d) frac-
ture toughness values.
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SEM images of different rubber composites are presented in Figure 4a–l. Figure 4a–c
reveal that, without stearic acid modification, BT particles exhibit poor dispersibility in the
rubber matrix, with many remaining in the form of agglomerated filler structures. How-
ever, increasing the filler content, whether CNT or BT, slightly improves filler distribution
homogeneity, contributing to the enhanced mechanical properties observed with higher
filler loading. When stearic acid is introduced as a filler modifier, a significantly improved
dispersion of filler particles is achieved, with predominantly primary filler structures, as
observed in Figure 4d–f. Specifically, Figure 4d shows no visible agglomeration of BT
particles, unlike the structures seen in Figure 4a–c. In Figure 4e,f, both BT and CNT parti-
cles appear more uniformly dispersed throughout the matrix. This improved dispersion
contributes to a marginal increase in fracture toughness when an optimal amount of stearic
acid is used. Similarly, other stearic acid-modified composites also demonstrate excellent
BT particle distribution, as seen in Figure 4g–l. However, when the stearic acid content
exceeds 1 phr, the excess modifier—beyond the level required for optimal filler surface
coverage—may deposit on the rubber matrix. Since unreacted stearic acid has low com-
patibility with the rubber, it does not further enhance fracture toughness and may even
reduce it at higher concentrations. Although stearic acid substantially improves BT filler
dispersion, no significant increase in Young’s modulus is observed. This suggests that the
Young’s modulus is primarily governed by the integrity of the filler network structures [48].
In stearic acid-modified composites, these networks are largely broken down, resulting
in reduced modulus values. However, the more homogeneous, nanoscale distribution
of fillers in these modified composites can enhance elongation properties. As there is no
notable improvement in tensile strength following filler modification, it can be inferred that
BT particles have relatively weak physical interactions with rubber chains, possibly due to a
large polarity mismatch. Overall, stearic acid modification results in softer composites with
enhanced elongation at break, which may lead to improved fracture toughness compared
to unmodified systems.

3.2. Triboelectric Behaviors of the Rubber Composites

The output voltage generation behavior of the triboelectric rubber composites is
presented in Figure 5a–g. Figure 5a–c demonstrate that the output voltage significantly
increases with increasing CNT content from 1.5 to 2 phr. However, beyond 2 phr CNT, only
a marginal improvement in voltage output is observed. Similarly, at a fixed CNT content,
increasing the BT concentration further enhances the output voltage. This indicates that
the composite-based TENG achieves maximum output voltage when both the conductive
network formed by CNTs and the interfacial interaction area between rubber and BT
particles are optimized. At low conductivity, a portion of the generated charge may not
be effectively extracted, while at high conductivity continuous conductive pathways may
form between the rubber and BT particles, reducing triboelectric charge generation or
enhancing charge relaxation due to direct connections between the triboelectric layers by
conducting CNTs. Interestingly, when the BT content is doubled at a fixed CNT level,
no significant improvement in output voltage is observed compared to the composite
with lower BT content (Figure 5d). This initially suggested poor BT filler dispersion,
which was later confirmed by SEM analysis. SEM studies revealed that the dispersion
of BT fillers can be significantly enhanced by modifying them with stearic acid. The
output voltages of the composites containing stearic acid-modified fillers are shown in
Figure 5e–g. Notably, up to an optimal amount, stearic acid modification improves both
filler dispersion and output voltage. However, exceeding the optimal quantity results
in a decline in output voltage, despite maintaining good filler dispersion. It is believed
that, at lower concentrations, stearic acid efficiently modifies the BT particle surfaces,
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reducing particle size and weakening strong filler–filler interactions, while any excess
stearic acid may dissolve in the rubber matrix. This results in a larger triboelectric surface
area and the highest output voltage, as seen in Figure 5e. Beyond the optimal level, excess
stearic acid may remain undissolved and precipitate within the matrix, as observed in SEM
images. The presence of this layer between the triboelectric interfaces can hinder effective
charge generation, leading to reduced output voltage, as shown in Figure 5f,g. Another
possible explanation is that higher levels of stearic acid cause over-coating of filler particles,
which may reduce the electrical conductivity. Therefore, an optimal stearic acid content
of 1 phr appears to provide the best balance between filler distribution and triboelectric
voltage output.

 

Figure 4. SEM images of tensile fractured rubber composites with different magnification; (a) BT-
50/CNT-2 at 200×, (b) BT-50/CNT-2.5 at 200×, (c) BT-100/CNT-2.5 at 200×, (d) BT-50/CNT-2/SA-1
at 200×, (e) BT-50/CNT-2/SA-1 at 5.0k×, (f) BT-50/CNT-2/SA-1 at 25.0k×, (g) BT-50/CNT-2/SA-3
at 200×, (h) BT-50/CNT-2/SA-3 at 5.0k×, (i) BT-50/CNT-2/SA-3 at 25.0k×, (j) BT-50/CNT-2/SA-5
at 200×, (k) BT-50/CNT-2/SA-5 at 5.0k×, and (l) BT-50/CNT-2/SA-5 at 25.0k×.
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Figure 5. TENG output voltage profiles for different rubber composites at 2% dynamic strain
and 10 loading–unloading cycles; (a) BT-50/CNT-1.5, (b) BT-50/CNT-2, (c) BT-50/CNT-2.5, (d) BT-
100/CNT-2.5, (e) BT-50/CNT-2/SA-1, (f) BT-50/CNT-2/SA-3, and (g) BT-50/CNT-2/SA-5.

Similar to the voltage outputs, the output current values also follow the same trend, as
shown in Figure 6a–g. These figures indicate that, at higher concentrations of stearic acid,
the current outputs are significantly reduced, even falling below those of the unmodified
composites. Figure S4a–d in the Supporting Information section present the average voltage
and current responses under 2% compressive deformation cycles, which are useful for
evaluating triboelectric efficiency. From these data, it is evident that the composite modified
with 1 phr stearic acid (BT-50/CNT-2/SA-1) exhibits the best performance, achieving output
values of approximately 500 mV and 50 nA under 2% compressive strain—significantly
higher than all other composites tested.

Different types of TENG efficiencies are presented in Figure 7a–h. Regarding the
maximum power efficiency and power density under a 2% deformation cycle, Figure 7a–d
show that the addition of CNTs or BT leads to improvements in both parameters. Further-
more, improved filler dispersion—achieved with up to 1 phr of stearic acid—also enhances
power efficiency and power density. However, at stearic acid contents above this optimum
level, both metrics decline. The BT-50/CNT-2/SA-1 composite exhibits the highest perfor-
mance, with a power efficiency of 1.127 nW/N and a power density of 8.258 mW/m3 at a
frequency of 0.85 Hz under a 2% compressive loading–unloading cycle of the cylindrical
sample. These values represent improvements of approximately 290% and 400%, respec-

39



Polymers 2025, 17, 2016

tively, compared to the corresponding unmodified composite (BT-50/CNT-2). Figure 7e–h
illustrate the trends in charge efficiency and charge density. These figures reveal that
increasing the CNT content up to an optimum of 2 phr enhances both charge efficiency and
charge density. Beyond this point, further increases in CNTs reduce these values, likely
due to the formation of continuous conductive networks between triboelectric interfaces,
which promotes charge neutralization. This effect becomes clearer when BT content is
increased at a fixed CNT level, as the enhanced triboelectric layer formation contributes
to improved charge efficiencies. Since triboelectric efficiency is strongly influenced by
the interfacial area between the filler and the rubber matrix, enhanced filler dispersion
significantly boosts overall efficiency. The BT-50/CNT-2/SA-1 composite achieves a charge
efficiency of 0.146 nC/N and a charge density of 1.072 mC/m3—approximately 27% and
62% higher, respectively, than those of the unmodified composite (BT-50/CNT-2). Although
filler dispersion plays a critical role in enhancing TENG efficiencies, excessive stearic acid
beyond the optimal amount reduces efficiency, likely due to the presence of a surface layer
that interferes with effective triboelectric charge generation. Therefore, using a minimal,
optimized amount of stearic acid is essential for achieving superior TENG performance.

 

Figure 6. TENG output current profiles for different rubber composites at 2% dynamic strain
and 10 loading–unloading cycles; (a) BT-50/CNT-1.5, (b) BT-50/CNT-2, (c) BT-50/CNT-2.5, (d) BT-
100/CNT-2.5, (e) BT-50/CNT-2/SA-1, (f) BT-50/CNT-2/SA-3, and (g) BT-50/CNT-2/SA-5.
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Figure 7. TENG efficiencies of the rubber composites under 2% compressive cyclic strain; (a,b) maxi-
mum power efficiency, (c,d) maximum power density, (e,f) charge efficiency, and (g,h) charge density.

To explore potential correlations between resistivity and TENG performance, the
resistivities of various composites were investigated, as shown in Figure 8a,b. These figures
clearly demonstrate that the resistivity of the composites decreases with increasing CNT
content, due to the formation of more conductive pathways. Conversely, increasing the
amount of dielectric BT results in higher resistivity. At a fixed BT content, increasing the
CNT content improves TENG performance, despite the associated reduction in resistivity.
On the other hand, at a fixed CNT level, increasing the BT content enhances both TENG
performance and resistivity. A similar trend is observed with improved filler dispersion—
higher dispersion levels lead to enhanced TENG performance, even when the overall
resistivity is higher compared to unmodified composites. These observations suggest
that an optimal balance between the conductive (CNT) and dielectric (BT) components is
essential for achieving high energy conversion efficiency in rubber-based TENGs. Specifi-
cally, a sufficient level of conductive network formation is necessary to support effective
charge transport, while an appropriate amount of dielectric filler ensures efficient charge
generation and storage.
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Figure 8. (a,b) Electrical resistivity of the rubber composites.

Based on the above results and discussion, it is evident that the BT-50/CNT-2/SA-
1 composite exhibits the best triboelectric performance among all studied formulations.
Therefore, this composite was further evaluated for its energy harvesting behavior under
various stress–strain conditions, extended cyclic loading–unloading tests, and biome-
chanical force applications. Figure 9a–l illustrate the energy harvesting characteristics
of the BT-50/CNT-2/SA-1 composite under these different mechanical conditions. From
Figure 9a–c, it can be observed that the amount of generated current or charge increases
with increasing compressive strain and stress values. Figure 9a shows the current outputs
at different cyclic strains ranging from 1% to 5%. The fitted curves in Figure 9b,c follow
Arrhenius-type logarithmic equations, suggesting that triboelectric energy generation re-
quires a minimum activation energy to initiate the energy conversion process. Since both
mechanical deformation and pressure are related to the input mechanical energy, they
exhibit clear correlations with the charge values through these equations. By extrapolat-
ing the curve to a charge value of zero, a minimum pressure of 0.144 kPa was obtained.
Notably, the minimum pressure required to activate the BT-50/CNT-2/SA-1 composite
is 0.144 kPa, which is considerably lower than common biomechanical pressures, such
as systolic (16 kPa) and diastolic (11 kPa) blood pressures. This highlights the potential
of the composite for future applications in physiological sensing, such as blood pressure
monitoring. Interestingly, Figure 9d indicates that charge efficiencies are higher at lower
strains, suggesting that applying a lower mechanical pressure is more efficient for energy
conversion than a higher pressure. At elevated strain levels, the frictional interactions
between the rubber matrix and BT particles are likely to increase, as is evident from the
increased amount of generated charge. However, due to extended filler percolation, the
generated charge may relax more rapidly as a result of increased conductivity. For this
reason, the charge generation efficiency decreases at higher strains. These findings suggest
that, rather than increasing the applied load on a thick TENG sample, expanding the
surface area under a similar load could lead to enhanced energy output.

Figure 9e–i represent the energy harvesting behavior up to 3000 loading–unloading
cycles with 2% applied strain in the cylindrical sample. From the load values in Figure 9e,
there is no significant loss in mechanical load from the beginning to the end of the cycles.
However, the output voltage shown in Figure 9f exhibits some degradation at higher
cycle numbers. It can be seen from Figure S5a–d that, after approximately 2000 s of cyclic
loading, there is no significant further decrease in the output voltage. From Figure 9g, it
is clearly observed that, even at higher cycle times, the voltage output remains relatively
stable. Similarly, Figure 9h,i show that the current output also remains stable at higher
cycle times. The decrease in output voltage or current at higher cycles is believed to be
due to the increase in the temperature of the sample caused by internal friction between
different materials, particularly the friction between similar filler particles. Such friction
does not produce triboelectric charges due to the absence of electronic affinity gaps but
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generates heat within the TENG. Although the resulting temperature increase is relatively
low and does not significantly affect the bulk mechanical properties, it can have a notable
effect on the charge generation efficiency depending on the temperature sensitivity of
the TENG composite [52]. Although the durability was tested up to 3000 cycles, the
degradation trends in output voltage and current suggest that the TENG composite can
continue harvesting energy for many more cycles while maintaining similar efficiency, as
observed after 2000 cycles.

Figure 9. Triboelectric behavior of BT-50/CNT-2/SA-1 composite under different mechanical energy
input systems; (a) current output with different cyclic compressive strains, (b) correlation of gener-
ated charge with compressive strains, (c) correlation of generated charge with compressive stress,
(d) charge generation efficiencies under different compressive strain, (e) mechanical load profiles up
to 3000 cycles, (f) voltage outputs up to 3000 cycles, (g) voltage outputs at higher cycles, (h) current
outputs up to 3000 cycles, (i) current outputs at higher cycles, (j) voltage generation by patting,
(k) current generation by patting, and (l) output current by a single pat.
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As concluded previously, a thin TENG composite is expected to have higher energy
conversion efficiency; therefore, a 0.02 cm-thick composite with an area of 6 × 5 cm2 was
investigated for energy harvesting through patting. The voltage and current generation
behaviors under biomechanical force are shown in Figure 9j–l. From Figure 9j,l, it can be
seen that the voltage and current outputs reach approximately 10 V and 2 μA, respectively.
Consequently, the power density for this sample can reach as high as 26.04 W/m3. Figure 9l
shows that the calculated charge density for a single hand pat is as high as 0.205 mC/m3.
The power density achieved by hand patting is comparatively better than other rubber-
based TENG composites [35–39], despite their higher voltage outputs. Previous studies on
different rubber composites [35–39] reported high triboelectric voltages, but the correspond-
ing power densities were not significantly high relative to the high voltage values. Since
power is the product of current and voltage, these earlier results indicate lower current
densities or reduced charge generation. This behavior may be attributed to the sensitivity
of the load measurement systems used, which can capture current or voltage with high
temporal resolution. As total charge or energy output depends on both current and the
duration of flow, higher power efficiencies do not necessarily correspond to higher charge
efficiencies. For example, Appamato et al. [35] obtained a maximum power density of
0.83 W/m2 and a maximum output voltage of 120 V in natural rubber–Ag nanocomposites.
The calculated current density was 6.92 mA/m2, which is much lower than that of the BT-
50/CNT-2/SA-1 composite (26.04 mA/m2). Similarly, Gao et al. [39] reported a maximum
voltage of 723 V and a power density of 3.25 W/m2, corresponding to a current density of
4.5 mA/m2. These data indicate that triboelectric charge extraction is more efficient in the
BT-50/CNT-2/SA-1 composite due to its low resistivity or high conductivity. Moreover,
the composite exhibits high stretchability and excellent fracture toughness. Considering all
these factors, the BT-50/CNT-2/SA-1 composite demonstrates strong potential for effective
energy harvesting from various forms of mechanical energy.

Since the TENG composite exhibits highly symmetric positive and negative output
voltages under mechanical loading, it was further tested for personal handwriting recogni-
tion. The voltage patterns generated while writing “yu” by different individuals are shown
in Figure 10a,b. From these figures, it is evident that, for the same person, the voltage
patterns are similar in nature; however, for different individuals, the patterns are distinctly
different. In addition to the visual distinction, the time taken to write the letters also varies
significantly, with differences exceeding 500 ms, as shown in Figure 10c. Although the
writing times differ considerably, it is interesting to note that the personal errors remain
below 5%, as presented in Figure 10d. In a similar study, Alam et al. [53] showed that
writing a single number or character produces a similar output voltage pattern if written
in the same direction or style. However, when the same symbol is written in the other
direction or style, the voltage patterns become significantly different due to changes in
timing and force application. Generally, while there is only a small difference in time and
pattern when writing a single character, this difference tends to increase progressively
from a charecter to a word and then to a sentence. While visually similar signatures can
be replicated through simple writing, replicating a signature while maintaining the same
writing duration is extremely difficult. Based on this concept, the TENG composite shows
great potential for future applications in handwriting recognition.
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Figure 10. Handwriting recognition through TENG-based sensor; (a) output voltage patterns for
Person 1, (b) output voltage patterns for Person 2, (c) writing times with different identification
numbers, and (d) standard deviation in individual handwriting times.

4. Conclusions

In this research, single composite-type TENGs, where dispersed carbon nanotube
networks act as electrodes and barium titanate–rubber interfaces act as triboelectric layers,
were fabricated. Due to the reinforcing effects of the filler materials, the composites exhibit
excellent mechanical properties, including high stretchability and toughness. These com-
posites were evaluated for single-electrode-type TENG applications. Different triboelectric
efficiencies suggest that TENG performance is strongly influenced by the optimum filler
amounts and their dispersion behavior. It is evident that a rubber composite containing
2 phr CNTs and 50 phr barium titanate demonstrates better triboelectric efficiency than
composites with higher CNT contents. Similarly, in composites with higher CNT content,
increasing the amount of barium titanate leads to enhanced triboelectric effects. Although
higher filler contents may sometimes result in increased triboelectric outputs, the associated
enhancement in stiffness can negatively impact overall energy conversion efficiency. Due
to dispersion challenges associated with polar barium titanate in a nonpolar rubber matrix,
stearic acid was employed to improve filler dispersion. With improved filler dispersion,
notable enhancements in both mechanical properties and triboelectric performance were
observed. At an optimum amount of stearic acid, the composite exhibited increased tough-
ness along with significant improvements in triboelectric efficiency. However, beyond the
optimum stearic acid content, although mechanical properties may continue to improve
due to better dispersion, the triboelectric efficiencies decline. This reduction is attributed
to the presence of excess stearic acid-coated barium titanate particles that do not effec-
tively participate in triboelectrification with the rubber matrix. Ultimately, the composite
containing 50 phr barium titanate, 2 phr CNTs, and 1 phr stearic acid demonstrated the
best performance, achieving power efficiency, power density, charge density, and charge
efficiency values of 1.127 nW/N, 8.258 mW/m3, 0.146 nC/N, and 1.072 mC/m3, respec-
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tively, under a 2% cyclic strain at 0.85 Hz frequency. Although a threshold pressure or
deformation is required to activate the TENG, the device operates more efficiently under
lower pressures. Therefore, a thin composite sheet (0.02 × 6 × 5 cm3) was utilized for
energy harvesting through hand patting, achieving significant power and charge densities
of up to 26.04 W/m3 and 0.205 mC/m3, respectively, from a single hand pat. Due to its
scalable energy generation efficiency, the composite also performed well in handwriting
recognition, demonstrating high accuracy in time and sensitivity patterns. Therefore,
this TENG composite shows strong potential for use in self-powered sensor devices with
scalable energy generation capabilities.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/polym17152016/s1, Figure S1: (a) Sheet and cylindrical rubber specimens,
(b) diagram of energy harvesting setup, (c,d) instrumental setup with original sample. Figure S2:
(a,b) Variation in compressive load with % of strain for different rubber composites. Figure S3:
(a,b) Variation in tensile load with % of strain for different rubber composites. Figure S4: Changes in
voltage and current from lowest to highest outputs for different rubber composites at 2% deformative
loading–unloading cycle; (a,b) change in voltage and (c,d) change in current. Figure S5: Degradation
in output voltage of BT-50/CNT-2/SA-1 composite with loading–unloading cyclic time; (a) 0 s–10 s,
(b) 1000 s–1010 s, (c) 2000 s–2010 s, and (d) 3530 s–end of cycles.
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Abstract: Electrically conductive functional polymers (ECFPs) have attracted much atten-
tion not only for their electron conductivity but also for their versatile properties, including
redox activity, flexibility, and designability. These attributes are expected to enhance the
energy density and mechanical compatibility of lithium batteries while mitigating the
safety risks associated with such batteries. Furthermore, ECFPs are key candidates as
active materials, current collectors, coatings, binders, and additives in energy storage and
conversion systems, especially for the development of flexible batteries, dry electrodes, and
solid-state batteries. However, their low electron conductivity, poor environmental stability,
instability of dopants, and high costs limit their usage in production and large-scale applica-
tions. In this review, the two major electrically conductive functional polymer species with
conjugated and radical structures are focused on to reveal their conductivity mechanisms.
Moreover, the current strategies for improving the performance of these polymers are
summarized, which include molecular design to optimize conjugated structures for en-
hanced conductivity, the addition of hydrophobic groups or protective coatings to improve
environmental resistance, a side-chain design that is self-doping to introduce high-stability
dopants, and the development of multifunctional systems through compositing with two-
dimensional carbon-based materials. Additionally, green processes and renewable resource
applications are also introduced with the aim of creating cost-effective and sustainable
preparation technologies. The advancement of ECFPs in structural and performance engi-
neering and optimization strategies will facilitate their potentially expansive applications
in energy storage and conversion devices.

Keywords: lithium batteries; polymers; electrically conductive; multifunctional; redox
activity; flexibility

1. Introduction

Polymers were thought of as insulators until Alan MacDiarmid et al. found conduc-
tive polyacetylene in 1977 [1]. Subsequently, various polymers such as polyaniline and
polypyrrole were discovered to have electronic conductivity [2,3]. Electrically conductive
functional polymers (abbreviated as ECFPs) refer to specialized polymer materials that
not only possess the pros of conventional polymers but also the ability to conduct elec-
tricity. Importantly, regarding their applications, ECFPs also exhibit inherent flexibility,
easy processing characteristics, and certain mechanical strength [4,5]. Therefore, they
are usually employed to construct the elastic interface for lithium batteries with a higher
energy density and degree of safety, especially for flexible energy storage devices. The
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more important pros of ECFPs are their degradability, metal-free nature, and environmen-
tally friendly usage. The degradability of ECFPs means that they are able to decompose
naturally after completing their function, reducing environmental damage; the absence
of metallic components reduces the long-term pollution of the environment compared to
many traditional materials that rely on metal catalysts or additives; and the production
process of ECFPs is generally greener, consuming less energy, emitting fewer emissions,
and exhibiting environmental friendliness throughout their life cycle [6,7].

ECFPs are important in diverse energy and conversion systems, leveraging their redox
properties. They find applications in lithium-ion batteries, lithium–sulfur batteries, sodium
metal batteries, supercapacitors, and photovoltaic electrodes. Moreover, ECFPs are also
utilized in the photovoltaic industry for imaging and organic solar cells, in the medical
sector as magnetic resonance contrast agents and antioxidants, and in chemistry, where
nitrogen–oxygen radical polymers are commonly employed as catalytic oxidants [8,9].

At present, the common preparation methods of ECFPs mainly include chemical
oxidative polymerization [10], in situ polymerization [11], electrochemical polymerization
methods [12], and copolymerization or composite strategies [13]. ECFPs exhibit a larger
specific surface area compared to traditional carbon-based conductive agents, such as
carbon black, thereby establishing extensive and continuous electron transport pathways
in lithium batteries, both point-to-point and point-to-face. Consequently, ECFPs can form a
stable layer at the interface between battery components, enhancing interface compatibility,
reducing adverse reactions, decreasing interfacial resistance, and improving the safety and
stability of the battery [14]. Moreover, ECFPs are modified to possess a dual-conductive ca-
pability and construct continuous electron and ion conduction networks in thick electrodes
for high-energy-density batteries [15,16]. Additionally, some ECFPs substitute a portion
of the binder, realizing the functional integration of battery materials and enhancing the
mechanical strength of the electrodes. The inherent flexibility of polymers offers greater
processing versatility, making them suitable for solvent-free electrode processes for the
fabrication of flexible electrodes or electrolyte membranes [17–19]. Notably, their superior
mechanical properties and high toughness enable them to effectively accommodate volume
changes in electrode materials during charge and discharge cycles, mitigate stress impacts,
and improve the cycling stability and lifespan of batteries.

Polymers are generally classified into two main categories: redox-active and non-
redox-active. Redox-active polymers are widely used in lithium batteries because of their
optimal molecular structure, great stability, good chemical and physical properties, and
excellent electrochemical storage ability. According to their molecular structure, redox-
active polymers can be further divided into conjugate and radical systems [20]. As shown
in Figure 1, typical conductive functional polymers with a conjugated structure, including
polyaniline (PANI), poly(3,4-ethylenedioxythiophene) (PEDOT), polybenzimidazole (PBI),
and polypyrrole (PPy), exhibit electrical characteristics comparable to those of inorganic
materials like semiconductors and metals [21]. The electronic conduction mechanism of
conjugated polymers mainly depends on their molecular structural characteristics and
electronic properties. These polymers often have alternating single- and double-bond
structures that allow their π electrons to move freely along the polymer chain, thereby
facilitating electron conductivity. Due to their low density, excellent processability, and
high mechanical flexibility, they can be shaped into various forms, such as films and fibers,
which are crucial for advancements in modern electronic and optoelectronic materials sci-
ence and technology. Meanwhile, it is worth noting that some radical polymers have been
reported with good intrinsic conductivity [22]. The electron transfer in radical polymers
mainly happens through the redox reactions of free radical groups, involving electron
exchanges with either intermolecular or intramolecular bonds. In some free radical poly-
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mers, the presence of free radicals facilitates the formation of π-electron systems, which
provide efficient pathways for electron migration. Although the π-π interactions in these
polymers are generally weak, it is still possible to support electron migration under specific
conditions [23–25]. In particular, radical polymers, characterized by a high density of redox-
active sites, exhibit significant potential as electrode-active materials for energy storage and
conversion devices [26]. For instance, poly(4-glycidyloxy-2,2,6,6-tetramethylpiperidine-1-
oxyl) radical films with internal active sites for electron conduction are ultimately applied
as anode materials in batteries [27]. Moreover, nitrogen–oxygen radicals are commonly
used as catalytic oxidants in organic synthesis, catalysts in metal-based batteries, and active
materials in redox flow batteries.

 
Figure 1. Typical electrically conducting polymers with conjugated and radical structures, their
corresponding conduction mechanisms, and their applications in lithium batteries.

ECFPs possess conductivity, flexibility, and lightweight characteristics, which have
garnered widespread attention. This review introduces and compares major conjugated
polymers and radical polymer systems with their respective conduction mechanisms. In
particular, the latest research advancements such as electrode active materials, binders,
conductive agents, separator coatings, etc., in lithium batteries are reviewed in detail.
Moreover, the current strategies employed to enhance electron conductivity and integrated
performance are summarized, aiming to offer novel perspectives on the development and
utilization of ECFPs in energy storage and conversion systems.

2. Conjugated Polymers

Conjugated polymers achieve conductive function from their long molecular chains
with largely delocalized and polarized π-conjugated structures, which are composed of
conjugated double bonds. Strategic molecular engineering of these π-conjugated backbones,
particularly through π-orbital extension, significantly enhances charge transport capabil-
ities [28,29]. In lithium battery systems, these polymers serve three principal functions:
(i) As electrode active materials, their superior electrical conductivity facilitates efficient
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charge transfer, thereby improving electrochemical utilization kinetics and boosting both
specific capacity and rate performance; (ii) As conductive additives, they enable precise
modulation of electrode conductivity; (iii) When employed as polymeric binders, they
enhance electrode mechanical integrity while maintaining flexibility, ultimately extend-
ing their life cycle. The subsequent sections systematically elaborate on representative
conjugated polymer systems and their optimization methodologies.

2.1. PANI

MacDiarmid made the discovery of PANI in the 1980s, and it is well known for
its remarkable electrochemical and redox properties, environmental stability, and high
conductivity [30,31]. While pure PANI demonstrates insulating behavior, its conductivity
enhancement through chemical/electrochemical doping enables a theoretical capacity of
295 mAh·g−1 [32], positioning it as a competitive cathode candidate for high-performance
lithium batteries. The stability of PANI is closely related to its various redox states, such as
the fully reduced state, partially oxidized state, and fully oxidized state. Its electrochemical
stability is influenced by its molecular structure and doping state, in detail, which can
be significantly improved by doping with acids, carbon materials, metal oxides, etc. The
electrochemical window under acidic conditions is approximately 1.0 V vs. SCE [33–36].
Additionally, compared to materials containing heavy metals, non-toxic PANI lowers
environmental concerns during manufacture and disposal. The reliance on fossil fuels can
be reduced by using sustainable biomass, such as lignin degradation products, as the raw
material for PANI (aniline monomer). PANI is a viable option for green cathode materials
due to its simple synthesis method, potential environmental friendliness, and capacity for
pyrolytic recovery or chemical degradation.

As illustrated in Figure 2a, Guo et al. conducted a comprehensive investigation into
the structure–performance relationship of various PANI forms, including emeraldine salt
(ES) and emeraldine base (EB), with particular emphasis on the previously underexplored
leucoemeraldine base (LB). Through quantitative structural analysis, they confirmed that
LB exists in a fully reduced state. The researchers systematically re-evaluated the electro-
chemical performance of LB in non-aqueous lithium-ion batteries, achieving a remarkable
reversible capacity of 197.2 mAh·g−1 through optimization of the cycling potential window
(1.5–4.4 V) [37]. The optimized LB sample exhibited exceptional electrochemical prop-
erties, including a high average coulombic efficiency of 98%, superior rate performance
(73.5 mAh·g−1 at 1800 mA·g−1), and excellent cycling stability with 76% capacity retention
after 100 cycles at 20 mA·g−1. This groundbreaking study not only deepens the fundamen-
tal understanding of PANI’s electrochemical properties and mechanisms but also represents
a significant advancement in its development as a cost-effective, high-performance, and
environmentally friendly cathode material for energy storage applications, marking a new
milestone in this field. Furthermore, various doping strategies have been extensively ex-
plored to enhance the electrochemical performance of PANI as a cathode material in lithium
batteries. A notable example is the work by Zou et al. [38], who developed a composite
positive electrode comprising protonated polyaniline sulfide (SPANI) incorporated into
a carbon black and polyvinylidene fluoride matrix (Figure 2b). Electrochemical analysis
revealed that the reversible transition between protonated quinone imines (-NH+=) and
deprotonated quinone imines (-N=) during the charge–discharge process plays a crucial
role in promoting lithium polysulfide (LiPS) adsorption and dissociation. This mechanism
effectively suppresses the shuttle effect while simultaneously enhancing cycle stability and
overall battery performance [39]. Additionally, the electron energy level of the quinone
imide structure undergoes optimization through protonation-deprotonation state changes,
leading to significantly improved electron conductivity. These investigations demonstrated
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that protonated PANI sulfide exhibits exceptional electrochemical properties as a cathode-
active material [40,41], characterized by superior rate capability, a high reversible specific
capacity of 680 mAh·g−1 at 0.1 A·g−1, and sustained coulombic efficiency approaching
100% during prolonged cycling.

As illustrated in Figure 2c,d, Fu et al. [42] developed an innovative solvent-free
synthesis method for preparing graphene nanonetwork–PANI nanocomposites, which
demonstrated superior electrical conductivity and enhanced lithium-ion storage capabili-
ties. Acidic graphene oxide and PANI were ball-milled and treated at low temperatures to
obtain chemically expanded graphene (CEG-PANI). This method provided sufficient active
sites for lithium-ion storage because of the large specific surface area, mesoporous structure,
and doping of the PANI conductive agent. In addition, PANI containing N heteroatoms
significantly improved the electrochemical properties of CEG-PANI, and increased the
reversible capacity to 664 mAh·g−1 in 150 cycles at 200 mA·g−1 and 253 mAh·g−1 in
350 cycles at 2000 mA·g−1, respectively. Li et al. [43] implemented a wet etching strat-
egy to introduce the modified PANI to construct a 3D holey graphene (HG)/nano-sulfur
(NS)/photo-irradiated polyaniline (CPANI) composite as the cathode material. When
PANI was integrated into the graphene structure, its amino groups bonded covalently
with epoxy groups or formed hydrogen bonds with hydroxyl groups on the surface of
HG. This interaction strengthened the connection between polysulfides and non-polar
carbon, enhancing interface contact and improving the structural stability of PANI [44].
This configuration led to a high utilization rate of NS active materials and improved the
electrochemical performance of lithium–sulfur batteries.

 

Figure 2. (a) Synthesis routes of ES, EB, LB, and their electrochemical performance in 1 M LiClO4/EC–
DEC with 1 wt.% FEC [37]; copyright 2023, John Wiley and Sons. (b) The generation of quinoid
imines, rate performance, coulombic efficiency, and GCD profiles of Se0.07SPANI compared with SPANI
cathodes [38]; copyright 2023, Elsevier. (c) Synthesis process of CEG–PANI [42]; copyright 2023, Elsevier.
(d) Preparation diagram of 3DHG/NS/CPANI composite [43]; copyright 2022, Elsevier. (e) Schematic
illustration of fabrication processes of the oriented neat PVA separator and PVA–PANI Janus separators
with oriented pores and random pores [45]. Copyright 2021, Royal Society of Chemistry.
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As illustrated in Figure 2e, Xu et al. prepared a polymer unilateral conductive Janus
separator featuring preferentially oriented pores using a water-soluble precursor solution of
polyvinyl alcohol (PVA) and PANI through directional freezing and phase conversion [45].
The conductive PANI surface effectively alleviated the issue of localized current concen-
tration and promoted the uniform and stable formation of the solid electrolyte interphase
(SEI) layer, which effectively reduced local current density and minimized nucleation sites
for lithium dendrite formation. Moreover, the Janus separator enhanced ionic conductivity
while maintaining a balance between flexibility and rigidity, alongside superior wrinkle
resistance and thermal stability. These contributed to the stable cycling performance and
high coulombic efficiency of lithium metal batteries.

2.2. Polythiophene (PTH)—PEDOT:PSS

Compared to PANI, PTH exhibits superior flexibility and ductility, making it a pre-
ferred choice for conductive polymer composites in flexible electronic applications. Addi-
tionally, due to the delocalization of π electrons within its conjugated structure across the
entire molecular chain, PTH possesses notable electrical conductivity, excellent stability,
and favorable machinability [46]. Furthermore, PTH-PEDOT with a simple molecular
structure, small energy gap, and higher conductivity is obtained by reducing the coupling
effects of α-β and β-β during the oxidative polymerization process [47,48]. However, PTH-
PEDOT is difficult to process and apply because of its poor solubility. To overcome this
limitation, PEDOT:PSS is developed by blending PEDOT with the water-soluble polymer
polystyrene sulfonic acid (PSS). This composite is widely utilized in energy storage and
conversion devices due to its exceptional electron conductivity, high mechanical strength,
excellent visible light transmittance, and superior stability [49]. It is worth mentioning
that the conductivity of PEDOT:PSS is usually in the range of 10–1000 S cm−1, depending
on the preparation process and doping degree. By adding some organic solvents (such as
DMSO) or using heat treatment, the electrical conductivity can be significantly improved
to 10~100 S·cm−1. Notably, advanced techniques such as multiple solvent displacement,
interface engineering, or nanocomposite formation can enhance PEDOT:PSS conductiv-
ity to levels comparable with metals. PEDOT:PSS with doping of PSS exhibits excellent
electrochemical stability and can remain stable in various electrolytes even after multiple
cycles. Under pH = 7 conditions, its electrochemical window ranges from −1.0 V to 1.0 V
vs. Ag/AgCl. Additionally, it remains stable at high potentials, but prolonged exposure
to strong oxidizing environments can lead to performance degradation due to the loss of
sulfonic acid groups [50,51]. Additionally, the preparation process of PEDOT:PSS typically
occurs at low temperatures and pressures, resulting in lower energy consumption. If the use
of organic solvents can be minimized, or water-based synthesis techniques are employed,
they would be more environmentally friendly. Furthermore, recycling technologies for
PEDOT:PSS are being developed to enhance its sustainability [52].

PEDOT:PSS is primarily utilized as a conductive agent and binder in lithium batteries.
Zhang et al. [53] developed a standalone PEDOT-coated rhomboid sulfur/single-wall car-
bon nanotube (SWCNT) flexible composite cathode specifically for lithium–sulfur batteries.
The rhomboid sulfur was encapsulated by PEDOT, which served as a shell to effectively
capture polysulfides and limit their dissolution during charge/discharge cycles. Simultane-
ously, it facilitated efficient electron transport and enhanced the flexibility of the electrode.
Chen et al. [54] designed a silicon-based negative electrode composite Si-PP-CA composed
of PEDOT:PSS, citric acid, isopropanol, and silicon nanoparticles (Figure 3a). As a binder,
linear PEDOT improves electron transport efficiency. Meanwhile, the hydroxyl groups in
PSS can facilitate the rapid diffusion of Li+ and form hydrogen and chemical bonds with
citric acid and isopropyl alcohol at the interface, showing a tight interface effect and promot-
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ing stable electrochemical performance. In addition, the PEDOT:PSS covered Si particles
entirely due to its water-soluble property, which increased the Si content in the electrode.
The composite electrode delivered more than 2200 mAh·g−1 capacity after 200 cycles at
0.2 A·g−1 and retained 89% even at a current density of 1.0 A·g−1 after 2000 cycles. As
shown in Figure 3b, Li et al. [55] developed a water-soluble TA-PEDOT:PSS (TAPE) binder
by mixing PEDOT:PSS with varying ratios of tannic acid (TA) to enhance the stability
of LiFePO4 cathodes in lithium-ion batteries. The sulfonic acid groups in PEDOT:PSS
formed hydrogen bonds with the abundant hydroxyl groups in TA [56], altering the linear
structure of PEDOT:PSS and establishing π-π stacking interactions between the conjugated
π electrons in PEDOT and the aromatic rings in TA. Consequently, the PEDOT:PSS-TA
composite exhibited excellent electrical conductivity, mechanical properties, adhesion, and
stable electrochemical performance.

 

Figure 3. (a) Diagram of the preparation of a silicon–based anode electrode material Si/PP/CA
from PEDOT:PSS, citric acid, isopropanol, and silicon nanoparticles [54]; copyright 2024, John Wiley
and Sons. (b) Schematic diagram of PEDOT:PSS composited with TA [55]; copyright 2024, Elsevier.
(c) PEO and PEI were assembled onto PEDOT:PSS to prepare polymeric adhesives with ionic and
electronic conduction [57]; copyright 2018, John Wiley and Sons. (d) Schematic illustration of the
function mechanism of the LP binder in a Si electrode [58]; copyright 2024, Elsevier. (e) Schematic
of ions and electrons migration in the LFP–SP–PE–rGO electrodes/separator/Li metal battery sys-
tem [59]; copyright 2024, Elsevier. (f) Sketch of interaction in electronic/ionic dual–conductive
polymer between LiPVFM, LiODFB, and PEDOT:PSS, and illustration of Li+/electron transportation
of DCP–based cathode [60]. Copyright 2020, John Wiley and Sons.
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In view of the adhesive effect, composite conductive multifunctional polymers were
focused on by compositing PEDOT with other materials, for example, PAA, PEO, and
graphene, as described in Figure 3c–e. Zeng et al. [57] developed a polymer binder with
high ionic and electronic conductivity by integrating the ionic polymers polyethylene oxide
(PEO) and polyethylene imine (PEI) into the conductive polymer PEDOT:PSS chain, which
yielded a high modulus that helped to maintain the integrity of the Si anode. The lithium-
ion diffusivity and electron conductivity of the developed polymer binder were found to be
14 and 90 times higher, respectively, compared to the widely used carboxymethyl cellulose
(with acetylene black) binder. Geng et al. [58] introduced a multifunctional binder, LP19, by
combining lithiated polyacrylic acid (LiPAA) with PEDOT:PSS. This binder exhibited high
electronic and Li-ion conductivity, as well as improved mechanical properties. On a macro-
scopic scale, PEDOT:PSS facilitated electron transfer between conductive particles and
active materials. On a microscopic scale, it established molecular-level electron coupling at
the interface between the binder and active particles. This dual mechanism significantly
enhanced the rate performance and energy density of the anode. Gao et al. [59] employed
3D printing technology to fabricate a composite electrode with a graded porous multidimen-
sional conductive network. This network consisted of lithium iron phosphate, PEDOT:PSS,
and graphene oxide (GO), where PEDOT:PSS and GO served dual roles as adhesive and
conductive agents, respectively. The hierarchical porous structure allowed for efficient
electrolyte infiltration, while the multidimensional conductive network enhanced electron
and ion transport, optimizing the overall performance of the electrode [61,62]. Additionally,
PEDOT:PSS and GO were strongly bonded through C-O-S linkages, which boosted me-
chanical strength and electron transfer efficiency, thereby significantly improving specific
capacity and cycle performance. Furthermore, the PEDOT:PSS-based conductive multidi-
mensional network mitigated polarization issues due to the close contact driven by surface
negative groups and the enhanced electrical conductivity [63].

In previous work, our team developed an electronic/ionic dual-conductive polymer
(DCP) [60] for the composite cathode in solid-state batteries. This polymer was synthe-
sized through intermolecular interactions involving a lithiated polyvinyl formal-derived
Li+ single-ion conductor (LiPVFM), lithium difluoro borate (LiODFB), and PEDOT:PSS
(Figure 3f). The sulfonic acid groups in PEDOT:PSS formed hydrogen bonds with the oxalate
groups of LiODFB and the polar groups in LiPVFM, such as carbonyl and amide groups.
Crosslinking, coordination, and hydrogen-bonding interactions endowed the DCP with excel-
lent electronic conductivity (68.9 S·cm−1), Li-ion conductivity (2.76 × 10−4 S·cm−1), a broad
electrochemical window exceeding 6 V, and a high modulus of 6.8 GPa. The DCP enabled
the fabrication of self-standing composite cathodes with spatially and temporally stable
interfaces, structural integrity, and efficient electronic/ionic transport. These properties en-
able solid-state batteries to achieve exceptional cycling performance, even under conditions
of high active material loading and content.

2.3. PBI

PBI is a heterocyclic polymer characterized by a benzimidazole moiety as its repeat-
ing unit [64]. It possesses a rigid, rod-like structure with closely packed chain segments,
stabilized by strong hydrogen bonding and π-π interactions between the polymer chains.
These interactions endow PBI with excellent chemical and thermal stability [65,66]. The
imidazole ring in PBI contributes to its electrochemical stability, enabling it to perform
well in high-temperature and strongly acidic environments. Covalent organic frameworks
(COFs) are materials linked by strong covalent bonds and composed of functional organic
structural units [67,68]. PBI can be classified as a unique category of COF materials due
to its two-dimensional structure, nitrogen-atom doping, physicochemical stability, and
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programmable pore size. However, PBI lacks mobile electrons or holes as charge carriers,
and its electrical conductivity is below 10−10 S·cm−1 at room temperature. To enhance its
electronic transport capability, PBI can be doped with conductive fillers such as carbon
nanotubes, graphene, and carbon black, or modified by introducing conductive units. As
a result of these properties, PBI and its derivatives exhibit excellent high-temperature
resistance, flame retardance, chemical stability, and mechanical strength, making them
promising candidates for electrode materials in lithium batteries [69–71]. From an envi-
ronmental sustainability perspective, the high durability of PBI can extend the lifespan of
devices, thereby reducing resource consumption.

As shown in Figure 4a, Ren et al. [72] synthesized a microporous polybenzimidazole
(MPBI) through a condensation reaction between 1,2,4,5-tetraaminobenzene and pyromel-
litic acid in a polyphosphate medium. Following treatment at 55 ◦C, MPBI formed a 2D
graphene-like framework structure, which maintained a large surface area and preserved
nitrogen-atom doping. This structure contributed to its excellent performance, including
a remarkable long cycling life, a high reversible capacity of 700 mAh·g−1 (at 1 A·g−1)
after 500 cycles, and outstanding rate performance. Nie et al. [73] developed a pyrrole
nitrogen-rich carbon source derived from PBI using an aerosol-assisted assembly and phys-
ical adsorption process. As an encapsulating coating for micro-sized silicon spheres, the
carbon layers effectively prevented direct contact between the silicon and the electrolyte.
This significantly suppressed the formation of an uncontrolled solid electrolyte interphase
(SEI) film, thereby enhancing the stability and performance of the silicon-based anode. Fur-
thermore, PBI contained a large number of nitrogen functional groups, which introduced
numerous external defects and active sites for lithium storage, improving the specific capac-
ity of the silicon anode [74]. As a result, the mesoporous Si-PBI carbon composite exhibited
a high reversible specific capacity (2172 mAh·g−1), excellent rate capability (1186 mAh·g−1

at 5 A·g−1), and a long cycle life, as illustrated in Figure 4b.

 

Figure 4. (a) Schematic diagram of the synthesis of 2D microporous polybenzimidazole MPBI and its
electrochemical results [72]. Copyright 2021, Elsevier. (b) Mesoporous silicon anodes synthesized
by using polybenzimidazole–derived pyrrolic N-enriched carbon [73]. Copyright 2017, American
Chemical Society.

2.4. PPy

The conductive PPy with a conjugated chain oxidation and corresponding anion
doping structure exhibits conductivity ranging from 102 to 103 S·cm−1 and demonstrates
excellent electrochemical redox reversibility [75]. PPy shows good stability within a moder-
ate potential range (0.76 V vs. Ag/Ag+), but it is susceptible to over-oxidation at higher
potentials, which can lead to degradation. Studies have shown that the electrochemical
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stability of PPy can be enhanced by compositing it with carbon materials, metal oxides,
and other conductive polymers. Notably, PPy can be produced industrially and applied
across various fields due to its numerous advantages, including straightforward prepa-
ration methods, non-toxicity, excellent chemical stability, superior mechanical properties,
and high conductivity [76,77]. Furthermore, it can be synthesized using electrochemical
methods, which minimize the use of excessive chemical reagents and solvents, making it
an eco-friendly material.

Due to its unique structure, PPy exhibits high electronic conductivity and mechanical
strength [78,79]. Yi et al. [80] synthesized a sulfide polypyrrole (S-PPy) composite at
a slightly elevated vulcanization temperature for application in solid-phase converted
lithium–sulfur batteries. Unlike conventional mixtures of sulfur and polypyrrole, short-
chain sulfur was incorporated into the PPy backbone to form the S-PPy composite. In this
structure, PPy provides excellent electronic contact for the short-chain sulfur, enhancing its
activity and promoting its conversion into Li2S. Additionally, the PPy backbone mitigates
the volume changes of sulfur during electrochemical reactions, ensuring the mechanical
stability of the electrode and extending its cycling life, as illustrated in Figure 5a.

 

Figure 5. (a) Synthesis and discharging process of sulfurized polypyrrole [80]; copyright 2023,
Elsevier. (b) Schematic illustrations of NbSe2/PPy hybrid nanocomposite preparation [81]; copyright
2023, Royal Society of Chemistry. (c) Synthetic illustration for PSi/PPy–Fe composites [82]; copyright
2023, Elsevier. (d) Structural diagram of the PPy/PVA interpenetrating gel [83]. Copyright 2021,
Royal Society of Chemistry.

Byung-Ho Kang et al. [81] demonstrated that NbSe2, with its metallic properties, can be
applied as an anode material by doping it with conductive polypyrrole (PPy), as illustrated
in Figure 5b. The π-conjugated structure of PPy was bound to the two-dimensional surface
layer of NbSe2 through van der Waals interactions. Simultaneously, nitrogen-containing
functional groups in PPy (such as -NH or -N= on the pyrrole ring) chemically adsorbed
onto the surface of unsaturated metal atoms (Nb) or selenium atoms (Se) of NbSe2. This
interaction created a well-dispersed PPy layer on the NbSe2 surface, enhancing the stability
of the composite material. The NbSe2-PPy hybrid nanocomposites exhibited a lithium
storage capacity of 955 mAh·g−1, maintained over 300 cycles without capacity loss, and
demonstrated excellent rate performance at 4 A·g−1. Leveraging the photoelectric effect
of semiconductor silicon, Xu et al. [82] developed an eco-friendly and straightforward
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photoinitiation synthesis approach to fabricate yolk–shell-structured polypyrrole–iron-
coated porous silicon microspheres (PSi-PPy-Fe) for use as anode materials in lithium-ion
batteries (Figure 5c). The polymerization of pyrrole monomers occurred exclusively at the
interface of the silicon matrix, where vacancies were present, effectively preventing the
formation of free PPy-Fe particles. Both hydrogen-bond interactions and covalent linkages
were established between the PPy-Fe layer and silicon, playing a crucial role in maintaining
strong contact and enhancing structural stability [84]. The PPy-Fe coating facilitated faster
charge transfer and prevented the silicon-based material from detaching from the copper
collector. More significantly, it effectively mitigated the severe structural expansion of the
negative silicon electrode.

Additionally, Xia et al. [83] integrated an adhesive polymer into a conductive func-
tional polymer network by mixing polyvinyl alcohol (PVA) and polypyrrole (PPy) to form
an interpenetrating gel, as shown in Figure 5d. PPy formed numerous hydrogen bonds
with the hydroxyl groups in PVA, enabling its uniform dispersion within the PVA matrix.
This prevented agglomeration in the composite material and enhanced both the overall
electrical conductivity and mechanical properties. Furthermore, glutaraldehyde promoted
cross-linking with PPy at both intramolecular and intermolecular levels, creating stronger
bonding effects. This method effectively addressed the brittleness of the electronic con-
ductive polymer and its weak bonding force with the active material, thereby ensuring
long-term stability and extending the cycling life of the electrode [85].

This section focuses on the application of typical electrically conductive functional
polymers with conjugated structures, such as PANI, PEDOT:PSS, PBI, and PPy in lithium
batteries. These conjugated polymers, renowned for their exceptional electrical conductivity,
have been extensively utilized as active electrode materials, conductive additives, and/or
binders in various battery systems.

PANI is a representative conjugated polymer, distinguished by its high electrical con-
ductivity, excellent electrochemical stability, and environmental durability. Through careful
structural and compositional design, PANI-based electrodes demonstrate significantly
improved lithium-ion storage performance and electrochemical stability. For instance,
PANI-based composites combined with graphene provide a larger specific surface area
and a porous structure, which facilitate rapid lithium-ion transport. Additionally, the high
conductivity of graphene enhances the charge transfer process. However, the volume ex-
pansion of PANI during charging and discharging may compromise the structural integrity
of the electrode.

PEDOT:PSS-based multifunctional conductive polymers have been combined with
other materials (e.g., tannic acid (TA), polyethylene oxide (PEO), graphene) to improve
lithium-ion diffusion and electronic conductivity, thereby enhancing the mechanical in-
tegrity and cycling life of the electrode. A key challenge lies in balancing high conductivity
with flexibility and stability during prolonged cycling. Through molecular structure design,
nanocomposites, and cross-linked networks, it is possible to achieve an optimal balance
between these properties. PPy combined with materials like polyvinyl alcohol (PVA) to
form interpenetrating network gels demonstrates improved dispersion and conductivity.
Additionally, intermolecular crosslinking enhances bond strength, addressing the issues
of fragility in conductive polymers and weak binding forces with active materials, such
as silicon negative electrode powders. However, PPy faces similar challenges to PANI,
including volume expansion and degradation, which can lead to a decline in mechanical
properties over prolonged cycling. PBI, as a special class of covalent organic framework
(COF) materials, exhibits excellent high-temperature resistance, flame retardance, chemical
stability, and mechanical properties, making it a promising candidate for lithium battery
electrodes. Strategies such as material selection and composite formulation can mitigate
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degradation issues during prolonged cycling and high-temperature conditions, thereby
enhancing battery safety and performance stability.

In addition to the typical polymers discussed above, numerous other electrically con-
ductive functional polymers (ECFPs) remain to be explored. For instance, polyaniline
diamine (PPD) exhibits a high energy storage capacity and holds potential as an electrode
material for lithium batteries. However, its poor mechanical properties make it difficult to
withstand stress variations during prolonged cycling. Moreover, poly[(2-ethylhexyl) pheny-
lene vinylene)] (MEH-PPV), poly[2,5-bis(3-hexylthiophene-2-yl) thiophene] (PBTTT), poly
(triaryl amine) (PTAA), and poly(benzimidazobenzophenanthroline) (BBL) are conjugated
polymers known for their excellent optical properties and are widely utilized in organic elec-
tronic devices. Because of their poor electrochemical stability under high-voltage operating
conditions, the application of these materials in lithium batteries is currently limited. In the
future, their mechanical properties could be improved through chemical cross-linking or
by compounding with other materials. Additionally, their electrochemical stability may be
enhanced by introducing stable side groups, such as fluorinated groups on the polymer
backbone, or by doping with inorganic materials like lithium salts or other metal salts. With
further optimization through molecular design, modification, and composite formation, a
broader range of conjugated polymers is expected to meet the demands for high energy
density and extended cycling life in lithium batteries.

3. Radical Polymers

Radical polymers are composed of flexible, non-conjugated backbones and functional
side groups containing free radicals. These radical sites possess highly localized electrons,
distinguishing their structure from that of conjugated conductive polymers. Electron trans-
port in radical polymers is facilitated by the redox reaction processes of the free radicals [86].
This section provides a brief overview of recent advancements in the applications of or-
ganic radical polymers, including nitroxide radicals, phenoxy radicals, and others [87,88].
A notable nitroxide free radical species, 2,2,6,6-tetramethylpiperidinyl-n-oxyl (TEMPO),
was first reported by Nakahara and his team in 2002 [89]. TEMPO exhibits excellent elec-
trochemical properties, outstanding stability, and rapid redox reactions. Currently, poly
(2,2,6,6-tetramethylpiperidinyl methyl acrylate) (PTMA) and poly(norbornene), both of
which incorporate TEMPO, have been extensively studied and applied as polymer cath-
ode materials [90,91]. These materials are characterized by low preparation costs, good
hydrophilicity, and outstanding electrical conductivity.

3.1. Nitroxide Radicals

Nitroxide radicals are named for containing a nitroxide radical motif (N-O·). TEMPO-
based materials exhibit intrinsic bipolar characteristics, making them particularly suitable
for use as cathode materials due to their high redox potential, typically around 3.6 V
vs. Li/Li+. The electrochemical stability of nitroxide radicals primarily arises from the
nitrogen–oxygen bond (N-O·) within the molecule and the effect of intramolecular electron
delocalization. Their electrochemical stability and conductivity can be further enhanced
by introducing π-conjugated structures (such as aromatic rings) into the nitroxide radicals
to modify their molecular structure or combining them with conductive materials like
MXene and porous carbon [92–94]. Additionally, nitroxide radicals can be produced from
renewable biomass-derived materials. This process enables controlled polymerization with
reduced byproducts and waste.

60



Polymers 2025, 17, 778

3.1.1. PTMA

The synthesis of PTMA begins with the radical polymerization of the precursor
monomer, 2,2,6,6-tetramethylpiperidinyl methyl acrylate (TMPMA), followed by a chemical
oxidation step that converts the piperidine ring into a stable nitrogen–oxygen radical. This
process endows PTMA with excellent chemical stability and unique electronic properties,
making it suitable as a positive electrode material in applications requiring high-rate per-
formance, such as small energy storage devices and fast-charging batteries [95,96]. When
used alongside conventional LiFePO4 or NCM cathodes, PTMA can serve as an additive to
optimize conductive networks, thereby enhancing electrochemical performance and pro-
longing cycling life. Furthermore, PTMA delivers a high output voltage of approximately
3.5 V, which is comparable to that of traditional cathode materials like LiFePO4. It also
offers additional capacity and specific energy density, particularly without the expansion
and contraction issues associated with conventional inorganic cathode materials during
lithiation and delithiation [97,98].

Zhang et al. developed a layered composite material composed of PTMA and reduced
graphene oxide (rGO) through non-covalent π-π stacking, leveraging the advantages of
PTMA and the exceptional conductivity and structural stability of rGO. This innovative ap-
proach significantly enhanced the cycling performance of lithium batteries at high rates [99].
As illustrated in Figure 6a, PTMA served as the polymer matrix, and the introduction of
pyrene groups via chemical modification strengthened its interaction with rGO. This led to
the formation of a stable and ordered layered structure, which improved ion transport and
cycling stability. Additionally, the nitrogen oxide radicals present in the PTMA chains con-
tributed to the energy storage capacity of the batteries. Li et al. reported the preparation of
a composite material, P(TMA-co-AQ), by grafting anthraquinone (AQ) units onto TEMPO
polymer chains through a polymerization reaction [100]. The modification of AQ occurred
when the quinone groups (C=O) on the chain segments received electrons from reductants,
forming a semiquinone radical intermediate (AQ−). This intermediate then acted as an
electron donor, transferring electrons to TEMPO molecules to accelerate their reduction.
As a result, the radical electron structure in TEMPO can stably and persistently accept or
transfer electrons, making it less prone to degradation. The P(TMA-co-AQ) composite with
multi-walled carbon nanotubes (MWCNTs) as the electrode material exhibited rapid and
reversible redox cycling. This grafting structure not only enhanced the stability of TEMPO
but also facilitated electron transfer between P(TMA-co-AQ) and the carbon nanotubes. In
half-cell tests, AQ-functionalized PTMA demonstrated an initial capacity of 174 mAh·g−1

with a capacity loss of 0.18% per cycle, while the discharge capacity based on the TEMPO
pair was approximately 85 mAh·g−1 (Figure 6b).

3.1.2. Polynorbornene (PNB)

PNB, as a binder, represents a promising approach to enhancing the adhesion and
dispersion of electrode components. It is utilized to strengthen the bonding between
active material particles. Additionally, PNB’s unique molecular structure provides excep-
tional mechanical support and chemical stability for the electrodes, alongside its electronic
conductivity.

Figure 6c illustrates that Daun Jeong et al. [101] designed a poly (norbornene-co-
norbornene dicarboxylic acid-co-heptafluorobutyl norbornene imide) (PNCI)-based binder
for nickel-rich layered oxide LiNixCoyMnzO2 (NCM, x > 0.8) electrodes. Norbornene
served as the backbone of the main chain, providing rigidity and mechanical strength,
while its fluorinated structure imparted strong hydrophobicity, low surface energy, and
high chemical stability. Additionally, the molar composition of the PNCI binder was
systematically adjusted to optimize structural integrity, minimizing material loss during
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charging and discharging. Kan Hatakeyama-Sato et al. [103] synthesized a novel free
radical polymer with PNB as the backbone and 2,2,5,5-tetramethyl-1-pyrrolidinyl-N-oxyl
(PROXYL) as the side group of unsaturated derivatives. This composite polymer combined
a rigid backbone chain with stable nitroxide radical side groups, resulting in a high modulus
and good flexibility. These properties enabled the polymer to maintain structural integrity
during electrode expansion or contraction. Furthermore, the composite polymer exhibited
stable redox capacity as a cathode material, owing to the reversible conversion of the
nitroxide radical structure of PROXYL to its reduced state (imine, N-OH).

 

Figure 6. (a) Preparation process of PTMA/rGO composites [99]; copyright 2017, American Chemical
Society. (b) P(TMA–co–AQ) and copolymer/multi–wall carbon nanotube composite electrode [100];
copyright 2022, American Chemical Society. (c) Synthesis of PNCI terpolymers and the functional
contributions of the PNCI binder [101]; copyright 2023, John Wiley and Sons. (d) Synthetic route of
PTEO [102]. Copyright 2020, Elsevier.

3.1.3. Poly(tempo-ether-oxetane) (PTEO)

PTEO is a novel organic radical polymer used as a composite electrode material,
primarily prepared by incorporating TEMPO with flexible ether chains or oxetane. The
nitroxide radicals in PTEO exhibit high efficiency in electron transfer reactions, providing
excellent redox activity and high reversibility. The introduction of oxetane or ether groups
into the polymer enhances its flexibility and stress resistance, improving the electrode’s
adaptability. During the charging process, the nitroxide radical is oxidized, losing electrons
to form the oxidation state (N+=O). Conversely, during discharging, the nitroxide group
is reduced to imine (N-OH) by capturing electrons and lithium ions. Deng et al. incor-
porated a silica skeleton into the PTEO backbone to construct a highly rigid 3D network
structure [102]. As an organic positive electrode, this material can withstand volumetric
stresses under high pressure and repeated electrochemical changes. The nitrogen and
oxygen radicals in PTEO serve as active centers for energy storage, enabling efficient redox
reactions (Figure 6d). The modified PTEO exhibited an electrical conductivity of 0.13 S·m−1,
surpassing that of other organic cathode materials used in lithium-ion batteries. In perfor-
mance tests, the PTEO-based lithium-ion battery achieved a capacity of up to 220 mAh·g−1

at 0.2 ◦C, while maintaining capacities of 165 mAh·g−1 at 1 ◦C and 95 mAh·g−1 at 8 ◦C.
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3.2. Phenoxyl Radicals

Phenoxyl radicals are characterized by extensive conjugated aromatic structures, and
their highly efficient reversible transformation between neutral phenoxyl radicals (R-O·)
and phenoxyl anions (R-O−) plays a crucial role in the energy storage processes of recharge-
able batteries. The electrochemical stability of phenoxyl radicals is influenced by molecular
structure, electrochemical environment, and substituent effects. For instance, the phenoxe-
nium cation of α-tocopherol exhibits enhanced stability due to intramolecular hydrogen
bonding and electron delocalization. Through rational molecular design and optimization
of electrochemical conditions, the electrochemical stability of phenoxyl radicals can be
significantly improved.

The preparation of phenoxy free radicals involves two main steps: free radical poly-
merization and chemical oxidation. Specifically, hydrogen galvinoxyl styrene is used as
a monomer, which is initiated to generate free radicals at a specific temperature. These
free radicals then react with styrene groups to form either dendritic or linear polymers.
Subsequently, the hydroxyl group in the hydrogen galvinoxyl group is oxidized to form
a free radical (R-O) through chemical oxidation [104,105]. From a green development
perspective, phenoxyl radicals can be derived from natural phenolic compounds, such as
those extracted from lignin or other plant secondary metabolites. The preparation process
can incorporate green chemistry methods, such as aqueous phase systems or photocatalytic
processes, to reduce energy and solvent consumption, thereby minimizing environmental
pollution.

N-type polymers are polymers that gain electrons during a redox reaction (undergo
reduction) and typically function as electron acceptors. These polymers generally exhibit
low LUMO (Lowest Unoccupied Molecular Orbital) energy levels, making them suitable
candidates for anode materials in batteries. Common examples of n-type polymers include
those based on naphthalene diimide (NDI), perylene diimide (PDI), and fullerene deriva-
tives [106]. In contrast, p-type polymers are polymers that lose electrons during a redox
reaction (undergo oxidation). These polymers typically possess high HOMO (Highest
Occupied Molecular Orbital) energy levels and are commonly used as electron donors and
cathode materials in batteries. Common examples of p-type polymers include those based
on thiophene (P3HT), benzodithiophene (BDT), and carbazole [107].

As depicted in Figure 7a,b, Takeo Suga et al. investigated the reversible and rapid
one-electron redox reaction between phenoxyl radicals and phenoxyl anions [108]. They
explored an n-type and redox-active radical polymer with galvinoxyl as the anode active
material. Building on this, a totally organic radical battery was developed with the n-type
redox-active radical polymer as the anode and a p-type radical polymer as the cathode [109].
Li et al. [110] reported the synthesis of two stable bifunctional radicals prepared through
C-C coupling of redox-active phenoxyl radicals with perylene diimides (PDIs) or benzo
perylene triimides (BPTIs). Incorporating electron-deficient PDIs or BPTIs into phenoxyl
radicals increased the density of redox-active groups per molecule, elevated the redox
potential, and enhanced the stability of the phenoxyl radicals.

3.3. Hydrazyl Radicals

Hydrazyl radicals are a class of organic free radicals centered around nitrogen, char-
acterized by the presence of hydrazine groups (-N•-N=). These radicals are typically
generated through the oxidation or dehydrogenation of hydrazine compounds (R-NH-
NR’). The general formula for hydrazyl radicals is R-N•-NR′ or R2N-N•-R, where at least
one nitrogen atom carries an unpaired electron. The electrochemical stability of hydrazyl
radicals can be significantly enhanced by introducing specific electron-withdrawing groups
or by designing particular molecular structures, such as bulky substituents or conjugated
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systems. Experimentally, their electrochemical stability is typically characterized using
cyclic voltammetry (CV) and electron paramagnetic resonance (EPR) [111]. Hydrazyl radi-
cals are generally synthesized from hydrazine and aromatic compounds, involving organic
hydrazine derivatives that usually rely on petrochemical resources. Recently, the synthesis
process has been optimized to reduce byproducts or select alternative reagents. Hydrazyl
radicals exhibit high reactivity, which can lower catalyst requirements and improve chemi-
cal conversion efficiency, highlighting their potential as green chemistry candidates.

 

Figure 7. (a) The derivatives and applications of phenoxy radicals [109]; copyright 2009, John Wiley
and Sons. (b) Stable radical preparation process by C–C coupling of phenoxy radical with PDI or
BPTIs [110]. Copyright 2018, John Wiley and Sons.

Lee et al. [112] reported the synthesis and characterization of stable triazenyl radicals,
which were obtained through the single-electron reduction of the corresponding triazenyl
cations using potassium metal (Figure 8a). Among these, the triazine radical with a hy-
drazine structure can be oxidized to form a triazine cation. When treated with a transition
metal source or an electrophilic reagent, these radicals reversibly oxidize back into cations
while extracting a hydrogen atom from heteranthrene, forming an N-H bond at the cen-
tral nitrogen atom [113]. Additionally, due to their aromaticity and conjugated systems,
triazenyl radicals exhibit high chemical stability and can undergo multiple redox reactions.
Furthermore, lightweight triazenyl radicals delivered a theoretical specific capacity of up
to 200 mAh·g−1 as positive active materials in lithium-ion batteries. Triazenyl radicals can
also serve as redox media to promote the oxidation of Li2O2 particles, reducing the overpo-
tential in lithium–oxygen batteries. In Figure 8b, Bai et al. [114] designed a redox medium
utilizing the nitrogen-containing free radical 1,1-diphenyl-2-pyridine hydrazyl radical
2,2-diphenyl-1-(2,4,6-trinitrobenzene) hydrazyl (DPPH). DPPH significantly enhanced the
solubility and migration rate of oxygen, improved charge transport, and facilitated the
decomposition of Li2O2. Consequently, lithium–oxygen batteries incorporating DPPH as
an intermediate molecule achieved a low terminal charge voltage of 4.12 V and maintained
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stable performance over 80 cycles at a high current density of 400 mA·g−1 with a fixed
capacity of 1000 mAh·g−1.

 

Figure 8. (a) Synthesis of N–heterocyclic carbenes supported triazenyl radicals [112]. Copyright 2017,
American Chemical Society. (b) Molecular structure of DPPH and its charging reaction mechanism in
Li–O2 batteries [114]. Copyright 2020, Elsevier.

In this part, the application and progress of several radical polymers, including nitrox-
ide free radicals, phenoxy free radicals, and hydrazine free radicals, in lithium batteries are
reviewed. Their synthesis methods, electrochemical properties, and strategies for functional
improvement are discussed in detail. These polymers are composed of flexible scaffolds
and side groups bearing free radicals with highly localized electrons, enabling them to
exhibit excellent electron transport kinetics and electrochemical performance.

PTMA is a typical nitroxide radical polymer known for its excellent chemical stability
and electron transport capabilities, making it a suitable candidate for use as an electrode
material. However, its higher molecular weight and fewer active sites limit its stabil-
ity in higher voltage ranges. Another nitroxide radical polymer, PNB, exhibits adhesive
properties and can serve as a binder for electrode materials. It is crucial to note that the
incorporation level of PNB significantly influences the electrochemical performance of the
electrodes. Therefore, its large-scale application still depends on further research, including
the optimization of adhesion behavior in solutions and improvement of compatibility with
existing electrode systems. Composite electrodes combining NCM with PNB demonstrate
outstanding mechanical properties, chemical stability, and conductivity, enhancing energy
density and cycling stability. Furthermore, phenoxy radicals prepared through free radical
polymerization and chemical oxidation possess efficient reversible electron transfer capa-
bilities. Research indicates that binding with electron-deficient molecules, such as perylene
diimides or benzo perylene triimides, is one of the most effective strategies for improving
the cycling life of batteries based on phenoxy free radicals.

Additionally, some free radical polymers, such as hydrocarbon radicals and halogen
radicals, have been reported to exhibit high redox reaction activity. However, when utilized
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as electrode active materials in lithium batteries, hydrocarbon radicals can induce the
decomposition of organic electrolytes, significantly compromising the cycling lifespan and
safety of the batteries. Although this issue can be mitigated through the design of radical
scavengers or reactive additives, it remains a considerable challenge. In contrast, halogen
radicals readily react with organic electrolytes and electrode materials, leading to unstable
side reactions. To address this, research has focused on chemical modification or doping
to adjust the reactivity of halogen radicals, thereby reducing their adverse impact on the
electrochemical properties of batteries.

4. Conclusions and Outlook

ECFPs have emerged as a promising class of materials for advanced energy storage
applications, combining electron transport capabilities, lithium storage reactivity, structural
flexibility, and molecular design versatility. This review focuses on two major categories of
ECFPs: conjugated polymers and free radical polymers.

For conjugated polymers, the molecular design and structural optimization of the π-
conjugated skeleton can significantly enhance electron transport capacity and electrochemi-
cal performance. Specific strategies include main-chain extension, side-chain modification,
orientation control, doping, and composite formation. Main-chain extension aims to reduce
the π-π stacking distance and lower the energy band gap, which decreases the resistance to
electron and hole mobility, thereby improving conductivity. Orientation control involves
aligning polymer segments using external forces, promoting the orderly arrangement of
molecular chains and enhancing charge carrier mobility. Side-chain engineering often
incorporates functional groups, such as electron donors (D) and electron acceptors (A), to
improve charge separation and transport characteristics. Additionally, doping with pro-
tonic acids, oxidants, ionic liquids, or carbon nanotubes can significantly enhance charge
transport efficiency. Composite formation with materials such as graphene or carbon
nanotubes is a widely accepted strategy to improve electrical conductivity, mechanical
properties, and electrode stability. The applications of conjugated polymers in energy
storage systems have garnered significant attention. For instance, PANI- and PPy-based
materials demonstrate exceptional polysulfide capture ability and high-rate performance
in lithium–sulfur batteries.

On the other hand, radical polymers achieve enhanced stability and electrochemical
performance through rational molecular design. This includes the strategic incorporation
of stable radical moieties (e.g., hydroxylamine radicals, enoxy radicals, and nitrogen–sulfur
radicals), main/side-chain engineering to optimize radical density and electronic structure,
and flexible chain integration (e.g., ether/oxetane segments in PTEO) for improved volume
adaptability. By compositing with conductive materials such as reduced graphite oxide
or multi-walled carbon nanotubes, free radical polymers can build conductive networks,
significantly enhancing electron transport capacity. Additionally, the development of
multifunctional binder systems, such as adhesive PNB derivatives, demonstrates dual
benefits: enhanced interparticle adhesion in composite electrodes and improved mechanical
strength and chemical stability.

In the future, the development of ECFPs will focus on three critical areas: synthetic
innovation, multifunctional integration, and system optimization. Synthetic innovation will
prioritize eco-friendly and scalable synthesis methodologies. For example, the development
of water-based polymer systems or biocatalytic synthesis pathways for the preparation of
PANI aims to replace traditional toxic solvents, such as NMP. Similarly, enzyme-catalyzed
polymerization or photoinitiated polymerization for PPY preparation can reduce residues
of oxidants like FeCl3. Multifunctional integration will involve designing adaptive archi-
tectures for diverse energy storage platforms. PANI/PEDOT:PSS heterojunctions can be
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developed by utilizing the pseudo-capacitance of PANI alongside the high conductivity of
PEDOT:PSS. Furthermore, the synergy between redox activity and conductivity allows for
the incorporation of nitroxide radicals onto the PPY backbone. The optimization of the sys-
tem will focus on balancing energy density, rate capability, and cycling durability through
hierarchical structural design, interface engineering, and the development of advanced
binders. For instance, nanotube arrays combined with microporous carbon can optimize
the ionic/electronic transport pathways of PANI. Gradient-doped multilayer films can
effectively balance the surface conductivity of PEDOT:PSS with adhesion to underlying
layers. Porous frameworks loaded with radical molecules can enhance the utilization of
active sites in radical materials. Furthermore, temperature-sensitive or light-responsive
adhesives based on PBI or PEDOT:PSS can enable the dynamic regulation of electrode struc-
tures. The continued evolution of ECFPs in molecular design, performance optimization,
and sustainable manufacturing positions these materials as pivotal components in next-
generation energy storage and conversion technology, offering wide-ranging prospects for
their applications in energy storage and conversion devices.

Author Contributions: Z.H. and M.L.: writing—original draft, investigation, resources; J.C. and C.X.:
resource collection; N.M.: conceptualization, review and editing. F.L.: writing—review and editing,
funding acquisition, project administration, supervision. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was financially supported by the National Natural Science Foundation of China
(No. 52172180).

Data Availability Statement: No new data were created or analyzed in this study.

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

Abbreviations

The following abbreviations are used in this manuscript:

ECFPs Electrically conductive functional polymers
PANI Polyanilines
PEDOT Poly(3,4-ethylenedioxythiophene)
PSS Polystyrene sulfonic acid
PBI Polybenzimidazole
PPy Polypyrroles
PVA Polyvinyl alcohol
PTH Polythiophene
TA Tannic acid
PEO Polyethylene oxide
PEI Polyethylene imine
COF Covalent organic skeletons
TEMPO 2,2,6,6-tetramethylpiperidinyl-n-oxyl
PTEO Poly (tempo-ether-oxetane)
AQ Anthraquinone
PNB Polynorbornene
PROXYL 2,2,5,5-tetramethyl-1-pyrrolidinyl-N-oxyl
PPD polyaniline diamine
MEH-PPV Poly[(2-ethylhexyl) phenylene vinylene)]
PBTTT Poly[2,5-bis(3-hexylthiophene-2-yl) thiophene]
PTAA Poly(triaryl amine)
BBL Poly(benzimidazobenzophenanthroline)
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Abstract: Flexible and wearable electronics often rely on piezoelectric materials, and
Poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) membranes are popular for this
application. However, their electromechanical performance is limited due to a relatively
low piezoelectric coefficient. To address this, this study investigates the incorporation
of zinc oxide (ZnO) nanorods (NRs) into a P(VDF-TrFE) nanofiber membrane matrix.
ZnO NRs were synthesized and doped into well-aligned P(VDF-TrFE) nanofibers using
electrospinning with a high-speed rotating drum. The impact of ZnO NRs’ mass fraction
on the piezoelectric properties of the membranes was evaluated. Results show that a
maximum piezoelectric coefficient (d33) of −62.4 pC/N, 9.5 times higher than neat P(VDF-
TrFE), was achieved. These enhanced membranes demonstrated excellent performance
in finger-tapping and bending detection, making them promising for large-scale flexible
sensor applications in wearable electronics. This approach offers a simple and effective
route to improve the performance of piezoelectric materials in flexible devices.

Keywords: P(VDF-TrFE)/ZnO nanocomposite; P(VDF-TrFE) nanofibers; ZnO nanorods;
piezoelectricity; flexible electromechanical sensors

1. Introduction

Rapid advancements in science and technology have increased the demand for
portable and wearable electronic devices. These devices are used in diverse sectors, in-
cluding healthcare [1], motion monitoring [2], environmental monitoring [3], and data
transmission and processing [4]. Traditional battery-based power sources have several
limitations. These include their large size, short lifespan, limited integration capabilities,
environmental impact, and poor biocompatibility [5]. These challenges underscore the need
for alternative, clean, and sustainable power solutions that are portable and flexible. Many
wearable electronics have low energy consumption. As a result, harvesting energy from
the environment—such as solar, thermal, and mechanical sources—presents a promising
solution [6]. Among the various energy harvesting technologies developed, including
photovoltaics [7], thermoelectrics [8], magnetoelectrics [9], piezoelectric nanogenerators
(PENGs) [10], and frictional nanogenerators [11], PENGs stand out for their ability to
provide flexible, lightweight, and sustainable power [12]. These advantages make PENGs
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ideal for a wide range of applications, including electronic skin [13], healthcare [14], gesture
recognition [15], and artificial synapses [16].

Piezoelectric materials are a class of materials capable of converting mechanical energy
into electrical energy. These materials are broadly categorized into inorganic piezoelectric
materials and piezoelectric polymers [17–21]. Inorganic piezoelectric materials typically
exhibit higher electrical activity compared to polymers, offering greater sensitivity to exter-
nal mechanical stimuli and the ability to generate higher power density [22,23]. However,
their intrinsic brittleness and lack of flexibility limit their applicability, particularly in
flexible electronic devices. In contrast, poly(vinylidene fluoride) (PVDF) and its copolymer,
poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)), have been widely employed
in PENGs, especially when integrated into small-scale electronics. This is due to their
flexibility, biocompatibility, chemical resistance, environmental friendliness, and ease of
fabrication [24–28].

The piezoelectric performance of P(VDF-TrFE) is closely related to its crystalline
structure, which varies based on the orientation of the fluorine atoms along the polymer
backbone. The material can crystallize into different phases, such as the trans–gauche–trans–
gauche (TGTG) configuration (α-phase) and the all-trans (TTTT) configuration (β-phase).
Among these, the β-phase exhibits the highest piezoelectric performance and is the primary
contributor to P(VDF-TrFE)’s piezoelectricity [29,30]. Compared to PVDF homopolymers,
P(VDF-TrFE) copolymers have a stronger tendency to crystallize into the β-phase. This
is attributed to the steric effects of the third fluorine atom in the TrFE monomer units.
These effects inhibit the formation of the TGT conformation [31]. These unique structural
properties make P(VDF-TrFE) a promising material for flexible piezoelectric applications.

To further improve the piezoelectric properties of P(VDF-TrFE) copolymers, a com-
monly employed strategy is the introduction of an additional phase, such as lead zirconate
titanate (PZT) [32], barium titanate (BTO) [33], graphene, metal electrodes [34], or zinc
oxide (ZnO) [34–36]. These additives can significantly enhance the electrical response of
the polymer matrix [37]. Among these materials, ZnO is a notable lead-free piezoelectric
material. It is known for its high thermal stability, favorable piezoelectric and dielectric
properties, and environmental compatibility [38–41].

Electrospinning offers several distinct advantages over conventional methods for
fabricating flexible sensor membranes, particularly in the context of nanomaterial-based
sensors. One of the primary benefits is its ability to produce highly flexible membranes with
fine, continuous nanofibers that are not achievable with traditional fabrication techniques.
The nanoscale fibers produced via electrospinning exhibit excellent flexibility, allowing
the sensor membranes to conform to complex surfaces, which is essential for wearable or
flexible sensor applications.

Another key advantage of electrospinning is its ability to generate membranes with a
high surface area-to-volume ratio. This large surface area enhances the sensor’s sensitivity
and responsiveness to target analytes, improving detection limits and allowing for more
accurate measurements. This is particularly important for flexible sensors, where high
sensitivity is required to detect small changes in the surrounding environment.

Moreover, electrospinning allows for precise control over the morphology of the
fibers, including their diameter, alignment, and porosity. This level of control is crucial for
optimizing the mechanical and electrical properties of the sensor membrane. The flexibility
and tensile strength of electrospun fibers can be tailored to ensure that the membranes
remain functional under various mechanical deformations, such as bending or stretching,
which is often required in flexible electronics and wearable sensor applications.

Electrospinning also offers the capability to incorporate a wide variety of func-
tional materials into the nanofibers, such as conductive polymers, metal nanoparticles, or
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biomolecules. This versatility allows the creation of multifunctional sensor membranes
with enhanced properties, such as increased electrical conductivity, catalytic activity, or
specific interaction with analytes, which can further improve sensor performance in diverse
sensing environments.

In this study, we employ a high-speed electrospinning technique to fabricate highly
aligned P(VDF-TrFE) nanofibers doped with oriented ZnO NRs. Due to their high aspect
ratio, the ZnO NRs align along the direction of the P(VDF-TrFE) nanofibers during the
electrospinning process. This dual alignment of nanofibers and ZnO NRs enhances the
piezoelectric properties of the resulting nanocomposite membranes, which is crucial for
the advancement of efficient nanogenerators. Moreover, we investigate the expanded
potential applications of these optimized materials in sensing technologies. Notably, the
membranes exhibit the capability to detect finger bending and tapping, demonstrating their
high sensitivity and versatility. These results lay a solid foundation for the development
of advanced energy harvesting systems and flexible sensing devices, underscoring the
potential of this approach for next-generation wearable and self-powered electronics.

2. Materials and Methods

2.1. Materials

The 70/30 P(VDF-TrFE) powders were obtained from Kunshan Hisense Electronics,
Suzhou, China. Zinc acetate dihydrate [Zn(CH3COO)2·2H2O] was supplied by Shanghai
Macklin Biochemical Co., Ltd., Shanghai, China. N,N-dimethylformamide (DMF), acetone,
sodium hydroxide (NaOH), and ethanol were purchased from Shanghai Reagents Co.,
Ltd., Shanghai, China. All chemicals and materials were used as received without any
further purification.

2.2. Methods
2.2.1. Synthesis of ZnO NRs

Zinc oxide nanorods (ZnO NRs) were synthesized using a hydrothermal method, as
illustrated in Figure 1a. Initially, 0.88 g of Zn(CH3COO)2·2H2O was dissolved in 40 mL of
ethanol at a concentration of 0.1 mol/L. Separately, 3.2 g of NaOH was dissolved in 80 mL
of ethanol at a concentration of 1 mol/L. Both solutions were stirred at room temperature
for 2.5 h. Subsequently, the two solutions were mixed and stirred continuously for an
additional 3 h. The resulting mixture was then transferred into a 250 mL Teflon-lined
autoclave, which was tightly sealed and placed in an oven for hydrothermal treatment at
145 ◦C for 24 h. After the reaction, the autoclave was allowed to cool to room temperature
naturally. The solution was then filtered and washed several times with deionized water
and ethanol to remove impurities. Finally, the ZnO powder was obtained by drying the
product in an oven at 75 ◦C for 12 h.

2.2.2. Fabrication of ZnO/P(VDF-TrFE) Nanocomposite Films

The ZnO/P(VDF-TrFE) film was fabricated using an electrospinning method, as
illustrated in Figure 1b. First, an appropriate amount of ZnO NRs was dispersed in 10 mL
of a mixed solvent of DMF and acetone (60:40 w/w). The suspension was stirred for 30 min
and subsequently subjected to ultrasonic treatment for an additional 30 min. Following this,
1.6 g of P(VDF-TrFE) was added to the ZnO suspension, and the mixture was vigorously
stirred at 40 ◦C for 24 h until a uniform and transparent solution was obtained.

For the electrospinning process, as shown in Figure 1b, the prepared solution was
loaded into a 5 mL plastic syringe equipped with a 24 G needle. The electrospinning
parameters were set as follows: the applied voltage was 20 kV, the distance between the
needle tip and the collector was 20 cm, and the solution flow rate was 1.32 mL/h. A
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rotating drum covered with aluminum foil was used as the collector, with a rotation speed
of 1500 rpm to ensure fiber alignment. The temperature and relative humidity during
electrospinning were maintained at 24 ◦C and 50%, respectively.

 

Figure 1. Schematic illustrations of the fabrication processes: (a) Synthesis of ZnO NRs using
the hydrothermal method. (b) Fabrication of P(VDF-TrFE) fibers via the electrospinning method.
(c) Assembly process of PENGs.

After electrospinning, the collected films were dried overnight at 70 ◦C to remove
residual organic solvents. Finally, the dried membranes were annealed in a drying oven at
140 ◦C for 6 h and then cooled to room temperature to complete the fabrication process.

2.2.3. Fabrication of PENGs

A photograph and schematic diagram of a typical nanofiber membrane device are
presented in Figure 1c. The complete device, with an effective electrode area of 4 cm2,
consists of the following layers arranged from top to bottom: a PI encapsulation layer, a
top copper tape, an aluminum (Al) top electrode, the nanofiber membrane (the thickness of
all the samples is 20 μm), an Al bottom electrode, a bottom copper tape, and a PI substrate.

2.2.4. Characterizations

The morphologies of the ZnO NRs and ZnO/P(VDF-TrFE) films were characterized
using a scanning electron microscope (SEM, model S4700, Hitachi, Tokyo, Japan). The crys-
tal structures were analyzed by X-ray diffraction (XRD, model D/max-2200/PC, Rigaku,
Wako, Japan) diffractometer with Cu Kα radiation (λ = 0.154056 nm). XRD patterns were
recorded in the 2θ range of 5◦ to 75◦ with a scanning rate of 3◦/min at room temperature.
Fourier transform infrared (FTIR) spectra were collected using a Microscopic Infrared
Spectrometer (FTIR, model 760, Nicolet, Rhinelander, WI, USA) in the wavenumber range
of 4000–500 cm−1. The length and diameter distributions of the nanofibers were analyzed
using the Nano-measurer (Nano Measurer 1.2.5) software.

In the piezoelectric performance testing, due to the inherent variability in sample
preparation, we conducted multiple tests for each data point, using five identical samples
per measurement. The best performance result from each group was recorded as the
experimental outcome. The β-phase content was calculated using FTIR data from films
of the same batch. The analysis followed a standard method, ensuring the accuracy and
consistency of the results.
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The electrical measurements, including the open-circuit voltage (VOC) and short-circuit
current (ISC), were recorded using a precision source meter (2612B, Keithley, Cleveland,
OH, USA). The vertical piezoelectric performance of the PENGs was evaluated using
a custom-designed piezoelectric measurement system, as illustrated in Figure 2a. The
piezoelectric signals generated by the nanofiber membrane were captured and recorded
using an oscilloscope.

Figure 2. (a) Schematic diagram of the self-assembled vertical piezoelectric experimental setup. SEM
images of (b) ZnO NRs, (c) neat P(VDF-TrFE) nanofibers collected at a rotating speed of 300 rpm on
the electrospinning drum, (d) neat P(VDF-TrFE) nanofibers collected at a rotating speed of 1500 rpm
on the electrospinning drum, and (e) P(VDF-TrFE) nanofibers doped with ZnO NRs at a mass fraction
of 9 wt%, collected at a rotating speed of 1500 rpm on the electrospinning drum.

3. Results

3.1. Microstructures of ZnO NRs

The incorporation of ZnO, in various morphologies, into piezoelectric polymers has
shown promise in fabricating biocompatible, high-performance piezoelectric nanofiber
membranes. ZnO NRs, in particular, offer notable advantages due to their high aspect ratio
and piezoelectric characteristics. Unlike non-piezoelectric high-aspect-ratio fillers, ZnO
NRs can synergistically enhance the piezoelectric performance of polymer matrices. Their
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unique morphology allows for improved mechanical–electrical energy conversion, making
them suitable for generating high-performance piezoelectric nanocomposites [42,43].

The morphologies of the ZnO NRs were analyzed using scanning electron microscopy
(SEM), as shown in Figure 2b. The as-synthesized ZnO NRs exhibited a uniform mor-
phology with a high aspect ratio. The average length of the ZnO NRs was approximately
1.4 μm, with an average diameter of around 47 nm. The X-ray diffraction (XRD) patterns of
the ZnO NRs, presented in Figure 3a, display distinct diffraction peaks corresponding to
the hexagonal wurtzite structure of ZnO, which are consistent with the standard data from
JCPDS Card No. 75-0576.

3.2. Aligned Neat P(VDF-TrFE) Fibers

Electrospinning is a versatile and widely used template-free technique for fabricating
piezoelectric polymer fibers. This method enables the production of large-scale, self-
polarized piezoelectric polymer nanofiber membranes by applying a high voltage to drive
a jet of charged polymer droplets through a metal nozzle. During the fabrication process,
polymer nanofibers are formed through mechanical stretching as the charged droplets
travel toward a rotating collector. However, this liquid-to-solid transition process often
results in randomly distributed fibers, which exhibit suboptimal electrical properties and
limited sensitivity to mechanical stimuli. The alignment of electrospun fibers has been
demonstrated to significantly enhance their piezoelectric performance. Aligned fibers can
be fabricated through post-electrospinning mechanical stretching or by using a collector
oriented parallel to the spinning axis during the electrospinning process [44–48]. While
these methods improve the alignment of fibers and their piezoelectric properties to some
extent, challenges remain in achieving high electrical responses from the resulting fiber
membranes. Furthermore, there is a growing demand for the scalable fabrication of
biocompatible, high-performance, and well-aligned nanofiber membranes to meet the
requirements of advanced applications. Despite ongoing efforts, progress in this area has
been limited, highlighting the need for improved strategies to enhance the performance
and scalability of aligned piezoelectric nanofiber membranes.

Figure 2c,d depicts neat P(VDF-TrFE) nanofibers collected at rotating speeds of 300
and 1500 rpm on the electrospinning drum, respectively. It can be clearly observed that
the nanofibers collected at a rotating speed of 1500 rpm exhibit an oriented arrangement.
To further enhance the piezoelectric properties of the fiber films, varying contents of
ZnO nanorods (NRs) were used for doping. The doped P(VDF-TrFE) nanofibers were
collected at a rotating speed of 1500 rpm on the electrospinning drum. Figure 2e shows
a closer examination of the SEM images and reveals that the nanofibers in the region are
well-formed, with ZnO NRs aligning along the in-plane direction within the P(VDF-TrFE)
polymer matrix, showing good dispersion.

3.3. Doped ZnO/P(VDF-TrFE) Fibers

The morphologies of the electrospun ZnO/P(VDF-TrFE) fibers are shown in Figure 2e.
It is evident that the ZnO NRs are well-aligned along the axis of the P(VDF-TrFE) fibers
and are evenly dispersed within the polymer matrix. Moreover, the interfaces between the
ZnO NRs and the P(VDF-TrFE) fibers exhibit strong interfacial bonding, indicating efficient
integration of the nanorods into the polymer fibers.
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Figure 3. (a) XRD patterns of the ZnO NRs. (b) FTIR spectra of P(VDF-TrFE) fibers collected at
rotating speeds of 300 and 1500 rpm on the electrospinning drum. (c) Corresponding β-phase
content of P(VDF-TrFE) fibers. (d) Induced charges of neat P(VDF-TrFE) films collected at rotating
speeds of 300 and 1500 rpm on the electrospinning drum. (e) FTIR spectra of P(VDF-TrFE)/ZnO
fiber composites with varying doping contents of ZnO NRs. (f) Corresponding β-phase content of
P(VDF-TrFE)/ZnO fiber composites. (g) Induced charges of P(VDF-TrFE) composites with different
doping contents of ZnO NRs. (h) d33 values of P(VDF-TrFE) composite films with varying doping
contents of ZnO NRs.
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Upon doping P(VDF-TrFE) nanofibers with ZnO NRs, an increase in the fiber diameter
was observed. Specifically, the average diameter of the fibers increased from approximately
450 nm for neat fibers to about 600 nm for ZnO doped fibers. This increase in diameter
is attributed to the high aspect ratio of the ZnO NRs. During the electrospinning process,
the ZnO NRs are aligned along the direction of the P(VDF-TrFE) fibers, which disrupts the
typical fiber formation mechanism. The presence of these elongated nanorods facilitates the
formation of thicker fibers as the nanorods act as a structural support, preventing the fibers
from shrinking to their original dimensions. This interaction between the ZnO NRs and the
polymer matrix effectively alters the electrospinning dynamics, leading to an increase in the
fiber diameter. Additionally, the incorporation of ZnO NRs into the fiber matrix also influences
the overall material structure, contributing to changes in fiber morphology and porosity.

Our findings reveal that increasing the rotational speed of the electrospinning drum
to 1500 rpm effectively promotes the overall alignment of the nanofibers [49]. Simulta-
neously, the incorporated ZnO NRs become oriented along the axis of the nanofibers
during the fabrication process. This dual orientation—of both the nanofibers and the ZnO
NRs—significantly enhances the piezoelectric performance in both the perpendicular and
transverse directions.

4. Discussion

4.1. Microstructure and Crystallization Behavior of ZnO/P(VDF-TrFE) Nanocomposites

To further examine the effects of the electrospinning drum’s rotating speed and the
doping of ZnO nanorods (NRs) on the crystalline structure of P(VDF-TrFE) nanofibers,
Fourier transform infrared spectroscopy (FTIR) analysis was performed on both neat P(VDF-
TrFE) fibers and ZnO NRs-doped P(VDF-TrFE) fibers. For the neat P(VDF-TrFE) fibers
collected at different rotating speeds of the electrospinning drum, multiple characteristic
peaks were observed, as shown in Figure 3a. The infrared spectra revealed vibrational
bands in the frequency range of 700–1600 cm−1. Three characteristic peaks corresponding to
the β-crystalline phase were identified at 845 cm−1, 1293 cm−1, and 1400 cm−1. Specifically,
the absorption peaks at 845 cm−1 and 1293 cm−1 were attributed to the symmetric stretching
vibrations of -CF2 and C–C, respectively, while the peak at 1400 cm−1 was associated with -
CH2 oscillations and the antisymmetric stretching of C–C. Notably, no significant absorption
peak corresponding to the α-crystalline phase was detected at 760 cm−1, indicating that
the electrospun fiber membrane predominantly consists of the β-crystalline phase.

When the rotating speed of the electrospinning drum was increased from 300 rpm to
1500 rpm, the collected nanofibers exhibited a transition from a random arrangement to
an oriented alignment, as illustrated in Figure 2c,d. Additionally, the average diameter of
the nanofibers decreased from 0.55 μm to 0.45 μm. This transition can be attributed to the
enhanced mechanical stretching exerted by the higher rotating speed of the electrospinning
drum. As shown in Figure 3b, the absorption peak at 1400 cm−1 became more prominent,
while the peak at 1176 cm−1 was significantly diminished. These findings indicate a gradual
transformation of the non-polar phase in P(VDF-TrFE) into the electroactive β-phase. The
axial stretching of the fibers during the electrospinning process facilitates the alignment of
polar molecules in the polymer chains at specific angles, thereby increasing polarization
and enhancing the β-crystalline phase content.

To precisely evaluate the influence of the rotating speed of the electrospinning drum
on the crystalline structure of P(VDF-TrFE), the content of the electroactive β-phase was
calculated using the infrared spectral data and Equation (1):

Fβ =
Aβ[

(
Kβ

Kα
)Aα + Aβ

] , (1)
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where Aα and Aβ represent the absorbance of the α-phase and β-phase at 766 cm−1 and
840 cm−1, respectively, and Kα and Kβ are the absorption coefficients of the α-phase and β-
phase, with values of 6.1 × 104 and 7.7 × 104 cm2/mol, respectively. As shown in Figure 3c,
the β-phase content of the fibers collected at a rotating speed of 1500 rpm was 73.8%,
compared to 69.4% for the fibers collected at 300 rpm. This result indicates that the oriented
fiber films exhibit higher crystallinity than their disordered counterparts due to increased
molecular alignment induced by the higher rotating speed of the drum.

The β-phase content was further calculated for P(VDF-TrFE) nanofibers doped with
varying concentrations of ZnO NRs and collected using the high-speed electrospinning
drum, as presented in Figure 3f. The results demonstrate that the incorporation of ZnO NRs
significantly enhances the β-phase content of the P(VDF-TrFE) nanofibers. A maximum
β-phase content of 88.3% was achieved at a doping concentration of 15 wt% ZnO NRs. The
initial increase in β-phase content with increasing ZnO NR doping can be attributed to the
stronger intermolecular interactions exerted by the ZnO NRs, which promote molecular
alignment of the P(VDF-TrFE) polymer chains and improve crystallinity. However, when
the ZnO NR doping concentration reached 18 wt%, a noticeable decline in β-phase content
was observed. This reduction is likely due to the dominant positive piezoelectric effect of
ZnO NRs, which counteracts part of the negative piezoelectric effect inherent to P(VDF-
TrFE). This counteraction diminishes the overall piezoelectric performance of the composite
film, thereby reducing crystallinity and electroactivity in the fiber membrane.

This observation highlights the critical importance of optimizing the ZnO NR doping
concentration to achieve a balance between the alignment forces induced by ZnO NRs
and the structural integrity of the polymer matrix. Such optimization is essential for
maximizing the piezoelectric performance and preserving the crystalline properties of the
composite nanofibers.

4.2. Electromechanical Conversion Performance of ZnO/P(VDF-TrFE) Nanocomposites

Piezoelectric materials, owing to their mechanical-to-electrical energy conversion
characteristics, hold significant potential for applications in energy harvesting, pressure
sensing, and bio-sensing. To effectively serve these purposes, it is essential for piezoelectric
materials to exhibit excellent piezoelectric properties. In this study, PENGs were fabricated
using a simple sandwich structure, as illustrated in Figure 1c, to facilitate the measurement
of their piezoelectric performance.

The vertical piezoelectric characteristics were evaluated by applying mechanical
excitation along the thickness direction of the film and recording the resulting electrical
response along the same direction. Conversely, the transverse piezoelectric characteristics
were assessed by applying mechanical stress along the surface direction of the film and
measuring the corresponding electrical response along the film’s thickness direction.

The excitation frequency of 100 Hz was chosen based on prior research which showed
that a variation in frequency (between 100, 200, and 300 Hz) did not significantly affect the
piezoelectric performance of the material. Therefore, 100 Hz was selected to ensure that the
results were consistent and did not introduce unnecessary complexity. This frequency is
likely optimal for capturing the material’s response under typical conditions.

It is important to note that all measurements were conducted under relatively low
applied strain levels, which were insufficient to induce any observable plastic deforma-
tion in the material. This ensured that the observed electrical responses were attributed
solely to the piezoelectric behavior of the material, rather than any structural changes or
damage. These results provide a clear understanding of the piezoelectric performance
of the fabricated PENGs and their suitability for various applications requiring efficient
mechanical-to-electrical energy conversion.
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The 2 N amplitude was chosen as it provided the most stable output for the material’s
piezoelectric performance. In previous tests, it was observed that at this level of excitation
force, the sample produced the most reliable and consistent piezoelectric output. The elastic
modulus of the sample also played a role here, as the material’s deformation behavior under
this force led to the most stable measurements, making it an ideal choice for this experiment.

The vertical piezoelectric properties of the PENGs were evaluated using a custom-
designed piezoelectric performance testing system. This system comprised a vibrator, a
power amplifier, a function generator, a commercial quartz force sensor, and a charge
amplifier, as illustrated in Figure 2a. Both the PENG and the quartz force sensor were
placed on the vibrator. The vibrator was driven by a voltage signal generated by the
function generator, which was pre-amplified using the power amplifier. By adjusting the
amplitude, frequency, and waveform of the excitation voltage, mechanical forces with
specific characteristics could be applied to the nanofiber membranes and the quartz sensor.

The induced charges generated in the P(VDF-TrFE) nanofiber membrane under a
sinusoidal mechanical excitation frequency of 100 Hz and an amplitude of 2 N are presented
in Figure 3d. For the aligned neat P(VDF-TrFE) fiber film collected at an electrospinning
drum rotating speed of 1500 rpm, the induced charge was measured to be 35.4 pC, which is
187.8% higher than that of the randomly distributed fibers collected at a drum rotating speed
of 300 rpm. This improvement can be attributed to the increased mechanical stretching
forces exerted by the high-speed electrospinning drum, which enhance the alignment of
the fibers. Additionally, the higher degree of alignment leads to improved crystallinity of
the nanofiber films, thereby increasing their piezoelectric responses.

For composite films with different doping contents of ZnO NRs (0–18 wt%) collected
at a drum rotating speed of 1500 rpm, the maximum induced charge was observed at a
doping content of 15 wt%. At this doping level, the induced charge reached a peak value
of 124.8 pC under a cyclic pressure of 2 N and a frequency of 100 Hz. Correspondingly, the
d33 value was calculated to be −62.4 pC/N, which is 252.5% higher than that of PENGs
fabricated from neat P(VDF-TrFE). This d33 value also exceeds the values reported in
previous studies (d33), ranging from −21.0 to −52.0 pC/N [50–54]. Figure 3g,h illustrates
the induced charges and the d33 values of the composite films with varying ZnO NR doping
contents, respectively.

The doping range of 0–18 wt% was selected based on observed trends in our ex-
periments where increasing the doping concentration of ZnO NRs initially enhanced
piezoelectric performance but after a certain threshold, the performance began to decline.
At 0–18 wt%, both the transverse and longitudinal piezoelectric performance showed a
clear increase and subsequent decrease, allowing for a full characterization of the doping
effect. Beyond 18 wt%, the piezoelectric properties were found to worsen, hence the range
was capped at 18 wt% for this study.

A comparison between Figures 3f and 3g reveals that the trend in β-phase content
aligns closely with the trend in induced charges as the doping content of ZnO NRs varies.
This suggests that the piezoelectric properties of the polymer in the vertical piezoelectric
test are predominantly influenced by the β-phase content. The enhanced β-phase content
in the composite films with optimized ZnO NR doping contributes significantly to their
superior piezoelectric performance.

The transverse piezoelectric properties are particularly critical for PENGs in specific
application scenarios, such as wearable sensors for human motion gesture recognition,
arterial pulse monitoring, and eye fatigue detection. The experimental setup for transverse
piezoelectric characterization is schematically illustrated in Figure 3a. In this system,
the nanofiber membranes are fixed onto a linear motor, and the movement of the motor
induces compression and stretching of the membranes. The resulting electrical responses
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are recorded using a source meter. The strain applied to the membranes and the frequency
( f ) of the bending–releasing process are controlled by adjusting the final displacement (Δd)
and the speed (v) of the motor’s slider.

During the measurements, the bottom electrode of the nanofiber membrane is electri-
cally grounded, and the nanofibers are bent upward to perform the transverse piezoelectric
tests. Additionally, the test specimen was straightened before initiating the bending oper-
ation. The initial distance (d0) between the slider and the fixed end of the setup is set to
35 mm.

The difference in optimal ZnO concentrations for the transverse and vertical piezoelec-
tric responses is a complex phenomenon related to the anisotropic nature of the composite
material. The alignment of the ZnO nanoparticles within the polymer matrix can vary
depending on the direction of the applied stress. In the vertical configuration, where the
stress is applied perpendicular to the film, the alignment of the particles may differ from
that in the transverse configuration, where the stress is applied parallel to the surface.
As a result, the ZnO nanoparticles may interact differently with the polymer matrix in
these two orientations, leading to variations in the optimal concentration for each type of
response. This behavior is influenced by both the mechanical properties of the matrix and
the piezoelectric properties of the ZnO nanoparticles themselves.

The typical VOC responses of all membranes under a slider speed of v = 9.5 mm/s
and a displacement of d = 20 mm are shown in Figure 4b,d. A negative VOC output is
observed during the bending half-cycle, while a positive VOC response is detected during
the releasing half-cycle. These alternating outputs confirm the piezoelectric behavior of the
membranes under transverse mechanical deformation. Furthermore, the ISC outputs of
the composite membranes are presented in Figure 4c,e. The consistent ISC signals further
demonstrate the effective transverse piezoelectric response of the membranes.

These results highlight the potential of the P(VDF-TrFE)-based nanofiber membranes,
with or without ZnO NR doping, for applications requiring transverse piezoelectric energy
conversion or sensing, particularly in wearable and flexible electronic devices.

As presented in Figure 4b,c, the transverse piezoelectric properties of the fiber films
were investigated to further evaluate the effect of increasing the rotation speed of the
electrospinning drum. The fiber films collected at a drum rotating speed of 1500 rpm
demonstrated superior electrical output performance compared to those collected at lower
speeds. Specifically, the VOC and ISC of the neat P(VDF-TrFE) fiber film collected at 1500 rpm
reached 12.0 V and 16.7 nA, respectively. In contrast, the VOC and ISC of the P(VDF-
TrFE) fiber film prepared at a lower drum rotating speed of 300 rpm were 8.8 V and
6.8 nA, respectively. These results indicate that the use of a high-speed electrospinning
drum effectively enhances the transverse piezoelectric properties of the fiber films due to
improved fiber alignment and crystallinity.

The transverse piezoelectric properties of composite fiber films doped with varying
mass fractions of ZnO nanorods (NRs) and prepared at a drum rotating speed of 1500 rpm
are shown in Figure 4d,e. As the ZnO NR doping content increased, the VOC and ISC

of the composite films initially increased and subsequently decreased. The maximum
VOC and ISC were observed at a ZnO NR doping content of 9 wt%, reaching 42.6 V and
138.8 nA, respectively. These values represent significant enhancements of 255.0% and
731.1%, respectively, compared to the neat P(VDF-TrFE) fiber film.

The enhanced performance observed at the optimal ZnO NR doping level can be
attributed to the incorporation of ZnO NRs into the P(VDF-TrFE) matrix, which promotes
an increase in the electroactive β-phase content and enhances the overall crystallinity
of the fiber membrane. This improvement leads to a higher proportion of the effective
piezoelectric β-phase, a critical factor in improving piezoelectric performance.
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As ZnO NRs are introduced into the P(VDF-TrFE) matrix, they could influence the
polymer’s crystallization behavior by altering the local electrostatic fields or the molecular
orientation of the polymer chains. This can be used to explain the initial increasing of the
β-phase. In the case of PDMS-based composites, the reduction in piezoelectric response has
indeed been linked to the hardening of the polymer matrix [55], which restricts the mobility
of dipoles and limits the piezoelectric effect. In our study, while there is no β-phase in the
ZnO itself, the interaction between the ZnO nanoparticles and the polymer may result in a
similar phenomenon, specifically as the concentration of ZnO increases. This hardening
effect could explain the reduction in β-phase at higher ZnO concentrations, similar to what
is observed in PDMS-based composites, leading to its reduction at higher concentrations
of ZnO NRs. Similarly, a decline in piezoelectric performance is observed at higher ZnO
NR doping levels. This phenomenon can be explained by the positive piezoelectric effect
of ZnO NRs, which counteracts the intrinsic negative piezoelectric effect of P(VDF-TrFE).
This counteraction reduces the overall piezoelectric response of the composite film.

Figure 4. Measurement of transverse piezoelectric properties. (a) Schematic diagram of the measure-
ment system. (b) VOC and (c) ISC of neat P(VDF-TrFE) fiber films collected at electrospinning drum
rotating speeds of 300 rpm and 1500 rpm. (d) VOC and (e) ISC of P(VDF-TrFE) composite films with
varying ZnO NR doping contents.

84



Polymers 2025, 17, 585

As a result, the piezoelectric performance of the composite fiber membranes decreases
when the ZnO NR doping content exceeds the optimal level. These results highlight the
necessity of optimizing ZnO NR doping content to achieve superior transverse piezoelectric
properties in P(VDF-TrFE)-based fiber films. This optimization is essential for maximizing
the piezoelectric output and ensuring the effective integration of ZnO NRs into the P(VDF-
TrFE) matrix.

The piezoelectric nanofiber membrane capacitor was further optimized for mechanical
energy harvesting applications. As illustrated in Figure 5a, the energy harvester was elec-
trically connected in parallel with a variable resistor to evaluate the optimal external load
and determine the maximum power density generated. A source meter was employed to
measure the current drop across the variable resistor, which was induced by the movement
of a linear motor.

 

Figure 5. Mechanical energy harvesting from nanofiber membranes. (a) Schematic diagram of the
measurement system used for mechanical energy harvesting. (b) Peak current outputs and the
corresponding peak power density values as a function of the external resistance load.

Figure 6 presents the current responses of the 9 wt% ZnO-doped nanofiber mem-
brane under different external resistance loads (Rvar). The results indicate that the current
response increases proportionally with the external resistance for the tested nanofiber
membranes. To further analyze the output performance, the peak current outputs (Ipeak)
were extracted from Figure 6 and plotted as a function of the external resistance in Figure 5b.
The corresponding peak electrical power density (Ppeak) generated per unit area for each
external resistance load was calculated using Equation (2):

Ppeak =
I2
peakRvar

A
, (2)

where A represents the effective electrode area (4 cm2). The peak power density (Ppeak) for
each nanogenerator initially increases as the external resistance (Rvar) rises from 5 MΩ to
1.5 GΩ, and subsequently decreases beyond this value. As a result, an optimal external
resistance of 1.5 GΩ yields a maximum Ppeak value of 0.84 μW/cm2 for the 9 wt% ZnO-
doped P(VDF-TrFE) membranes. This achieved maximum power density is notably higher
than the 0.53 μW/cm2 reported for BaSrTiO3-doped P(VDF-TrFE) membranes [56]. These
findings highlight the enhanced energy harvesting performance of ZnO-doped P(VDF-
TrFE) membranes over other doped systems, making them promising candidates for
high-performance piezoelectric energy harvesters.
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Figure 6. Current responses of 9 wt% ZnO-doped P(VDF-TrFE) membranes under repeated bending
operations with varying external resistance loads.
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Finally, to evaluate the potential application of the ZnO-doped nanofiber membrane
as a wearable sensor, a series of tests involving finger tapping, bending, and releasing
were conducted. As shown in Figure 7, the sensor exhibited distinct VOC responses of
approximately 20 V for finger tapping and 60 V for bending and releasing.

Figure 7. Application of the 9 wt% ZnO-doped nanofiber membrane as a wearable sensor for the
detection of (a,b) finger tapping and (c,d) bending and releasing of the sensor. (e) VOC response to
finger tapping. (f) VOC response to bending and releasing of the sensor.

These results demonstrate the significant sensitivity and responsiveness of the sensor,
suggesting its strong potential for further development in various applications, particu-
larly in the field of human physiological monitoring. This highlights the versatility and
practicality of the ZnO-doped nanofiber membrane for wearable sensing technologies.

5. Conclusions

In this study, highly aligned P(VDF-TrFE) nanofiber membranes were successfully
fabricated using the electrospinning technique. The incorporation of ZnO nanorods (NRs)
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into the fiber membranes resulted in preferential alignment of the ZnO NRs along the fiber
direction, enhancing the overall structural and piezoelectric properties of the membranes.

The alignment of the P(VDF-TrFE) nanofibers significantly improved their piezoelectric
performance. The d33 of the aligned fibers increased by 187.8% compared to randomly
oriented fibers. In transverse measurements, the VOC and ISC of the aligned membranes
exhibited enhancements of 36.4% and 145.6%, respectively.

The addition of ZnO further augmented the piezoelectric properties. At a ZnO doping
level of 15 wt%, the vertical d33 value increased by 252.5%, while the transverse VOC and ISC

exhibited dramatic improvements of 255.0% and 731.1%, respectively, at a doping content
of 9 wt%.

Moreover, the optimized nanofiber membranes demonstrated a peak power density of
0.84 μW/cm2 at an optimal load resistance, confirming their potential for energy harvest-
ing applications. Additionally, the ZnO-doped P(VDF-TrFE) nanofiber membranes were
successfully applied as wearable sensors, effectively detecting finger tapping, bending, and
releasing motions, with corresponding VOC responses of approximately 20 V and 60 V.

These results highlight the significant enhancement of piezoelectric and power genera-
tion properties in ZnO-doped P(VDF-TrFE) nanofiber membranes. The findings validate the
potential of these materials for advanced applications in wearable and flexible electronics,
paving the way for future developments in this field.

There are several avenues for potential future work that could further enhance the
practical applications of this technology:

Optimization of ZnO Doping Levels: While this study explored doping at various
concentrations, further research could focus on fine-tuning the optimal doping levels for
different applications, balancing performance with material stability over long-term use.

Scalability and Fabrication Methods: Scaling up the electrospinning process for large-
area, high-throughput production while maintaining the alignment of nanofibers could be
a critical next step. This would help in addressing the manufacturing challenges associated
with deploying these materials in mass-market wearable and flexible devices.

Human-Body Interface and Health Monitoring: Further studies could focus on ex-
panding the range of human physiological signals that can be captured by these sensors,
such as muscle movement, heart rate, or even respiration patterns. Incorporating additional
sensor modalities could lead to more comprehensive health monitoring solutions.

By pursuing these research directions, future work could lead to the refinement and
broader adoption of ZnO-doped P(VDF-TrFE) nanofiber membranes in advanced wearable
and flexible electronics, making them more efficient, versatile, and reliable for a range of
applications in healthcare and energy harvesting.
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Abbreviations
P(VDF-TrFE) Poly(vinylidene fluoride-trifluoroethylene)
ZnO Zinc oxide
NRs Nanorods
LD Linear dichroism
PENGs Piezoelectric nanogenerators
PVDF Poly(vinylidene fluoride)
TGTG Trans–gauche–trans–gauche configuration
TTTT All-trans configuration
PZT Lead zirconate titanate
BTO Barium titanate
Zn(CH3COO)2·2H2O Zinc acetate dihydrate
DMF N, N-dimethylformamide
NaOH Sodium hydroxide
FTIR Fourier transform infrared spectra
VOC Open-circuit voltage
ISC Short-circuit current
d33 Vertical piezoelectric coefficient
Ipeak Peak current outputs
Ppeak Peak power density
Rvar External resistance
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Abstract: Hybrid organohalide perovskites have received considerable attention due to
their exceptional photovoltaic (PV) conversion efficiencies in optoelectronic devices. In
this study, we report the development of a highly sensitive, self-powered perovskite-
based photovoltaic photodiode (PVPD) fabricated by incorporating a poly(amic acid)-
polyimide (PAA-PI) copolymer as an interfacial layer between a methylammonium
lead iodide (CH3NH3PbI3, MAPbI3) perovskite light-absorbing layer and a poly(3,4-
ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT: PSS) hole injection layer. The
PAA-PI interfacial layer effectively suppresses carrier recombination at the interfaces, re-
sulting in a high power conversion efficiency (PCE) of 11.8% compared to 10.4% in reference
devices without an interfacial layer. Moreover, applying the PAA-PI interfacial layer to
the MAPbI3 PVPD significantly improves the photodiode performance, increasing the
specific detectivity by 49 times to 7.82 × 1010 Jones compared to the corresponding results
of reference devices without an interfacial layer. The PAA-PI-passivated MAPbI3 PVPD
also exhibits a wide linear dynamic range of ~103 dB and fast response times, with rise
and decay times of 61 and 18 μs, respectively. The improved dynamic response of the
PAA-PI-passivated MAPbI3 PVPD enables effective weak-light detection, highlighting
the potential of advanced interfacial engineering with PAA-PI interfacial layers in the
development of high-performance, self-powered perovskite photovoltaic photodetectors
for a wide range of optoelectronic applications.

Keywords: photodetector; poly(amic acid)-polyimide copolymer; polymeric interfacial
layer; organic/inorganic hybrid perovskite

1. Introduction

In recent years, organohalide perovskites have emerged as promising materials for
energy harvesting devices, largely due to their solution-processable fabrication methods
and exceptional optoelectronic properties, especially in terms of the photon-to-electricity
conversion efficiency [1–7]. Perovskites, with the general chemical formula of ABX3 (where
A is a monovalent organic cation such as methylammonium (MA+) or formamidinium
(FA+), B is a metal cation such as Pb2+ or Sn2+, and X is a halide anion such as Cl−, Br−,
or I−), have enabled remarkable advances in photovoltaic (PV) performance, with power
conversion efficiencies (PCEs) exceeding 26.7% [7–11]. These high efficiencies of perovskite
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PV devices are attributed to their strong optical absorption, high carrier mobility, ambipolar
charge transport, and tunable bandgaps, which collectively support the development of
efficient, scalable optoelectronic devices [7,9,11–14]. Beyond PV applications, organohalide
perovskites have also shown strong potential in photodetectors, achieving impressive
metrics such as responsivity (R) values between 360 and 470 mA/W and specific detectivity
(D*) values ranging from 2.1 × 1011 to 7.8 × 1012 Jones, comparable to those of conventional
silicon-based detectors [15–18].

Despite these advances, challenges remain in the fabrication of high-quality, stable
perovskite-based devices. Defects and distortions within the perovskite lattice, both in
the bulk and at the surface, present significant obstacles to achieving consistent and stable
performance [19–23]. Furthermore, the sensitivity of perovskites to environmental factors
such as heat and humidity can lead to the degradation and loss of device performance over
time [20,24]. In addition, grain boundaries, pinholes, and surface defects in the perovskite
layer often lead to recombination losses, further reducing device efficiency [20–23,25].
Weak interfacial interactions between the perovskite layer and adjacent charge transport
layers, such as hole transport layers (HTLs) and electron transport layers (ETLs), further
limit charge separation and transport efficiency, reducing the overall device performance
and stability [20–23].

In order to address these issues, interfacial engineering has emerged as a critical strat-
egy for optimizing the performance and stability of perovskite-based devices, including
PV cells [11,12,26–29] and photodetectors [23,30–35]. Recent advancements have demon-
strated that interfacial layers with tailored physical and electronic properties can effectively
address challenges such as energy level misalignment [7,12,23,28], charge recombina-
tion [11,21,23,30,34], and suboptimal charge extraction efficiency [22,28,29,33,35]. Various
polymers, including polystyrene [21,27], poly(4-vinylpyridine) [21,36], and poly(methyl
methacrylate) [21,24,34,35,37–41], have been employed as interfacial passivation layers,
reportedly achieving PCEs of approximately 15–20% [20,26]. Furthermore, molecular in-
terfacial engineering using small molecular layers has shown significant improvements
in carrier dynamics and device stability [28,31]. Additionally, strategies focusing on dual
interfacial optimization and additive engineering have also been highlighted for their role
in enhancing photoresponsivity and device longevity [32,35].

Compared to these advancements in perovskite PV cells, the application of interfacial
layers in perovskite photodetectors remains relatively underexplored. This gap presents
an important opportunity to address persistent limitations, including grain boundary de-
fects [28,29], dark leakage currents [32], and noise [31,33], all of which adversely affect R and
D* [30,34,35]. Moreover, the poor interfacial quality between the perovskite light-absorbing
layer and the charge transport layers frequently results in increased recombination losses
and suboptimal charge extraction, ultimately hindering device performance [41].

In this regard, we explore the use of a poly(amic acid)-polyimide (PAA-PI) copolymer
interfacial layer, which has previously demonstrated significant performance improvements
in organic light-emitting diodes (OLEDs) [42]. The PAA-PI interfacial layer, known for its
excellent film-forming properties, high hole transport capabilities, and effective passivation,
has shown promise in mitigating problems such as grain boundaries, surface defects,
and weak interfacial interactions in perovskite devices. In OLEDs, the incorporation of
PAA-PI layers resulted in significant performance improvements, with peak brightness
values of approximately 100,000 cd/m2 and efficiencies exceeding 90 cd/A, significantly
outperforming reference OLEDs without a PAA-PI layer [42]. These improvements were
attributed to the capability of the PAA-PI interfacial layer to enhance energy level alignment,
promote hole transport, and block electron diffusion. Given the demonstrated benefits
of PAA-PI interfacial layers in OLEDs, it is plausible that such layers could enhance the
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performance capabilities of perovskite photodetectors by improving the interfacial quality
between the perovskite layer and the charge transport layers, thereby mitigating defect-
related problems, recombination losses, and dark leakage currents. This approach offers
straightforward integration into the fabrication of high-performance, stable, and low-cost
photodetectors without the need for complex processing techniques.

In this study, we systematically investigate the incorporation of a PAA-PI interfacial
layer into methylammonium lead iodide (CH3NH3PbI3, MAPbI3)-based perovskite pho-
tovoltaic photodiodes (PVPDs). We evaluate the effect of the PAA-PI interfacial layer on
the optoelectronic properties of the device, specifically the external quantum efficiency
(EQE), R, D*, and the linear dynamic range (LDR) under self-powered (zero bias) conditions.
Moreover, we evaluate the temporal photoresponse, in this case the rise and decay times,
and signal spectra, with a reference PVPD without a PAA-PI interfacial layer tested for
comparison. Our results demonstrate that the incorporation of the PAA-PI interfacial layer
significantly improves device performance, exceeding that of similar devices reported in
the literature.

2. Materials and Methods

2.1. Materials

N,N-dimethylformamide (DMF), anhydrous dimethyl sulfoxide (DMSO), anhydrous
chlorobenzene (CB), anhydrous isopropyl alcohol (IPA), and a poly(amic acid) (PAA) solu-
tion of poly(pyromellitic dianhydride-co-4,4′-oxydianiline) (PMDA-ODA) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Methylammonium iodide (MAI) and lead(II)
iodide (PbI2), used as the perovskite precursors here, were sourced from Greatcell Solar
(Queanbeyan, Australia) and Alfa Aesar (Haverhill, MA, USA), respectively. Phenyl-C61-
butyric acid methyl ester (PCBM60) was purchased from Nano-C (Westwood, MA, USA),
and the colloidal zinc oxide (ZnO) nanoparticle suspension (N-10) used in this study was
supplied by Avantama (Stäfa, Switzerland). Bathocuproine (BCP) was procured from
Tokyo Chemical Industry Co., Ltd (Tokyo, Japan). The poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) aqueous solution (Clevios P-VP-AI-4083) was pur-
chased from H.C. Starck (Leverkusen, Germany). All chemicals were used as received
without further purification.

2.2. Methods

A pre-patterned 80 nm thick indium tin oxide (ITO, 20 Ω/sq) layer on a glass substrate
served as the transparent anode. Prior to device fabrication, the ITO substrates were
ultrasonically cleaned in ethyl alcohol, a detergent, and deionized water, followed by
drying with N2 gas and a treatment with ultraviolet ozone for five minutes. To form a
30 nm thick PEDOT:PSS hole injection layer (HIL), the PEDOT:PSS solution was spin-coated
onto the ITO substrate at 4000 rpm for 35 s, and the thus-coated substrate was annealed
at 120 ◦C for 20 min. For the PAA-PI interfacial layer, the synthesis method employed
in this study followed the protocol described in our previous work [42] to optimize the
device architecture performance. Specifically, a precursor solution containing PAA in N-
methyl-2-pyrrolidone (NMP) (1:20 volume ratio) was spin-coated onto a PEDOT:PSS-coated
ITO substrate at 2000 rpm for 35 s. The resulting PAA precursor layer was pre-baked at
80 ◦C for 30 min and subsequently annealed at 180 ◦C for 1 h to form a 6 nm thick PAA-PI
interfacial layer [42].

Next, the substrate coated with the PAA-PI interfacial layer was transferred into a
nitrogen-filled glovebox. To prepare the perovskite precursor solution, PbI2 and MAI were
mixed at a 1:1 molar ratio in a solvent mixture of DMF and DMSO (8:2 volume ratio) and
stirred overnight. The perovskite precursor solution was spin-coated onto the substrate at
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3800 rpm for 30 s in the glovebox. During this spin coating process, anhydrous CB was
dropped as an antisolvent onto the spinning substrate after a delay of 5–10 s to promote
the formation of a uniform film. Following the spin coating step, the perovskite film was
allowed to dry at room temperature for 5 min and was then annealed at 100 ◦C for 20 min
to crystallize the MAPbI3 layer, resulting in a 250 nm thick MAPbI3 perovskite film.

Subsequently, the MAPbI3 perovskite-coated substrates were spin-coated with a
50 nm thick PCBM60 ETL from a 20 mg/mL solution in CB and a 20 nm thick ZnO ETL
from a colloidal nanoparticle suspension. Finally, a 12 nm thick BCP hole-blocking layer
and a 70 nm thick Al cathode were thermally evaporated onto the ZnO layer at a base
pressure of less than 2 × 10−6 Torr. The resulting MAPbI3 perovskite PVPD device structure
was [ITO/PEDOT:PSS/PAA-PI/MAPbI3/PCBM60/ZnO/BCP/Al], with an active area
of 6 mm2.

2.3. Characterization

The surface morphology of each functional layer was analyzed using scanning electron
microscopy (SEM; Inspect F50, FEI, Philips, Eindhoven, The Netherlands), and the grain
size distribution was quantified from SEM images using ImageJ software (version 1.53t).
The surface roughness of the layers was assessed using atomic force microscopy (AFM;
FlexAFM, Nanosurf AG, Liestal, Switzerland) and simultaneous Kelvin probe force mi-
croscopy (KPFM), with morphological profiles obtained using Gwyddion software (version
2.62). Ultraviolet photoelectron spectroscopy (UPS; PHI 5000 Versa Probe, ULVAC-PHI
Inc., Chigasaki, Japan) was employed to analyze the electronic structures and properties
of the layers, while their optical properties were examined using ultraviolet–visible (UV–
visible) spectrometry (Cary 1E, Varian, Agilent, Santa Clara, CA, USA). To minimize sample
degradation in ambient air, all measurements were conducted within 1–2 h of fabrication.

The PV performance of the fabricated devices was evaluated under simulated solar
illumination (100 mW/cm2) using an AM 1.5G light source (96000 Solar Simulator, Newport,
Irvine, CA, USA), with calibration performed using a reference PV cell (BS-520, Bunkoh-
Keiki Co., Ltd., Tokyo, Japan). Current–voltage (J-V) characteristics were measured using
source meters (Keithley 2400, 2636, Tektronix, Beaverton, OR, USA). The EQE spectra and
spectral responsivity (Rλ) were obtained using an incident photon-to-current efficiency
measurement system (IQE-200 EQE/IQE, Newport, Irvine, CA, USA).

To evaluate the performance of the photodiode (PD), a monochromatic light source
(λ = 637 nm) from a diode laser (COMPACT-100G-637-A, World Star Tech, Markham, ON,
Canada) with a maximum modulation frequency of 50 kHz and output power of 100 mW
was utilized. The noise current (in) level was determined via a fast Fourier transform (FFT)
analysis of the dark current (Idark), measured without external bias using a source meter
(Keithley 2636, Tektronix, Beaverton, OR, USA), with data acquisition at a sampling rate of
1 kHz. The 3 dB cutoff frequencies were extracted through logarithmic transformation of
the normalized photoresponses, which were modulated using the aforementioned 637 nm
laser system and analyzed as a function of the modulation frequency.

3. Results and Discussion

3.1. Characteristics of PAA-PI Interfacial Layers

Before investigating the impact of the PAA-PI interfacial layer on the performance
of MAPbI3 perovskite PVPDs, we first characterized the properties of the PAA-PI inter-
facial layers. Figure 1a shows the molecular structure of the PAA-PI copolymer, which
consists of two components: one derived from PAA, formed by polymerizing PMDA with
carbonyl groups and ODA containing nitrogen atoms, and the other from imidized PI. This
copolymer serves as the interfacial layer between the MAPbI3 active layer and the HIL of
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PEDOT:PSS. To achieve a thin and homogeneous PAA-PI interfacial layer, a PAA precursor
solution was spin-coated onto the PEDOT:PSS substrate and then annealed at 180 ◦C to
imidize the PAA, forming the PAA-PI copolymer (imidization degree ~46%) following
previously reported synthesis routes [43].

 

Figure 1. (a) Molecular structure of the PAA-PI copolymer based on PMDA-ODA PAA used in this
study. (b) UV–visible optical transmission spectra of 6 nm thick (Sample) and 0 nm thick (Reference)
PAA-PI interfacial layers on a PEDOT:PSS HIL, deposited on an ITO electrode. The inset shows a
photograph of the Sample with a 6 nm thick PAA-PI layer on a 5.5 × 5.5 cm2 substrate [42].

The optical properties of the PAA-PI layers were initially investigated. Optical images
and transmission spectra of the PAA-PI layers deposited on ITO/PEDOT:PSS substrates are
shown in Figure 1b. The results demonstrate that the PAA-PI copolymer-coated substrates
maintain high optical transparency, which is essential for their application in optoelectronic
devices. For instance, the average optical transmittance of the ITO/PEDOT:PSS/PAA-
PI (6 nm) layer in the visible range (400–700 nm) is approximately 88%, slightly higher
than the transmittance of 87% observed for the Reference ITO/PEDOT:PSS layer. This
improvement is accompanied by a minor redshift in the transmission peak, attributed to
optical interference effects. Therefore, the addition of the PAA-PI layer does not significantly
affect the optical transparency of the ITO/PEDOT:PSS substrate.

We investigated the surface morphology of the PAA-PI layers in more detail using
AFM. Figure 2a presents the AFM topography of a 6 nm thick PAA-PI layer deposited on
an ITO/PEDOT:PSS substrate. The root mean square (RMS) roughness of the Reference
ITO/PEDOT:PSS layer is approximately 0.80 nm, while that of the PAA-PI layer increases
to approximately 1.54 nm. These values indicate that the PAA-PI layers form smooth and
homogeneous surfaces on PEDOT:PSS, free from needle-like defects or pinholes.

 

Figure 2. (a) AFM topography images and (b) corresponding KPFM potential maps of
ITO/PEDOT:PSS (30 nm)/PAA-PI layers with PAA-PI thicknesses of 0 nm (Reference, top) and
6 nm (Sample, bottom) [42].
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To investigate the surface properties further, we conducted KPFM measurements to
assess the surface potentials of the PAA-PI interfacial layer. The KPFM surface potential
maps in Figure 2b confirm the uniformity of the PAA-PI layer. The contact potential
difference (CPD) values were measured, with VCPD(PEDOT:PSS) equal to approximately
−84 mV for the Reference ITO/PEDOT:PSS layer and VCPD(PAA-PI) equal to approximately
335 mV for the 6 nm thick PAA-PI layer. These results indicate a significant increase in
the surface potential upon the formation of the PAA-PI interfacial layer. This increased
surface potential can be attributed to a surface dipole moment in the PAA-PI layer, which
is composed of strong polar groups, in this case carboxyl (-COOH) and amide (-CONH)
functionalities [44–46]. These dipoles likely align with their moments pointing away from
the underlying PEDOT:PSS layer, resulting in the observed increase in the CPD value.
These changes in the surface potential can significantly affect the electronic properties of
both the interfacial layer and the adjacent functional layers [47].

3.2. Characteristics of MAPbI3 Layers on PAA-PI Interfacial Layers

An ultrathin, homogeneous PAA-PI interfacial layer was deposited on the PEDOT:PSS
HIL, followed by the deposition of a MAPbI3 perovskite active layer using an antisolvent-
assisted rapid crystallization method to achieve a uniform, continuous film structure [30,
34]. During the spin coating of the MAPbI3 layer, a CB antisolvent was applied to the
spinning perovskite layer to facilitate the formation of a homogeneous MAPbI3 film.
Thus, the investigated film structure includes an ITO/PEDOT:PSS HIL/PAA-PI interfacial
layer/MAPbI3 perovskite layer configuration, as shown in Figure 3a. The functional groups
within the PAA-PI interfacial layer can interact with the MAPbI3 active layer and affect the
film quality, as discussed below.

In order to evaluate the effects of the PAA-PI interfacial layer on the morphology and
quality of the MAPbI3 layers, SEM was used. Comparative SEM images of the MAPbI3

layers fabricated with (Sample) and without (Reference) the PAA-PI interfacial layer, as
shown in Figure 3b, indicate that the presence of the PAA-PI layer leads to a clear increase
in the grain size and fewer film defects in the MAPbI3 layer. This SEM analysis confirms
that the MAPbI3 films fabricated with the PAA-PI interfacial layer exhibit a more uniform
and smoother morphology.

For a quantitative assessment of the grain size distributions in the MAPbI3 films
(Figure 3b), ImageJ software was used to estimate the domain sizes. The average grain size
of the Reference MAPbI3 layer was approximately 71 nm, whereas the Sample MAPbI3

layer showed an increased average grain size of approximately 80 nm. This increase in the
grain size is attributable to the inhibition of nucleation sites [35,48], allowing the growth
of larger MAPbI3 grains to be promoted by the PAA-PI interfacial layer. The PAA-PI
interfacial layer facilitates larger MAPbI3 grains while mitigating defects such as spikes and
pinholes, potentially reducing carrier recombination losses at the perovskite interface and
improving charge extraction and transfer from the perovskite layer to adjacent functional
layers.

To investigate the electronic structures and properties imparted by the PAA-PI films
more concisely, UPS was employed. Figure 3c,d show the UPS spectra (He I) of the PAA-PI-
modified ITO/PEDOT:PSS layers, highlighting the photoemission threshold energy and
the energy difference between the Fermi level (EF) and the valence band maximum (EVBM)
or highest occupied molecular orbital (HOMO) level (EHOMO). The UPS analysis shows
that the work function and EHOMOs of the unmodified Reference ITO/PEDOT:PSS layer are
approximately 5.02 eV and 5.20 eV, respectively, in agreement with previously reported UPS
data [49]. In contrast, the work function for the ITO/PEDOT:PSS/PAA-PI layer is reduced
to approximately 4.35 eV for a 6 nm thick PAA-PI layer on ITO/PEDOT:PSS (Figure 3c).

97



Polymers 2025, 17, 163

This reduction in the work function suggests that the dipole moment of the PAA-PI layer
is oriented away from the PEDOT:PSS layer [50], confirming the results obtained from
the KPFM surface potential measurements. Furthermore, the estimated EHOMO for the
ITO/PEDOT:PSS/PAA-PI layers is around 4.97 eV for a 6 nm thick PAA-PI layer, indicating
that the PAA-PI layer effectively modulates both the work function and EHOMO (~5.20 eV)
of the ITO/PEDOT:PSS layers.

 

Figure 3. (a) Schematic illustration of the MAPbI3 perovskite layer with a polymer interfacial
layer (PAA-PI) on a PEDOT:PSS HIL on an ITO electrode, resulting in the ITO/PEDOT:PSS/PAA-
PI/MAPbI3 configuration. (b) High-magnification SEM images comparing the top-view morpholo-
gies of MAPbI3 perovskite layers without (Reference: ITO/PEDOT:PSS/MAPbI3) and with (Sample:
ITO/PEDOT:PSS/PAA-PI/MAPbI3) a PAA-PI interfacial layer on PEDOT:PSS. (c) UPS spectra of
the Reference and Sample layers used to determine their respective work functions [42]. (d) VBM
values derived for the Reference and Sample layers [42]. (e) UV–visible absorption spectra of the
MAPbI3 Reference and Sample layers illustrating their optical absorption characteristics. (f) Energy
level diagram illustrating the Sample layer (ITO/PEDOT:PSS/PAA-PI/MAPbI3) with the addition
of thin PCBM60 and BCP ETLs and an Al cathode, highlighting the alignment of the energy levels
across the layers.

The UV–visible absorption spectra of the Reference and Sample MAPbI3 layers, shown
in Figure 3e, show strong absorption in the visible wavelength range of 450–700 nm.
Notably, the optical absorption of the Sample MAPbI3 layer is nearly identical to that of
the Reference layer, indicating that the PAA-PI interfacial layer does not affect the optical
absorption properties of the MAPbI3 perovskite layer. Together with the energy levels
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estimated for the MAPbI3 and PCBM60 functional layers, an energy level diagram was
constructed for MAPbI3 devices with and without a PAA-PI interfacial layer (Figure 3f). In
the sample layer, the introduction of a PAA-PI interfacial layer between the PEDOT:PSS
HIL and the MAPbI3 active layer results in an EHOMO value of approximately 5.0 eV for the
PAA-PI interfacial layer while also inducing a significant vacuum level (Evac) downshift of
approximately 0.67 eV, as estimated from UPS measurements (Figure 3c,d). This substantial
Evac downshift confirms the formation of a dipolar interfacial layer, with the negative
end oriented toward the perovskite and the positive end facing outward, as mentioned
above. The dipole formation, therefore, significantly alters the interfacial energy band
structure, leading to a downshift in the HOMO level of MAPbI3 and a reduced hole
collection barrier [47]. Consequently, the enhanced interfacial dipole of the PAA-PI layer
may improve charge collection, contributing to a considerably higher PCE.

Notably, in the Sample layer with the PAA-PI interfacial layer, a substantial energy
barrier (~2.1 eV) exists between the lowest unoccupied molecular orbital (LUMO) levels of
the PAA-PI interfacial layer and the MAPbI3 active layer, potentially allowing the PAA-PI
layer to function as an electron-blocking layer. These results suggest that the physical and
electronic properties of the PAA-PI interfacial layer play an important role in overall device
performance.

3.3. PV Performance of MAPbI3 PVPDs with PAA-PI Interfacial Layers

Given the observed properties of the MAPbI3 layer, as described above, the introduction
of a PAA-PI interfacial layer appears to improve the interfacial quality between the MAPbI3

active layer and the adjacent HIL effectively without altering the optical properties of the
MAPbI3 layer. This interface improvement is expected to reduce in and increase the photocur-
rent, thereby potentially improving the performance of MAPbI3 perovskite PVPDs [35].

To investigate the PV performance of MAPbI3 PVPDs with and without PAA-PI
interfacial layers, a schematic of the MAPbI3 PVPD structure was devised, as shown in
Figure 4a. In this configuration, ITO serves as the anode, PEDOT:PSS acts as the HIL,
PAA-PI acts as the interfacial layer, and MAPbI3 is the perovskite light-absorbing layer.
ETLs consisting of PCBM60 and BCP were subsequently deposited onto the MAPbI3 layer,
and an Al cathode completed the device structure.

The device performance of the MAPbI3 PVPDs without (Reference) and with the PAA-PI
interfacial layer (Sample) was evaluated by measuring the dark current densities (Jdarks)
as a function of the applied voltage (Jdark-V), as shown in Figure 4b. The results show
diodic behavior and high rectification ratios (RRs) under dark conditions, indicating sufficient
perovskite layer coverage. However, there was a noticeable difference between the PVPDs; the
Reference device exhibited an RR of approximately 0.02 × 103 at 1.0 V, while the Sample device
showed a significantly increased RR of 1.59 × 103, higher than previously reported values
(~0.75 × 103) for devices with PEDOT:PSS [18]. This increase is attributed to the reduction
in the leakage current, likely due to the improved interfacial quality between the MAPbI3

active layer and the PEDOT:PSS HIL. In addition, the Sample device exhibited a lower Jdark

of close to 8.15 × 10−6 mA/cm2 at zero voltage compared to ~2.18 × 10−4 mA/cm2 for the
Reference device. This reduction in Idark, combined with the increased RR, highlights the
effective interfacial benefits conferred by the PAA-PI layer [14,18].

To examine the effect of the PAA-PI interfacial layers on trap states within the light-
absorbing layers more closely, the Jdark-V curves of the perovskite PVPDs were replotted on
a logarithmic scale, enabling the determination of the trap-filling limit voltages (VTFL), as
shown in the panel at the bottom of Figure 4b [7,40,51,52]. The VTFL values for the Reference
and Sample PVPDs were approximately 0.67 V and 0.40 V, respectively. Using the space
charge limited current (SCLC) model, the trap state density (Ntrap) was calculated using the
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equation Ntrap =
(
2εε0VTFL)/(eL2), where ε is the relative permittivity of MAPbI3, ε0 is

the vacuum permittivity, e is the elementary charge (1.6 × 10−19 C), and L is the perovskite
film thickness [7,40,51]. The calculated Ntrap values were approximately 1.78 × 1015 cm−3

for the Reference device and 1.06 × 1015 cm−3 for the Sample device, indicating significant
defect passivation at the MAPbI3 interfaces in the Sample device.

 

Figure 4. (a) Schematic illustration of a planar MAPbI3 perovskite PVPD with a PAA-PI interfacial
layer. (b) Jdark-V characteristics of MAPbI3 PVPDs without (Reference) and with (Sample) a PAA-
PI interfacial layer, presented on a semi-logarithmic scale (top panel) and a log-logarithmic scale
(bottom panel). (c) J-V characteristics of MAPbI3 PVPDs during backward scanning under AM
1.5G illumination. (d) Comparison of PV performance parameters—VOC, JSC, FF, and PCE—for the
Reference and Sample MAPbI3 PVPDs.

Next, the PV performance of the MAPbI3 PVPDs was evaluated under AM 1.5G
illumination, as shown in Figure 4c. The Reference device exhibited a PCE of 10.4%,
with a short-circuit current density (JSC) of 16.7 mA/cm2, an open-circuit voltage (VOC) of
0.93 V, and a fill factor (FF) of 67.1%, consistent with previously reported values for solution-
processed MAPbI3 devices [18,35]. In contrast, the Sample device showed a significant
improvement, achieving a PCE of 11.8%, with JSC = 18.6 mA/cm2, VOC = 0.95 V, and
FF = 67.1%. The improved JSC in the Sample device is attributed to increased photo-
generated charge carriers, supported by the larger grain sizes and fewer defect sites in
the homogeneous MAPbI3 layer, which allow for efficient charge separation under the
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high built-in potential (Vbi) of the heterostructure [18,34]. In addition, the observed shunt
resistance (RShunt) and series resistance (RSeries) of the Sample device were found to be
nearly identical to those of the Reference device. The high RShunt value observed in the
Sample device indicates that the PAA-PI interfacial passivation layer effectively suppresses
non-radiative recombination losses and minimizes leakage pathways [53]. This optimized
interfacial quality directly contributes to the enhanced overall device performance, as
evidenced by the improved PCE values and increased stability (see Appendix A). The
PV performance metrics of the MAPbI3 PVPDs are summarized in Table 1. Notably,
deviations from the optimal deposition conditions, particularly for the PAA-PI interfacial
layer, resulted in a significant decrease in the performance of the Sample PVPDs.

Table 1. Summary of PV performance parameters of MAPbI3-based PVPDs with PAA-PI interfacial
layers during backward scanning under AM 1.5G illumination (100 mW/cm2).

PVPDs Interfacial Layers VOC (V) JSC (mA/cm2) FF (%) PCE (%) * RShunt (Ω cm2) RSeries (Ω cm2)

Reference None 0.93 ± 0.01 16.71 ± 0.76 67.08 ± 1.77 10.40 ± 0.36 359.19 ± 69.37 4.60 ± 0.31

Sample PAA-PI 0.95 ± 0.01 18.60 ± 1.12 67.12 ± 1.23 11.84 ± 0.70 359.55 ± 74.50 4.67 ± 0.39

* The reported values represent the average results obtained from multiple (at least eight) individual devices.

While the PCE value of the Sample device in this study is relatively low compared to
that reported in our previous work [35], this difference primarily stems from the single-
sided passivation strategy employed here, in contrast to the double-sided passivation
approach combined with nickel oxide (NiOx) as the HTL in the previous study. This
combination effectively mitigated surface and interface defects, minimized non-radiative
recombination losses, and enhanced the charge extraction efficiency, resulting in higher
PCE values. In this study, we focused on implementing an insoluble bottom-side passi-
vation layer of PAA-PI, which serves as a crucial prerequisite for successfully achieving
an advanced double-sided passivation strategy in future developments. Additionally, we
employed PEDOT:PSS as the HIL, offering distinct advantages, including lower processing
temperatures, better mechanical flexibility, and improved scalability, making it highly
suitable for flexible device architectures. This contrasts with conventional NiOx-based
HTLs, which, despite their high efficiency, are limited by higher processing temperatures,
mechanical brittleness, and challenges in achieving compatibility with flexible substrates.
Therefore, the findings of this study establish an optimized foundation for bottom-interface
passivation using PAA-PI on PEDOT:PSS, representing a significant step toward the devel-
opment of advanced, flexible, and highly efficient double-sided passivation architectures
in future investigations.

3.4. Photodetection Performance of MAPbI3 PVPDs with PAA-PI Interfacial Layers

The EQE spectra of the MAPbI3 PVPDs at zero applied voltage were evaluated, as
shown in Figure 5a. The Sample device exhibited significantly higher EQE values compared
to the Reference device, with a maximum EQE of approximately 64.5%, exceeding the
maximum EQE of the Reference device, which was close to 64.1%. The improved EQE in
the Sample device is attributable to the PAA-PI interfacial layers, which enhance carrier
extraction and reduce recombination losses by reducing the charge trap density within the
MAPbI3 layer, as discussed previously.

To evaluate the PD performance of the MAPbI3 PVPDs under self-powered conditions,
the Rλ value was calculated from the EQE spectra (Figure 5a) using the following formula:

Rλ = EQE· eλ

hc
, (1)
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where h is the Planck constant (6.63 × 10−34 J·s) and c is the speed of light (3.0 × 108 m/s).
The Rλ spectra shown in Figure 5b indicate that the Sample device achieves significantly
higher sensitivity at zero bias voltage compared to the Reference device. The peak Rλ value
for the Sample device is approximately 343 mA/W at 660 nm, whereas the Reference device
shows a peak value of approximately 325 mA/W at 630 nm. This improvement in Rλ is
primarily attributed to the enhanced photocurrent generation resulting from the improved
charge collection efficiency and reduced recombination losses. Notably, the high peak Rλ

value observed in the Sample device is competitive with previously reported values for
MAPbI3-based PDs [18,30].

 

Figure 5. (a) EQE spectra of MAPbI3 PVPDs without (Reference) and with (Sample) a PAA-PI
interfacial layer. (b) Rλ at zero bias voltage for the Reference and Sample devices, comparing the
MAPbI3 PVPDs. (c,d) Photo I-V characteristics for the Reference device (c) and Sample device
(d) under different intensity levels of 637 nm irradiation. (e) VOC versus P (637 nm) for the Reference
and Sample PVPDs. (f) ISC as a function of P (637 nm) for the Reference and Sample devices.

The photocurrent characteristics of the PVPDs were further analyzed as a function
of the applied bias voltage under varying incident light power levels (P) at a wavelength
of λ = 637 nm. The results are presented in Figure 5c for the Reference device and in
Figure 5d for the Sample device. Both VOC and the short-circuit current (ISC) increased
with an increase in P. The relationship between VOC and P, derived from the photocurrent
versus applied bias voltage (photo I-V) curves and plotted on a semi-logarithmic scale
in Figure 5e, was analyzed using the equation VOC ∝ (nkBT/e) ln(P) to investigate trap-
assisted recombination in the devices [54]. Here, kB is the Boltzmann constant, T is the
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temperature, and n is the ideality factor. Linear fitting of the VOC data yielded an ideality
factor of 1.73 for the Reference device, which is lower than the value of 2.51 for the Sample
device. Typically, an n of 1.0 indicates bimolecular bulk recombination dominance, while
1.0 < n < 2.0 suggests the presence of carrier-limited or trap-assisted recombinations, and
n > 2.0 is associated with Shockley–Read–Hall (SRH) recombinations, often occurring
in the bulk or at interfaces [18,55,56]. This analysis suggests that the Reference PVPD is
governed by charge-carrier-limited recombinations, whereas the Sample device is primarily
influenced by SRH recombinations. The PAA-PI interfacial layer in the Sample device
effectively reduces hole-limited recombination pathways by enhancing the interfacial
quality and facilitating a more efficient charge extraction process. The Vbi values of the
PVPDs were then estimated using the coupled charge transport model with the equation
Vbi = −(nkBT/e) ln(J0), where J0 is the reverse saturation current density [11,18,57,58].
The Vbi value of the Sample device under P = 222 μW was approximately 0.61 V, much
larger than that of 0.42 V for the Reference device, indicating effective charge selectivity by
the PAA-PI-passivated PEDOT:PSS HIL and PCBM60 ETL.

The dependence of ISC on P was also extracted from the photo I-V curves (Figure 5d),
and this relation is shown in Figure 5f. Here, ISC increased linearly with a higher P due to
the efficient charge separation and collection under the high-Vbi condition, even at zero
bias. The Sample device exhibited higher ISC and lower Idark values than the Reference
device due to the enhanced photo-excited carrier collection, which is critical for achieving
high PD sensitivity [59]. Using these photocurrent data, Rλ at λ = 637 nm (R637) under zero
bias was re-estimated via

Rλ =

(
IPH

P

)
, (2)

where IPH = Ilight − Idark is the net photocurrent. The estimated R637 for the Sample
device was approximately 371 mA/W, significantly higher than that (~348 mA/W) of the
Reference device, similar to the results for Rλ (Figure 5b), further confirming the superior
PD performance of the Sample device with the PAA-PI interfacial layer.

Subsequently, the linearity of ISC with P in the investigated PVPDs (Figure 5f) was
analyzed using the power law ISC = κ·Pθ , where κ is a proportional constant and θ

is the power-law index [11,18,23,60]. Here, θ was estimated to be 0.997 for the Sample
device, nearly ideal (θ ≈ 1.0) and higher than that (0.855) of the Reference device. The
near-ideal θ for the Sample device indicates excellent linearity and underscores the high
photosensitivity of the Sample device and the effective collection of photo-excited carriers,
which are essential for high-performance photodetectors.

For broader practical applications in image sensors and photometers, achieving a
large LDR is essential for photodetectors so that they can accurately detect light across a
wide intensity spectrum. In this study, the LDR of the MAPbI3 PVPDs was determined
using the photocurrent data presented in Figure 5f and calculated based on the following
relationship [17,23,59,61–63]:

LDR = 20 log
(

IPH

Idark

)
(3)

At zero bias, the LDR value for the Sample device was approximately 103 dB, signifi-
cantly surpassing the 72 dB observed for the Reference device. This result highlights the
superior photoelectric conversion capability of the Sample device, along with excellent
linearity across a wide range of incident light intensity levels. Furthermore, the LDR of the
Sample device exceeds previously reported values (~90–120 dB) for MAPbI3 perovskite
photodetectors and even approaches those of commercial silicon photodetectors [16,17].
This improvement in the LDR performance demonstrates the beneficial role of the PAA-PI
interfacial layer between the MAPbI3 layer and the PEDOT:PSS HIL.
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Another critical parameter in the evaluation of photodetectors is in. To estimate in, the
Idark value was measured at room temperature as a function of time under zero bias, with the
in values subsequently extracted by means of an FFT analysis of the Idark data [16,59,64–66].
Figure 6a displays the frequency-dependent in values for the Reference and Sample devices,
revealing dominant frequency-independent white noise across the observed range. At a
1 Hz bandwidth (Δ f ), the in value for the Sample device was approximately 1.07 pA/Hz1/2,
significantly lower than the value of 43.5 pA/Hz1/2 observed in the Reference device. This
substantial reduction in in underscores the effective suppression of dark leakage and noise cur-
rents by the PAA-PI interfacial layers, emphasizing their potential for use in high-performance
perovskite photodetectors.

 

Figure 6. (a) Frequency-dependent in characteristics derived from the FFT analysis of Idark measure-
ments for the Reference and Sample devices, showing dominant frequency-independent white noise
behavior. (b) Comparison of NEP spectra between the Sample and Reference devices. (c) D* spectra
calculated from zero-bias in measurements for the MAPbI3 PVPDs. (d) D*shot spectra derived from
zero-bias Idark data for the Reference and Sample devices.

For a further comparison, the shot noise levels (in,s) caused by thermal agitation were
estimated for each device using the relationship in,s =

√
2eIdark [63,65,66]. The calculated

value of in,s for the Sample device was 10.5 fA/Hz1/2, slightly lower than the value of
10.8 fA/Hz1/2 observed in the Reference device. These in,s values were two orders of
magnitude lower than the observed in values, suggesting that other thermal noise sources,
as opposed to shot noise, are the dominant contributors to the overall noise characteristics
in these PVPDs [64].

The noise-equivalent power (NEP), which quantifies the minimum detectable optical
power, was then determined for the PVPDs as NEP = in/Rλ (Figure 6b) [16–18,59,61,63,67].
At zero bias, the NEP for the Sample device was approximately 3 pW at approximately
660 nm compared to 157 pW for the Reference device, confirming the improved sensitivity
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of the Sample device for low-power signal detection. Based on the NEP values, D∗ was
evaluated to assess the ability of the PVPDs to detect weak signals. This parameter was
calculated as follows:

D∗ =
√

A·B
NEP

= Rλ·
√

A·B
in

, (4)

where A is the effective area and B is the bandwidth (1 Hz) [16–18,23,59,61–63,65–68].
Figure 6c shows the D∗ spectra, revealing a peak D∗ of nearly 0.16 × 1010 Jones for the
Reference device and a significantly higher value of approximately 7.82 × 1010 Jones
for the Sample device. This represents a 49-fold increase, demonstrating the exceptional
ability of the Sample device to detect weak signals. Notably, the D∗ value of the Sample
device exceeds typical values reported for self-powered MAPbI3 perovskite PVPDs and is
comparable to those of commercial silicon photodetectors [30,65,66,68].

In addition, previous studies have conventionally assumed that in,s is the dominant
noise source, leading to the calculation of specific detectivity based on Jdark and Rλ (D∗

shot)
with the relationship D∗

shot ∼ Rλ√
2eJdark

[59,62,63,65]. Using this approach, the estimated

D∗
shot for the Sample device was approximately 7.98 × 1012 Jones, significantly higher

than the value of 7.08 × 1012 Jones observed for the Reference device. Furthermore,
this detectivity value surpasses those previously reported for self-powered PDs utilizing
MAPbI3 as the light-absorbing layer with a PEDOT:PSS HIL [18], underscoring the critical
role of the PAA-PI interfacial layer in enhancing device detectivity capabilities. These
results indicate that the PAA-PI interfacial layer significantly improves the interfacial
quality and charge collection, providing a basis for further advances in perovskite PVPDs
and high-sensitivity photodetectors.

The D∗
shot value of our MAPbI3-based Sample PD, incorporating the PAA-PI inter-

facial layer, reached 7.98 × 1012 Jones, surpassing or matching recently reported values
for similar self-powered perovskite PDs, as shown in Table 2. Compared to previously
reported devices using a PEDOT:PSS-based HIL, such as PEDOT:PSS/MAPbIxBr1−x:RhB
(6.7 × 1011 Jones) and PEDOT:PSS/SnPb perovskite (1.6 × 109 Jones), our approach demon-
strates superior performance. Furthermore, when compared to devices utilizing a NiOx-
based HTL, such as NiOx/PMMA/MAPbI3 (4.5 × 1013 Jones) and NiOx/PbI2/Perovskite
(4.0 × 1012 Jones), our Sample device achieves slightly lower but comparable detectivity
levels. These results emphasize the significant role of the PAA-PI interfacial layer in enhanc-
ing the hole extraction efficiency, reducing recombination losses, and facilitating improved
PD performance.

Table 2. Comparison of the critical parameters of various recent self-powered perovskite PDs.

Interfacial
Layer

Device
Configuration

Wavelength
(nm)

Rλ

(mA/W)
D*shot

(Jones)
Rise/Decay

Time
Ref.

None ITO/MAPbI3/P3HT/Ni/Au 532 6.6 5 × 109 35/36 ms [69]

None ITO/PEDOT:PSS/MAPbIxBr1−x/PCBM/C60/LiF/Al 665 7.6 6.7 × 1011 140/190 ms [70]

None ITO/NiO/CH3NH3PbI3/PCBM/ZnO NPs/
BCP/Al 594 360 2.0 × 1011 0.9/1.8 ms [18]

Bottom ITO/NiOx/Nb2CTx/MAPbI3/PCBM/BCP/Ag 656 860 1.58 × 1012 29.2/98.2 μs [71]

Bottom ITO/NiOx/PbI2/Perovskite/
C60/BCP/Ag - 360 4.0 × 1012 - [72]

Top ITO/SnO/Perovskite/P3HT/
spiro-OMeTAD/Ag 700 410 0.61 × 1012 0.19/0.21 ms [23]

Top ITO/NiOx/MAPbI3/PMMA/PCBM60/ZnO/BCP/Al 637 401 4.5 × 1013 50/17 μs [34]

Both ITO/NiOx/PMMA/MAPbI3/PMMA/PCBM60/
ZnO/BCP/Al 637 401 1.0 × 1014 57/18 μs [35]

Bottom ITO/PEDOT:PSS/PAA-
PI/MAPbI3/PCBM60/BCP/Ag 660 343 7.98 × 1012 61/18 μs This work
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3.5. Dynamic Characteristics of MAPbI3 PVPDs with PAA-PI Interfacial Layers

To investigate the dynamic characteristics of the PVPDs, we measured their temporal
photoresponses at zero bias voltage under incident monochromatic light (λ = 637 nm,
P = 190 μW) modulated at a frequency of 2 kHz, as shown in Figure 7a. The Sample device
exhibited a notably stronger photocurrent response compared to the Reference device. The
rise (τr) and decay (τd) response times of the devices were determined by measuring the
time required for the photocurrent signal amplitude to transition between 10% and 90% of
its peak value during the rising and decaying edges, respectively. The response times for
the Sample device were approximately 61 μs for τr and 18 μs for τd, similar to the values of
approximately 67 μs and 20 μs observed for the Reference device. Notably, these response
times are shorter than those typically reported for MAPbI3-based PDs [23]. The decay-
time-based bandwidth ( fB) was also estimated using the relationship fB = 0.443/τd [64],
resulting in comparable frequency-based bandwidths of approximately 24.6 kHz for the
Sample device and 22.2 kHz for the Reference device.

Subsequently, the −3 dB cutoff bandwidth ( f−3dB) was measured, yielding values
of 10.7 kHz for the Reference device and 12.9 kHz for the Sample device, as shown in
Figure 7c. These f−3dB and fB values indicate that the PAA-PI interfacial layer slightly but
clearly affects the dynamic properties of the perovskite layer. Thus, further optimization
of the Sample device architecture may improve the response speed of Sample MAPbI3

PVPDs.

 

Figure 7. (a) Temporal photoresponses of the Reference and Sample devices at zero bias during
on/off cycling of incident light (λ = 637 nm, P = 190 μW) at a frequency of 2 kHz. (b) τr and τd

as a function of the modulation frequency for the MAPbI3 PVPDs. (c) Normalized response as a
function of the incident light modulation frequency (λ = 637 nm, P = 190 μW). (d) Signal spectra
of the Reference and Sample devices at zero bias during on/off cycling of weak incident light
(λ = 637 nm) at 200 Hz, displayed for illumination power levels of P = 20 W (top panel) and P = 2 W
(bottom panel).
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Finally, we evaluated the weak-light detection capabilities of the MAPbI3 PVPDs by
measuring the signal spectra of the Reference and Sample devices under self-powered
conditions with low-intensity illumination. In these measurements, the 637 nm illumination
was modulated at 200 Hz at a specific power level, and representative signal spectra are
shown in Figure 7d. At an input power P of 20 nW, both devices showed a clear response
to the modulated light, with the Sample device producing a stronger output signal than
the Reference device. However, at a lower power level of 2 nW, only the Sample device
showed a detectable response above the background noise, while the Reference device
did not show a signal response comparable to or lower than the background noise signals,
as shown in the panel at the bottom of the figure. These results clearly demonstrate that
the PAA-PI interfacial layer significantly enhances the weak-light detection capability of
the MAPbI3 PVPD compared to the Reference device. Future investigations will focus on
optimizing this weak-light detection performance further by improving the ETL and other
functional layers of MAPbI3 PVPDs with PAA-PI interfacial layers.

Thus, the results presented here demonstrate that PAA-PI interfacial layers signifi-
cantly enhance the film quality of solution-processed MAPbI3 perovskite films, offering a
promising pathway for further improvement of the performance of PVPDs. The exceptional
sensitivity and performance achieved with the PAA-PI interfacial layers establish a robust
foundation for developing highly sensitive, self-powered perovskite photodetectors.

While this study provides substantial evidence of the improved performance of per-
ovskite PDs incorporating a PAA-PI interfacial layer, impedance spectroscopy (IS) mea-
surements were not performed. An IS analysis would offer valuable insights into the
charge transfer resistance, recombination dynamics, and interfacial capacitance [73]. Future
studies will incorporate an IS analysis to provide a more comprehensive understanding
of the interfacial charge transfer mechanisms and their impact on device performance.
Future advancements can be realized through targeted material optimization of both the
organohalide perovskite layer and other functional layers. In particular, double-sided pas-
sivation strategies present significant potential for further improving device performance.
Unlike single-sided passivation, which primarily addresses defects and trap states at the
bottom interface between the perovskite active layer and the HIL (or HTL), double-sided
approaches can simultaneously suppress surface trap states, reduce non-radiative recombi-
nation losses, and improve the charge extraction efficiency. The effective implementation
of double-sided passivation using insoluble PAA-PI layers can address challenges such as
maintaining layer stability during subsequent deposition processes. The rational design
and optimization of polymeric interfacial layers, particularly those resistant to perovskite
precursor inks, will be essential for achieving reliable double-sided passivation. Future
studies will build upon the insights gained from this single-sided passivation approach
to optimize device performance and long-term stability levels further, paving the way for
next-generation perovskite photodetectors.

4. Conclusions

In summary, this study demonstrates the enhanced performance of solution-processed,
self-powered MAPbI3 perovskite PVPDs achieved by incorporating PAA-PI interfacial lay-
ers at the interface between the PEDOT:PSS HIL and the MAPbI3 active layer. The PAA-PI
interfacial layer significantly improves the quality of the MAPbI3 interface, resulting in
larger grain sizes, a smoother surface morphology, and fewer film defects. These improve-
ments ultimately reduce non-radiative recombination losses, lower the dark leakage current,
and suppress in. Compared to conventional devices lacking interfacial layers, MAPbI3

PVPDs with a PAA-PI interfacial layer exhibit enhanced charge extraction and collection
efficiencies, achieving an increased PCE of 11.8%. Additionally, the self-powered MAPbI3
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PVPD demonstrates outstanding photodetector characteristics, including an exceptionally
high peak D∗ of 7.98 × 1012 Jones (derived from Idark) and 7.82 × 1010 Jones (derived from
in), a significantly reduced NEP of ~3 pW, a high peak Rλ of 343 mA/W, and an extensive
LDR of ~103 dB. Furthermore, the devices exhibit fast photoresponse dynamics, with τr

and τd values of ~61 μs and ~18 μs, respectively. These results underscore the critical role
of the PAA-PI interfacial layer in enhancing both optoelectronic and noise suppression
properties, establishing a robust foundation for high-performance, self-powered MAPbI3

PVPDs. The successful integration of PAA-PI interfacial layers also paves the way for
advanced interfacial-engineered hybrid organohalide perovskite heterostructures, with
broad applicability in next-generation optoelectronic and photodetection systems. These
include high-sensitivity, low-power photodetectors, waveguide-integrated PDs, imaging
sensors, and optical nanophotodetectors.
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Appendix A

Figure A1 shows the normalized PCE characteristics of MAPbI3 perovskite devices without
(Reference) and with a PAA-PI interfacial layer (Sample) over different storage times. The
PCE of the Reference device decreases significantly as the storage time increases, while the
Sample device shows comparatively smaller decreases even after prolonged storage, indicating
improved stability. The decreases in the PCE shown in Figure A1 were analyzed using the
stretched exponential decay function [74]: y = Exp[−(t/τ)β], where τ and β are the characteristic
time and exponent, respectively. The dashed lines in the figure represent theoretical curves
based on the best-fit parameters: for the Reference device, τ = 962 h and β = 1.00, whereas for
the Sample device, τ = 3357 h and β = 0.72. This analysis shows that the PAA-PI interfacial layer
significantly improves the storage stability of the Sample device, resulting in a 3.5-fold increase
in the characteristic time τ compared to the Reference device.

 

Figure A1. Decreases in normalized PCE values for the Reference and Sample MAPbI3 PVPD devices
as a function of the storage time. The dashed curves represent theoretical fits derived from the best-fit
parameters of the stretched exponential function.
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Abstract: This paper explores a novel group of D-π-A configurations that has been specif-
ically created for organic solar cell applications. In these material compounds, the phe-
nothiazine, the furan, and two derivatives of the thienyl-fused IC group act as the donor,
the π-conjugated spacer, and the end-group acceptors, respectively. We assess the im-
pact of substituents by introducing bromine atoms at two potential substitution sites on
each end-group acceptor (EG1 and EG2). With the donor and π-bridge held constant, we
have employed density functional theory and time-dependent DFT simulations to explore
the photophysical and optoelectronic properties of tailored compounds (M1–M6). We
have demonstrated how structural modifications influence the optoelectronic properties
of materials for organic solar cells. Moreover, all proposed compounds exhibit a greater
Voc exceeding 1.5 V, a suitable HOMO-LUMO energy gap (2.14–2.30 eV), and higher dipole
moments (9.23–10.90 D). Various decisive key factors that are crucial for exploring the
properties of tailored compounds—frontier molecular orbitals, transition density matrix,
electrostatic potential, open-circuit voltage, maximum absorption, reduced density gra-
dient, and charge transfer length (Dindex)—were also explored. Our analysis delivers
profound insights into the design principles of optimizing the performance of organic solar
cell applications based on halogenated material compounds.

Keywords: density functional theory; reduced density gradient; open-circuit voltage;
charge transfer length; transition density matrix

1. Introduction

Over recent years, organic photovoltaic (OPV) devices have attracted a lot of attention
because of their promise to provide lightweight, flexible, and semitransparent nature,
and inexpensive solar energy solutions [1–3]. The development in molecular design
strategies and efficiency enhancement in OPVs have been thoroughly collected in recent
works [4–7], which offer a detailed background for comprehending updates of the field and
highlight important limits that still need to be addressed. Non-fullerene acceptors (NFAs)
progress has drawn considerable interest in the sector of organic photovoltaic applications
in light of their advanced properties exceeding the limitations of traditional fullerene
acceptor material [8–11]. The donor–spacer–acceptor (D-π-A) structure has attracted a
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lot of interest among different molecular configurations because it can improve light
absorption, speed up charge transfer procedures, and adjust electrical characteristics.
Within the diverse NFAs, end-groups (EGs) of the fused-ring electron acceptors (FREAs)
are the source of improving the overall performance of these materials [12–14]. Their
tunable planarity and strong electron-withdrawing ability provide a major influence on
the optical and electronic properties of NFAs [15,16]. These properties allow for fine-
tuning of charge transfer properties and absorption spectra and facilitate intermolecular
π-π stacking. Consequently, understanding the effect of EG modifications on the photo-
physical and opto-electronic properties of FREAs is crucial for the rational design of
high-performance NFAs. Several types of innovative building materials, including cyanide
(CN), 1-dicyanomethylene-3-indanone (IC), malononitrile, diketopyrrolopyrrole (DPP),
and rhodamine, have been exploited as EGs for FREAs [17–19]. The most efficient end-
group in these compounds is the IC group and its derivatives. Since the discovery of the IC
group, more than fifty IC derivatives designed to enhance the performance properties of
NFAs [20,21].

Among the derivatives of IC groups, thienyl-fused IC group compounds are especially
notable due to their wide-ranging applications in organic electronics [22–24]. The optoelec-
tronic properties of FREAs can be affected by thienyl positions. Studying substituent effects
on molecular systems plays a decisive role in modulating and predicting their chemical
properties and reactivity. The introduction of halogens such as chlorine and bromine into
these systems can alter their electronic distribution, intermolecular interactions, and overall
stability, consequently influencing their optoelectronic properties.

On the other hand, phenothiazine (PTZ) and the materials derived from it have
gained popularity in a number of optoelectronic applications in recent years, due to their
distinct optical and electrical properties, flexibility in functionalization, affordability, and
commercial availability [25–28]. Moreover, it was demonstrated by the evaluation of
organic photovoltaic performance that adding a spacer does not always result in higher
power conversion efficiency. However, it was found that polymers possessing a furan
π-spacer were somewhat more effective than their thiophene counterparts and more potent
than those without a π-spacer [29–31].

Hence, in this study, phenothiazine as the donor material (D) bridged with furan
π-spacer to thienyl-fused IC end-groups (A) was used to give D-π-A type of chromophores
configuration as mentioned in Figure 1. It is expected that the suggested compound will
have good solubility in common organic solvents, including toluene, chloromethane, and
chloroform, based on the structural properties of the designed molecules and similar
systems documented in the literature [32–35]. The aromatic framework, combined with
heteroatoms like sulfur and oxygen in the fused system, enhances its compatibility with
these solvents. Furthermore, methods like adding alkyl groups are well-established for
enhancing solubility even more, when necessary, without affecting the electronic properties
of these compounds [36,37]. In this perspective, we have highlighted how structural
change, such as bromine atom substituents and the change inthienyl positions of the
fused-ring electron acceptors, influences the optoelectronic properties. This work notably
explores the influence of bromine (Br) substitution on two thienyl-fused (IC) derivatives
denoted EG1 and EG2. EG1 and EG2 contain identical atoms but differ in the positions
of their thienyl group. Each molecule of them presents two potential substitution sites
1 and 2 (see Supplementary Figure S1).With the substitution of bromine (Br) atoms at
these sites, our goal is to clarify how structural modifications influence the optoelectronic
properties of the D-π-A configurations. Our results will offer deeper understanding into
the design strategies for enhancing the performance of novel compounds in advanced
organic electronic applications.
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Figure 1. Two-dimensional molecular geometries of all tailored compounds.

2. Computational Methodology

Gaussian 09 software [38] was used to carry out calculation approaches employing
density functional theory (DFT) and time-dependent density functional theory (TD-DFT).
The optimization of molecular geometries was performed through the B3LYP/6-311G(d,p)
level of theory [39,40], focusing on studying energies and electronic structures of proposed
molecules M1–M6. Electronic excitations and absorption spectra were assessed through
the TD-DFT B3LYP/6-311G(d,p) level of theory [41]. B3LYP functional was chosen for the
theoretical simulations due to its demonstrated accuracy in predicting the optoelectronic
characteristics and geometries of various organic compound. Properties of charge transport
and distribution of all substituted molecules were simulated according to results derived
from DFT simulations. Fundamental parameters derived from DFT simulations, including
electron localization function (ELF) maps, transition density matrix, molecular orbitals,
electronic transitions, Δr index, D index, and dipole moment, were carefully analyzed for
the tailored molecules, and examined and presented using the software packages Gauss
View 5 [42], Swizard [43], VMD 1.9 [44],and Multiwfn [45].

3. Results

3.1. Geometry Optimization

We created six new structures in our study by changing the terminal acceptors labeled
as M1 to M6, which are divided into two distinct compounds based on the position of
the sulfur (S) atom. Compound group 1 includes M1, M2, and M3, while compound
group 2 consists of M4, M5, and M6. However, within each group of compounds, every
structure under investigation has a unique terminal acceptor that differs by the position of
the bromine (Br) substituent. All tailored compounds share the identical donor phenoth-
iazine (PTZ) linked with the furan π-spacer.

In order to carry out structural optimization of the recently tailored compounds, the
functional B3LYP was utilized with basis set 6-311G(d,p). To proceed with additional com-
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putations in subsequent molecular simulations, it is imperative to optimize the molecular
configurations. Figure 1 shows the graphic representation of every derived structure from
unsubstituted structures (M1 and M4). The scrutinized compounds are divided into two
fragments: a newly substituted acceptor (red) characterized by low electron density and a
donor (blue) with high electron density.

The ground state structures of the molecules have a close relationship with the opto-
electronic properties. The bond lengths (Lc-c) and dihedral angle (θ) of designed structures
were determined using geometry optimizations. These parameters are shown in Figure 2.
Table 1 tabulates these computationally produced results of investigated parameters. The
bond length between the donor and acceptor of designed structures fluctuates between
1.405 and 1.411 Å, falling between the Lc-c of double bond C=C (1.34 Å) and the Lc-c of
carbon–carbon single bond (1.54 Å). This demonstrates considerable π-electron conjugation
between the donor unit and the terminal acceptors [46,47]. The degree of conjugation
determines the structural characteristics of all compounds.

Table 1. Assessment of planarity of all studied compounds: bond length (Lc-c), dihedral angle (θ),
MPP, and SDP.

Compounds
Bond Length Lc-c

(Å)
Dideral Angle θ (◦)

Molecular Planarity
Parameter (Å)

Span of Deviation
(Å)

M1 1.406 0.032 0.437 1.980
M2 1.405 0.390 0.454 2.091
M3 1.408 2.253 0.770 2.786
M4 1.410 0.053 0.433 1.970
M5 1.409 0.064 0.435 1.980
M6 1.411 1.458 0.479 2.110

Computationally created molecules have dihedral angles that range from 0.032◦ to
2.253◦. This reveals molecular planarity, leading to increased resonance and faster charge
transfer. The donor and acceptor can rotate freely with less obstruction and prominent
planarity when the dihedral angle (θ) is minimal. Planarity is represented by both of these
parameters (Lc-c and θ), and strong conjugation may enhance the optoelectronic properties
of these compounds.

The planarity of the structures under study was evaluated by looking at the molecular
planarity parameter (MPP) and the span of deviation from the plane (SDP) utilizing
Multiwfn 3.8 and VMD 1.9.3 [48]. As seen in Table 1, the molecular coplanar behavior
is indicated by the MPP, although the degree of molecular component divergence from
the fitted plane is revealed by the SDP. Planarity and MPP exhibit an inverse correlation.
The MPP values for investigated compounds (M1 to M6) range between 0.433 and 0.777,
indicating a moderate to high degree of planarity. It is clear that M1 and M4, which lack of
bromination, exhibit higher planarity compared to brominated molecules. Consequently,
bromination at specific sites, as observed in M2, M3, M4, and M5, may generate steric
hindrances that marginally reduce the planarity.

Moreover, the SDP values of generated structures are ranging from 1.970 to 2.110 Å,
and the lowest SDP values are attributed to the compounds without bromine atoms
(M1 and M4), which predict the critical coherence between the SDP and MPP values.
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Figure 2. The optimized configurations of tailored compounds illustrating bond lengths (Lc-c) and
dihedral angle (θ) between the π-spacer and the end-group acceptor.

3.2. Frontier Molecular Orbitals

The energy levels of molecular orbitals have a great impact on organic solar cells (OSCs)
because they affect the way charges are transported from the donor unit to the acceptor
unit. The redistribution of charge density between the ground and excited state energy
levels is represented by frontier molecular orbitals (FMOs). When an electron is excited,
it effectively moves from the highest occupied molecular orbital (HOMO) to the lowest
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unoccupied molecular orbital (LUMO) state. Figure 3 demonstrates that the LUMO energy
level is located in the acceptor fragment of the studied compounds and the HOMO energy
level is located in the donor fragment. The HOMO-LUMO energy difference presents a
crucial parameter, which controls the material’s ability to absorb light and exerts an effect
on charge mobility as well as solar cell efficiency. Supplementary Table S1 demonstrates
how variations in the positions of bromine (Br) atoms directly affect the dipole moment of
the end-group, consequently affecting the LUMO electron distribution of the non-fullerene
acceptor (NFA). Moreover, the electron localization function (ELF) maps furnish a detailed
visualization of electron density distribution and localization within each atom of the
end-group molecule. It is widely employed in computational molecular science to provide
additional information beyond conventional bonding descriptors derived from electron
density [49–51]. As seen in Supplementary Figure S2, the color red signifies increased
electron density localization, whereas blue color indicates a decreased concentration of
localized electron density. On the ELF map, the bromine atom in tailored compounds
is surrounded by a noticeable blue ring, indicating a considerable degree of electron
delocalization. The electron cloud arrangement of adjacent atoms in substituted structures
at position 1 presented in 1Br-EG1 and 1Br-EG2 structures closely resembles that observed
in molecules EG1 and EG2. However, there is a slight difference observed in the malonitrile
region of molecules EG1 and EG2 when the brome was substituted at position 2. Thus,
our design strategy begins with optimizing the dipole moment and elevating the LUMO
energy levels of the end-groups, which effectively suppresses the Voc loss in organic solar
cells (OSCs). This approach serves as an initial hypothesis for enhancing the photovoltaic
properties of NFAs.

The FMOs of the developed compounds are shown in Figure 3, with colors according
to the strength of charge distribution. Areas of high potential are indicated by red colors,
whereas low-potential orbitals are indicated by blue colors. Higher solar cell efficiency and
quick excitation are generally linked to a LUMO positioned at a low energy level and a
HOMO found at a high energy level. As seen in Figure 3, the energy levels of the HOMO are
essentially located in the donor areas of all tailored structures. The electron density of the
LUMO is found on both the acceptor and donor units. However, in contrast to the HOMO,
the LUMO electron density of all designed compounds was redistributed toward the end-
group acceptors. All studied compounds exhibit a charge shift from donor fragment to
end-group acceptor areas, indicating the occurrence of intermolecular charge transfer. This
property enables these materials to function as effective OSCs. The arrangement of the
HOMO-LUMO gap values across all tailored compounds ranks in the following orders:
M4 (2.30 eV) > M6 (2.29 eV) > M5 (2.24 eV) and M1 (2.20 eV) > M3 (2.16 eV) > M2 (2.14 eV).
These results predict that all designed compounds possessed narrower HOMO-LUMO
energy gaps around 2.2 eV. Organic materials used in optoelectronic devices, such as
organic solar cells, typically include these energy gaps; a smaller gap can improve light
absorption and charge transport. The change in the energy gap shows how structural
elements like sulfur positioning and bromination affect the electronic properties of the
compound. The position of the sulfur atom significantly affects the energy gap, leading
to a reduction of approximately 0.1 eV depending on its location. A notable difference of
0.16 eV in the HOMO-LUMO energy gap can be observed with Br substitution along with
the modification of the sulfur atom position.

Moreover, Koopman’s theorem states that overall reactivity features of the studied
compounds are primarily analyzed in order to determine their stability and reactivity. The
parameters that are described using the energy gap Eg, include the ionization potential
(IP = −EHOMO), electron affinity (EA = −ELUMO), chemical potential (μ), electrophilicity
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index (ω), and global hardness (η) [52–54]. Equations (1)–(3) are used to calculate the above
mentioned parameters.

μ = −X =
ECV HOMO − ECV LUMO

2
(1)

η = ECV LUMO − ECV HOMO (2)

ω =
μ2

2η
(3)

Figure 3. FMOs of all studied compounds associated with their HOMO-LUMO energy gap.

The reactivity parameter values are tabulated in Table 2. It is clear that the substitution
of bromine in position 1 leads M2 and M5 to have the largest negative chemical poten-
tial (μ) values, at −4.56 eV and −4.46 eV, respectively, indicating their highest stability.
Moreover, these structures M2 and M5 have the lowest values of hardness, 1.07 eV and
1.12 eV, respectively, relative to their primary compounds M1 and M4 (1.10 eV and 1.15 eV,
respectively), which indicates that these compounds do not resist electron transfer. A
molecule’s electrophilicity value reveals its ability to draw electrons and function as an
electrophile, where a lower number denotes its ability to donate electrons and function as a
nucleophile. It is remarkable that all of the substituted structures have more electrophilicity
than their primary structures due to the substituent of bromine. Moreover, one of the most
intriguing characteristics of OSCs is drawn in the higher value of dipole moment (ρ ), which
enhances the stability of these compounds and results in superior charge transfer CT. All
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tailored compounds exhibited a higher value of dipole moment exceeding 9 Debye, which
confirm their stability. It is clear from this table that halogenated structures possess greater
dipole moments than unsubstituted structures.

Table 2. Chemical reactivity parameters of all studied compounds (M1–M6).

Compound
HOMO

(eV)
LUMO

(eV)
Eg (eV) η (eV) μ (eV) ω (eV) ρ (Debye)

M1 −5.61 −3.41 2.20 1.10 −4.51 9.25 10.56
M2 −5.63 −3.49 2.14 1.07 −4.56 9.72 10.65
M3 −5.60 −3.44 2.16 1.08 −4.52 9.46 10.90
M4 −5.55 −3.25 2.30 1.15 −4.40 8.42 9.23
M5 −5.58 −3.34 2.24 1.12 −4.46 8.88 9.94
M6 −5.56 −3.27 2.29 1.14 −4.41 8.53 10.25

3.3. Analysis of Electrostatic Potential (MEP)

The molecular electrostatic potential (MEP) surface has been created to estimate both
nucleophilic and electrophilic areas of chemical attack on the designed compounds. The
interaction zones can be found on these sites [55,56]. As seen in Figure 4, the nucleophilic
reactive attack sites are indicated by blue dots with positive electrostatic potential values,
while electrophilic reactive attack sites are indicated by red dots with negative electrostatic
potential values. Green dots represent the neutral zone of electrostatic potential. Figure 4
clearly shows the total electron density on which the MEP mapping was performed of
all designed compounds. It also demonstrates the relative reactivity of the atoms and
chemically active places. At every structure under investigation, the atoms with the highest
electron densities are the nitrogen and oxygen ones at the terminal acceptor groups. Given
the large charge dispersion with separate zones of all tailored compounds, it can be assumed
that they are all great candidates for high-efficiency organic solar cells.

Figure 4. Molecular electrostatic potential of all designed compounds (M1–M6).
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3.4. Reduced Density Gradient

Reduced density gradient (RDG) calculations based on the examination of non-
covalent interactions (NCI) can be used to identify weak intramolecular or intermolecular
interactions found in our study [57–59]. These interactions can contribute to the stability of
the molecular structure. The NCI-RDG methods for all studied compounds were carried
through an isosurface value of 0.3, and their results are displayed in Figure 5. The RDG
isosurface around their real space can be used to identify the different types of interaction;
the blue, green, and red regions, respectively, represent the steric effect, vdW interactions,
and H-bond interactions. The strongest non-covalent interactions are represented by the
peaks. All of the graphs demonstrate that van der Waals and attractive forces predominate
steric force, indicating that all of these tailored compounds are stable, precisely structures
substituted by bromine in position 2.

M1

M2

M3

M4

M5

M6

Figure 5. NCI-RDG and interaction types of all tailored compounds.
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3.5. Optical Properties

Modification of the optical and electrical characteristics of polymers can either greatly
accelerate or profoundly slow down their photovoltaic properties. Lower excitation energy,
increased oscillator strength, and a wide absorption spectrum are necessary to create an
OSC with exceptional performance. All of the designed structures showed an impressive
ability to absorb energy in the visible and near-IR regions, which is stated from 400 nm to
nearly 950 nm, as shown by the graph in Figure 6. Table 3 provides an overview of the
studied compounds, as well as the excitation energy, oscillator strength, maximum absorp-
tion, and intramolecular charge transfer contribution. The computed results indicate that
the main peak corresponds to the singlet HOMO→LUMO transition with a contribution
exceeding 90%. It is observed that the substitution of compounds M1 and M3 with bromine
atoms does not have a significant effect on the oscillator strength values f. The simulated
λmax values of proposed compounds are increasing in the following trends: M4 (620.47 nm)
< M6 (626.49 nm) < M5 (639.12 nm) and M1 (638.10 nm) < M3 (648.88 nm) < M2 (654.02). It is
evident that all of the substituted structures with bromine substituent atoms enhance their
primary compound absorptions (M1 and M4), which indicates improved light absorption.
Since M2 has the smallest HOMO-LUMO energy gap (2.14 eV), it showed the highest λmax

value, which is advantageous for enhancing solar energy conversion efficiency.

Figure 6. Absorption spectra of all proposed compounds (M1–M6).

Table 3. Simulated values of optical parameters:λmax, energy excitation (E), oscillator strength (f),
and electronic transition contributions.

Compounds λmax (nm)
Energy E
(cm−1)

Oscillator
Strength

f
Contribution

M1 638.10 15,671.46 0.41 HOMO → LUMO (98%)
M2 654.02 15,289.95 0.39 HOMO → LUMO (98%)
M3 648.88 15,410.94 0.40 HOMO → LUMO (98%)
M4 620.47 16,116.68 0.25 HOMO → LUMO (96%)
M5 639.12 15,646.45 0.20 HOMO → LUMO (95%)
M6 626.49 15,961.82 0.16 HOMO → LUMO (92%)
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Determining the excited state characteristic is crucial to understanding the electrical
configuration and properties of these compounds. Numerous indices such as Dindex, Sr,
tindex, and Δr have been calculated to depict the first excited state.

The distance between the hole centroid and the electron centroid is known as the
Dindex. Δr index of these compounds was computed at the same theoretical level, which
may be used to evaluate the average hole–electron distance upon photo-excitation, in
order to verify the accuracy of the computed Dindex. The Δr index provides a quantitative
assessment for accessing the charge transfer length (Dindex) of electron excitation; a larger
Δr index correlates with a longer CT distance. The overlap distance between the centroid
of the hole and the electron is expressed by the overlap integral Sr. Efficient exciton disso-
ciation enhances charge transfer in the photo-electric conversion process of organic solar
cells. For the purpose of comparing the exciton separation ability of studied compounds,
the key parameters of electron excitation of the first five excitations were computed and
tabulated in Table 4. From this table, the Δr indices of all proposed compounds suggest that
the excitations from ground state (S0) to excited state (S1) acquire strong charge transfer
excitations because their Δr indices are sufficiently large (2.0 Å serves as a criterion for
discerning between local excitation (LE) and charge transfer excitations (CT) [60,61]). After
looking at the Sr index, it was found that substituted compounds with bromine have
smaller Sr indices than their primary structures, mostly because of their elevated Dindex

value. In particular, M6 possesses a minimal Sr value of 0.321, which suggests that there
may be an overlap between the hole and electron in the first excited state. The tindex values
of all studied compounds exhibit positive values, indicating that in their first excited state,
holes, and electrons are significantly separated from one another [62].

Table 4. Simulated results of the first excited state for all proposed compounds including the centroid
distance (Dindex), electron–hole overlap (Sr), degree of separation (t), and charge transfer length (Δr).

Compound Dindex (Å) Sr tindex (Å) Δr (Å)

M1 6.243 0.456 3.165 6.242
M2 6.282 0.454 3.169 6.281
M3 6.427 0.446 3.356 6.423
M4 7.338 0.370 4.511 7.007
M5 7.507 0.352 4.725 7.143
M6 7.713 0.321 5.074 7.244

3.6. Transition Density Matrix

The electronic excitation, acceptor-donor interactions, and electron–hole localization
are all examined by the transition density matrix (TDM) [63,64]. The electron coherence
and donor connection of each structure are most clearly depicted in TDM maps. Because
of their minimal impact on significant transitions, the hydrogen atoms are excluded from
our analysis. The identification of electron–hole pair delocalization is aided by the first
excited state S1. Each compound is separated into donor and acceptor parts as shown in
Figure 1. As shown in Figure 7, TDM maps for every tailored compound are obtained
using Multiwfn 3.8, which is useful in some of the previously described parameters. A
closer examination reveals that the acceptor’s area of M3 and M6 compounds had more
brilliant fringes. Fringes in diagonal positions manifest the extent of localization of electron
density, while those in off-diagonal positions refer to the charge transfer process in these
structures. Moreover, it is observed that the acceptor portions of these two structures
exhibit noticeably reduced dark spot areas, suggesting that in the aforementioned com-
pounds, the ratio of excited electrons that moved from the donor to the acceptor region
is quite high. The hole–electron coherence in the tailored compounds obeys the subse-
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quent order M3 (2.91) > M1 (0.72) > M2 (0.66) > M6 (1.15) > M4 (0.44) > M5 (0.39), which
is determined by the coefficient interactions between the donor and acceptor portions. This
interaction order shows that M3 exhibits a weak hole–electron coupling, which results in
an efficient exciton dissociation. These results support the finding of higher Dindex and Δr
values obtained for compound M3.

Figure 7. TDM plots showing electron density distribution across A–D fragments of all compounds.
(D: Donor + π spacer; A: end-group acceptor).

3.7. Exciton Binding

An OSC device’s productivity is regulated by exciton binding energy (Eb), which is the
minimal amount of energy required for exciton dissociation. Electrical energy is produced
when specific radiation is absorbed because the excitons become separated and are drawn
to the electrodes in which they are located. The enhanced charge separation is stimulated
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by the lowest Eb, which increases charge mobility. The next equation is utilized to calculate
the Eb values of all tailored compounds [65]:

Eb(M) = Eg(M) − Eopt(M) (4)

The energy of the HOMO-LUMO gap is represented by the term Eg(M), and Eopt

represents the excitation energy for the first state S1. Table 5 summarizes the quantitative
results of all designed compounds. The ranking of Eb for all designed compounds is listed
as follows: M6 (0.31 eV) > M6 = M5 (0.30 eV) > M1(0.26 eV) > M3 (0.25 eV) > M2 (0.24 eV).
According to the binding energy results, M3 exhibits the lowest value, indicating higher
and easier electron–hole pair dissociation in the excited state.

Table 5. Simulated exciton binding energy for all proposed compounds.

Compound Eg (eV) Eopt (eV) Eb (eV)

M1 2.20 1.94 0.26
M2 2.14 1.90 0.24
M3 2.16 1.91 0.25
M4 2.30 2.00 0.30
M5 2.24 1.94 0.30
M6 2.29 1.98 0.31

3.8. Open-Circuit Voltage (Voc) and Fill Factor

The open-circuit voltage (Voc) parameter is significant in organic solar cells since it is
used to measure the working capabilities and performance of OSCs. If the HOMO value of
the donor is lower and the LUMO value of the acceptor is higher in energy, an increased
value of Voc can be reached. The following expression can be used to produce Voc values:

Voc =

(
1
e

) [∣∣∣EDonor
HOMO

∣∣∣−
∣∣∣EAcceptor

LUMO

∣∣∣]− 0.3 (5)

where “e” represents the electron charge and 0.3 represents the empirical factors [66,67].
The primary goal of Voc is to match the HOMO of the recognized PBDB-T donor with
the LUMO of designed compounds. PBDB-T polymer offers a high-performance donor
with HOMO and LUMO energy levels of −5.33 eV and −2.92 eV, respectively, based
on available resources [68]. Then, we have evaluated the difference between the LUMO
energy levels of our proposed compounds and the HOMO energy level of donor poly-
mer (PBDB-T). Figure 8 lists the assembled results, and the descending order of Voc is
M4 (1.78 V) > M6 (1.76 V) > M5 (1.69 V) > M1 (1.62 V) > M3 (1.59 V) > M2 (1.54 V). The
alignment of the donor (PBDB-T) and the acceptor (M1–M6) energy levels predicts a high
open-circuit voltage Voc; a significant overlap between the HOMO of the donor and the
LUMO of the acceptor suggests a high Voc. Organic compounds having a relatively moder-
ate optical band gap have been discovered to have high Voc values, which is consistent with
previous studies [69–72]. Nevertheless, despite their potential, these theoretical forecasts
include inherent uncertainties. They should therefore be regarded as first estimates, and ex-
perimental validation is necessary to verify the anticipated values. It should be mentioned
that bromine substitution combined with positional change of the sulfur atom, leads to a
0.24 V difference in Voc values. It is therefore possible to successfully improve organic solar
cells by employing these recently suggested molecules with Voc values exceeding 1.5 V.

Effective dissociation of the exciton requires the electron to move from the LUMO of
the donor to the LUMO of the acceptor. As seen in Figure 8, the energy difference between
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the LUMOs of the PBDB-T and designed compounds denoted LUMOoffset is greater than
0.3 eV, which ensures charge transfer in organic photovoltaic devices.

Δ

Figure 8. Open-circuit voltage (Voc) and LUMO offset (ΔEL-L)for all studied molecules.

Higher fill factor (FF) and Voc are necessary for higher power conversion efficiency
(PCE). The expected values for fill factor are typically larger than they are in reality since
shunt and series resistances are ignored. However, it continues to be a significant element
influencing the effectiveness of a device’s photovoltaic efficiency. The following equation
can be used to compute the fill factor.

FF =

e Voc
KB T − ln ( e Voc

KB T + 0.72)
e Voc
KB T + 1

(6)

The normalized Voc is represented by the formula above as (eVoc/KBT) [73,74]. While
KB is the Boltzmann constant, T is the temperature (300 K), and e is the electron charge. As
seen in Table 6, M4 and M6 molecules showed the highest fill factor values of 0.925 and
0.924, respectively. This demonstrates the amazing ability of the M6 molecule to efficiently
convert solar sunlight into electrical energy, increasing photovoltaic efficiency.

Table 6. Calculated normalized Voc and fill factor (FF) of all proposed structures.

Compound
Voc

(V)
Normalized Voc (V) FF

M1 1.62 62.69 0.919
M2 1.54 59.59 0.916
M3 1.59 61.53 0.918
M4 1.78 68.88 0.925
M5 1.69 65.40 0.922
M6 1.76 68.11 0.924
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4. Conclusions

In summary, the theoretical investigations of the six designed phenothiazine-based
novel material compounds, which were classified into two groups based on the thienyl
position of the fused-ring electron acceptor, show that bromination significantly affects
the optoelectronic properties of these compounds. We have employed density-functional
theory (DFT) and time-dependent DFT to explore the impact of structural modifications
on the optoelectronic properties of newly designed D-π-A material compounds (M1–M6).
With the donor (phenothiazine) and π-bridge (furan) held constant, we assessed the impact
of bromine atom substituents and the change of sulfur atom positions on the optoelectronic
properties of the tailored compounds. Substituting the bromine atom and repositioning
the thienyl group within the fused IC terminal acceptor reduced the energy gap from
2.30 to 2.14 eV due to their planar geometries. We demonstrated that all of the designed
compounds showed an impressive ability to absorb energy in the visible and near-IR
regions, which is stated from 400 nm to nearly 950 nm. Brominated structures showed a
slight red shift in the maximum absorption as compared to non-substituted compounds.
Moreover, the energy levels of all proposed compounds align well with those of the PBDB-
T polymer donor, resulting in a Voc value between 1.54 V and 1.78 V, which is crucial
for achieving optimal performance in photovoltaic devices. Through an extensive anal-
ysis of the electron localization function, reactivity parameter values, transition density
matrix, reduced density gradient, optical properties, charge transfer length, overlap inte-
gral, and HOMO-LUMO energy gap, we have revealed pivotal information about these
novel proposed compounds. The results suggest that substituting bromine atoms in our
studied molecules improves their efficiency as materials for transporting holes. These
results show how combining the change of sulfur atom position of the end-group as-
sociated with bromine substitution can significantly enhance the performance of novel
material compounds, providing valuable guidance for the design of more efficient organic
photovoltaic devices.
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Abstract: Proton exchange membranes (PEMs) are dominated by semicrystalline structures because
highly pure crystals are still challenging to produce and control. Currently, the development and
application of PEMs have been hindered by a lack of understanding regarding the effects of mi-
crostructure on proton and heat transport properties. Based on an experimentally characterized
perfluoro sulfonic acid membrane, the corresponding semicrystalline model and the crystal model
contained therein were constructed. The water distribution, proton, and heat transport in the crystal,
amorphous, and semicrystalline regions were examined using molecular dynamics simulations and
energy-conserving dissipative particle dynamics simulations. The crystal structure had pronounced
water connection pathways, a proton transport efficiency 5–10 times higher than that of the amor-
phous structure, and an in-plane covalent bonding that boosted the thermal diffusion coefficient
and thermal conductivity by more than 1–3 times. The results for the semicrystalline structure were
validated by the corresponding experiments. In addition, a proportionality coefficient that depended
on both temperature and water content was proposed to explain how vehicle transport contributed
to the proton conductivities, facilitating our understanding of the proton transport mechanism. Our
findings enhance our theoretical understanding of PEMs in proton and heat transport, considering
both the semicrystalline and crystalline regions. Additionally, the research methods employed can be
applied to the study of other semicrystalline polymers.

Keywords: semicrystalline structure; multiscale simulations; proton conductivity; thermal properties;
characterization tests

1. Introduction

Proton exchange membranes (PEMs), with their potential to address pressing energy
and environmental challenges, are critical components of fuel cells and water electrolysis
systems [1–4]. Despite significant advances in research, development, and practical appli-
cations, the widespread commercialization of PEMs remains hindered by various technical
and economic obstacles. Among the primary concerns are the challenges of balancing
chemical and thermal stability, high proton conductivity, and cost-effectiveness [5–7]. Cur-
rently, perfluorosulfonic acid (PFSA) is the dominant material used in commercial PEMs,
with newly developed membranes often being compared with the performance of Nafion,
a widely-used PFSA-based membrane. Consequently, understanding the nanostructure of
Nafion and its correlation with its properties is crucial for evaluating novel PEM materials.
However, the molecular-level nanostructure of Nafion and its conductive properties remain
areas of uncertainty. Specifically, the configuration, distribution, and volume occupancy of
crystal regions within Nafion and their effects on proton conduction and thermal properties
are critical factors influencing PEM functionality.
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In recent years, single-crystal proton-conducting materials, such as metal–organic frame-
works (MOFs) [8–10], hydrogen-bonded organic frameworks [11,12], and polyoxometalates
(POMs) [13], have garnered considerable attention due to their well-defined structures and
distinguishable proton transmission pathways. For example, the POM crystal material discov-
ered by Wang et al. exhibited high proton conductivity, reaching 0.19 S/cm along the [001]
direction at 85 ◦C and 98% relative humidity. When processed into a composite membrane,
it demonstrated peak proton conductivity of 5.31 × 10−2 S/cm [13]. These findings suggest
that the conductivity of the crystal segments within PEMs significantly influences their overall
conductivity. Similarly, Nafion membranes, with their semicrystalline nanostructure, typically
achieve proton conductivities of 0.1 S/cm under comparable temperature and humidity con-
ditions. This raises the question of how increasing the grain size and crystallinity of Nafion
membranes might affect proton conductivity.

Studies on the microstructures of Nafion have been conducted using small-angle X-ray
scattering (SAXS), wide-angle X-ray scattering (WAXS), and X-ray diffraction (XRD). The
SAXS profile reveals two peaks: one corresponding to ionic clusters and the other to the
hydrophobic matrix [14,15]. The first peak is attributed to ionic clusters, while the second
is associated with lamellar tetrafluoroethylene crystallites. In the WAXS plots, the observed
peak indicates the crystalline phase, and both crystallite size and crystallinity generally
increase with heating cycles from 40 to 250 ◦C [16]. However, the crystallinity of Nafion
can vary depending on the preparation method, fabrication process, and testing techniques.
For example, the crystallinity of Nafion with an equivalent weight (EW) of 1100 was 23%
in its nonionic form and 18–14% in its carboxylated form, with crystallinity increasing as
the EW value increased [17]. For the untreated commercial Nafion 117 membrane, XRD
measurements typically showed a crystallinity between 27% and 30% [18,19].

Simulation is another effective method of investigating the microstructural charac-
teristics of Nafion membranes. For example, all-atom molecular dynamics simulations,
due to molecular vibrations and transport occurring on a picosecond timescale, offer sig-
nificant advantages in studying the structural characteristics and dynamic properties of
PFSA membranes [20–22]. Short side-chain ionomers, such as Aquivion, exhibit higher
diffusion coefficients for water molecules and hydronium ions compared with Nafion
systems [21]. This is attributed to the shorter side chains, which facilitate the movement of
hydronium ions among host groups, enhancing chain adsorption [22]. Dissipative particle
dynamics simulation has the advantage of reconstructing the water-phase structure and
analyzing the diffusion of particles and tortuosity of the hydrated membrane at a meso-
scopic scale [23–25]. Furthermore, two-dimensional pattern simulations, through calculated
electron density maps, can approximate SAXS curves, optimizing the distribution and
characteristics of crystalline, semicrystalline, and amorphous regions, thus explaining the
structural features of Nafion [26]. While these investigations provide valuable insights into
the nanostructure and its associated particle transport properties, the atomistic arrange-
ment in crystalline regions and their contribution to particle transport and heat transport
have been less reported.

In addition to proton conduction, efficient heat transfer is another essential property
of PEMs, as thermal management is crucial for the performance of PEM fuel cell (PEMFC)
stacks [27,28]. Various studies have focused on improving system structures, enhancing
heat transfer efficiency, and boosting the thermal properties of key materials [29–31].
Early investigations have shown that the thermal conductivity of Nafion ranges from
0.2 to 0.4 W/(m·K), increasing with water content and varying with temperature [32–
36]. However, the thermal properties of single-crystal or semicrystalline PEM materials
differ significantly from their amorphous counterparts due to in-plane covalent bonding.
Factors such as phonon collision probability, transmission, and diffusivity—crucial for heat
transfer—are notably different between these material phases [37–39].

This study aims to determine the nanostructural characteristics of PEM materials,
particularly the crystal regions, such as lattice structure, grain size, and volume occupancy
ratio. Through a combination of experimental and simulation methods, we seek to establish
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a relationship between the semicrystalline microstructure of PEMs and their macroscopic
properties related to proton and heat transport.

2. Research Methods

2.1. Microstructure Characterization

The semicrystalline morphology of Nafion was characterized using high-resolution
transmission electron microscopy (HR-TEM) (JEM-2100F, JEOL, Tokyo, Japan). A Nafion
D2020 resin solution with an initial concentration of 20 wt% was diluted to 1 wt% using
isopropyl alcohol to prepare the sample. The crystal characteristics of the commercial
Nafion 117 membrane were then analyzed via XRD (DX-2700BH, HAOYUAN, Fuyang,
China) at room temperature.

The HR-TEM image of Nafion’s semicrystalline nanostructure is presented in Figure 1a,
where crystal regions (dark zones) appear as approximately 4 nm circular spots, randomly
dispersed within the amorphous matrix. The XRD pattern for Nafion 117 (Figure 1b)
showed a sharp peak at 2θ = 17.89◦, corresponding to an interplanar crystal spacing of
d = 4.95 Å. These data suggest a crystallinity of 28% and a grain size of 4.41 nm, consistent
with findings in the literature [18,19,40]. A second broad peak around 2θ = 38◦ was
attributed to intra-chain spacing, likely resulting from overlapping diffraction along the
polymer chain axis due to intramolecular correlations in both amorphous and crystal
phases [41,42].

Figure 1. Characterization and modeling of the crystal structure. (a) HR-TEM and (b) XRD patterns
of Nafion 117, and the inset shows the crystal and amorphous peaks of XRD, as well as the crystal
peak of molecular modeling. (c) Schematic representative, (d) all-atom model, and (e) coarse-grained
model of the crystal structure.

2.2. Modeling and Validation of Crystal Structure

By integrating the XRD data and HR-TEM images, it was deduced that Nafion pos-
sesses an orthorhombic crystal structure with unit cell dimensions of a = 9.9 Å, b = 5.6 Å and
c = 2.8 Å (Figure 1c). These results align with those reported by Heijden et al. [42]. Using
this information, an all-atom molecular model was constructed to represent the crystal
structure (Figure 1d), and the XRD intensity for this model was calculated. The calculated
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XRD results closely matched the experimental Nafion XRD pattern (inset in Figure 1b),
particularly at the peak corresponding to the (2 0 0) crystal plane, confirming the accuracy
of the model.

Since the real membrane scale is much larger than that of the all-atom model, a
coarse-grained model was developed to extend the simulation scales. In the coarse-grained
model, each particle represents a collection of atoms. For instance, four water molecules
are grouped into a bead (W), with the radius Rc = 7.82 Å, derived from water’s mass and
density. Three hydrated protons form a bead (P). The Nafion backbone is divided into
beads (A) comprising 12 atoms (-CF2-CF2-CF2-CF2-), while the side chain is represented
by bead B (-O-CF3-CF-CF2-O-) and bead C (-CF2-CF2-SO3-) (Figure 1e).

2.3. Semicrystalline and Amorphous Structures

For semicrystalline structures, larger coarse-grained models were constructed to
encompass multiple crystal and amorphous regions. Crystal models were randomly placed
in a simulation box, followed by the addition of amorphous polymer chains to match the
observed crystallinity of 28%. This semicrystalline unit cell (Figure S1) was then enlarged
by a factor of three along the x, y, and z axes, resulting in a final model size of 30–40 nm.

Amorphous structures were created by randomly arranging polymer chains in a
periodic box. The size of these boxes and the number of molecular chains were kept
identical to those used in the crystal structures, ensuring that the comparison focused solely
on structural effects without introducing other variables.

2.4. Simulation Details

To investigate proton transport and thermal properties, energy-conserving dissipative
particle dynamics (eDPDs) and all-atom molecular dynamics (AAMDs) simulations were
employed. These simulations were conducted using the large-scale atomic/molecular
massively parallel simulator (LAMMPS) [43]. The two simulation methods complement
each other, as eDPDs enable analysis on larger time and size scales, while AAMDs provide
detailed insights into atomic-level interactions in both crystal and amorphous regions.

In the AAMD simulations, interactions between water molecules were modeled using
the TIP3P water model, while the perfluorosulfonic acid system was described using the
DREIDING force field. This force field was validated by comparing calculated energy
values with those obtained from the commercial software Materials Studio 6.0. Specific
parameters and validation results are provided in Tables S1–S5. For eDPD simulations,
derived parameters and equations are detailed in the Supplementary Material (Note S3).

Periodic boundary conditions were applied to all models. To investigate proton
transport under the vehicle mechanism, a constant electric field of 1 × 103 V/m was applied
along one direction of the PEM model, simulating the potential difference typical of PEMFC
conditions. The hydronium ion diffusion coefficient (D) was calculated using Einstein’s
diffusion law, based on the mean square displacement (MSD) curves (Figure S2a). Proton
conductivity (σV) was then derived from the diffusion coefficient [44]. Heat transport
simulations were performed along the Z-axis of the models. Heat was applied to the
top and removed from the bottom of the simulation box over 50,000 time steps to reach
thermal equilibrium (Figure S2b). The final 20,000 steps were used to monitor temperature
gradients across 1 nm slices along the Z-axis (Figure S2c).

2.5. Thermal Performance Testing

The thermal properties of Nafion 117, including thermal diffusivity and thermal con-
ductivity, were experimentally measured to validate the simulation results. The thermal
diffusivity was determined using a laser thermal conductivity instrument (LFA 467, Hy-
perFlash, NETZSCH, Sable, Germany). Four identical samples were tested, with each
sample coated with carbon to enhance measurement accuracy. Thermal conductivity mea-
surements were conducted using a thermal conductivity analyzer (TPS3500, Hot Disk,
Uppsala, Sweden), which calculates conductivity by monitoring voltage shifts during heat
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transfer. Three samples were tested at each temperature to ensure the reproducibility and
consistency of the data.

3. Results and Discussion

3.1. Water Distribution

Understanding water distribution within the proton exchange membrane (PEM) is
essential for analyzing both proton and heat transport mechanisms. In this study, water
distribution was examined under three hydration levels (denoted as λ = 3, 11, and 21)
across a temperature range of 300 to 360 K, reflecting typical operating conditions of fuel
cells. The water distribution patterns within both the crystal and amorphous structures
were simulated using AAMD and eDPD, showing consistent results (Figure S3).

The simulations revealed that the morphology of water channels was influenced by
both temperature and hydration levels. As shown in Figure 2a, in the crystal regions, a lay-
ered water distribution was observed, where water molecules were concentrated between
adjacent polymer backbone chains. This layering effect arose from the regular arrange-
ment of hydrophilic groups within the crystal domains, which promoted the formation
of connected water channels adjacent to the ionomer side chains. However, at the lowest
hydration level (λ = 3), the structure lacked pronounced layering due to insufficient water
content. As the water content increased (λ = 11), a partially delaminated structure emerged,
while at the highest hydration level (λ = 21), the structure became more well-defined
and ordered.

 

Figure 2. Distribution of water molecules in (a) crystal, (b) amorphous, and (c) semicrystalline
structures.

In contrast, the water distribution within amorphous regions showed no specific
regular structure (Figure 2b). Water molecules were more randomly dispersed, lacking
the organization seen in the crystal regions. Nevertheless, the semicrystalline structure,
which contained both crystal and amorphous domains, exhibited a more ordered water
distribution than the fully amorphous structure (Figure 2c). This was because the crystal
regions helped to organize the water channels. Interestingly, temperature appeared to have
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a lesser impact on water distribution than hydration level, as the water molecules were
primarily influenced by structural arrangements, rather than thermal fluctuations.

3.2. Proton-Conducting Properties
3.2.1. Influence Factors

The parameter σV , which is governed by the vehicle transport mechanism of PEMs,
was investigated in detail. Given the anisotropic nature of crystal structures, special
attention was paid to how proton conductivity changes with respect to the orientation of
the electric field relative to the polymer backbone. Figure 3a illustrates this setup, where
θ = 0◦ represents a field direction parallel to the backbone chain.

Figure 3. (a) Schematic of the direction of the electric field and the structure of the backbone chain
arrangement. (b) Proton conductivity in different electric field directions. (c–f) Proton conductivity
in crystal and amorphous structures from AAMD and eDPD simulations.

In crystal structures, proton transport is facilitated by the presence of continuous
hydrophilic channels running parallel to the backbone. When the electric field is applied
along this direction (θ = 0◦), proton conductivity is highest. However, as the field angle
increases, conductivity decreases significantly (Figure 3b). Proton transport is least efficient
when the electric field is applied perpendicular to the proton-conducting channels (θ = 90◦),
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but even under these conditions, proton conductivity in the crystal regions is still notably
higher than that of amorphous regions. This highlights the critical role that regularly
arranged crystal structures play in enhancing proton transport.

The simulations (Figure 3c,d) further demonstrated that crystal structures exhibited
proton conductivities that are five to ten times higher than those of amorphous structures.
Both temperature and water content positively influenced conductivity by increasing the
fluidity of the water channels and the thermal motion of atoms, thereby accelerating proton
transport. In contrast, in amorphous regions, the entangled polymer chains obstructed the
water channels, leading to slower proton transport. Additionally, the proton conductivity
from eDPD simulations was slightly higher than that obtained from AAMD simulations,
likely due to the larger time and system scales accessible in eDPD (Figure 3e,f). Semicrys-
talline structures, owing to their mixed composition, exhibited intermediate conductivity
between fully crystal and amorphous structures (Figure S4). As a result, the proton con-
ductivity exhibited a progressive decrease in crystal, semicrystalline, and amorphous
structures, and were primarily determined by crystallinity, with less influence from other
factors like temperature, water content, and electric field direction.

3.2.2. Relationship Between Microstructure and Macroscopic Properties

Controlling the macroscopic properties of PEMs through their microstructural design
is crucial for optimizing proton conductivity. It is well-known that periodic boundary
conditions (PBCs) in molecular simulations can introduce boundary effects, leading to
deviations in particle transport compared to macroscopic models. To address this, an em-
pirical relationship was applied to calculate the correlation of the diffusion coefficient under
PBC conditions (DPBC) with the diffusion coefficient in an infinite system (D0) using the
equation DPBC = D0 − h/LDPBC, where L is the box length and h is a constant [45–48]. This
approach allowed us to account for system size effects and calculate proton conductivity
more accurately for semicrystalline structures (Figure 4a–c).

Figure 4. Proton diffusion coefficients of semicrystalline structures as a function of 1/L at (a) λ = 3,
(b) λ = 11, and (c) λ = 21. (d) Proton conductivity in the same semicrystalline structure with different
grain sizes.
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Next, the effect of grain size on proton conductivity was explored in semicrystalline
structures at λ = 3 with a constant crystallinity of 28%. As shown in Figure 4d, larger
grain sizes resulted in higher proton transport due to the improved connectivity of water
channels. This suggests that increasing the crystallinity or grain size of PEM materials
could enhance proton transport efficiency.

3.2.3. Proportionality Coefficient σE/σV

Electrochemical impedance spectroscopy (EIS) was used to determine the total proton
conductivity (σE) and compare it with the vehicle transport conductivity (σV). The pro-
portionality coefficient N = σE/σV was calculated, which provides insight into the relative
contributions of the Vehicle and Grotthuss mechanisms to overall proton transport. Here,
σV was derived from our semicrystalline model, which represented a real Nafion mem-
brane, as both shared similar structural properties, such as crystallinity, crystal size and
structural parameters. It had the following fitted expression under different environmental
conditions:

σV = (3.906λ + 1)exp
(
−5.737 − 379.978

T

)
(1)

Using the proton conductivity σE of Nafion 117, proposed in a previous study [49] as
a function of temperature (T) and water content (λ), the proportionality coefficient N can
be expressed as follows

σE
σV

= N = (0.01λ + 1)exp
(

2.853 − 817.653
T

)
(2)

Figure S4 presents the specific values of σV and σE at different temperatures and water
contents. N increased with both temperature and water content, as shown in Figure 5, indicating
that the Grotthuss mechanism became increasingly dominant under these conditions.

Figure 5. Proportionality coefficient N versus temperature and water content.

3.3. Thermal Properties

The thermal properties of Nafion, including thermal diffusivity, specific heat capacity,
and thermal conductivity, were investigated through both simulations and experiments. The
simulated system included three different water contents (λ = 3, 11, and 21). In contrast, due
to the uncontrollable humidity conditions in the chamber of the experimental apparatus, only
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samples with humidity levels similar to those of the surrounding atmosphere were measured,
corresponding to λ values of 4–5. These thermal properties were primarily determined by
the atomic molar heat capacity of the system, which was analyzed in detail (Figure S5). A
periodic heat conduction simulation was conducted by applying a non-contact heat source to
each coarse-grained particle in the eDPD model [50] (Figure S2b).

3.3.1. Thermal Diffusion Coefficients

The thermal diffusion coefficients for crystal, amorphous, and semicrystalline struc-
tures are presented in Figure 6a–c. In crystal structures, phonon mobility is enhanced
due to the reduced probability of phonon collisions, resulting in a higher thermal dif-
fusion coefficient compared with amorphous structures. Water, with a higher thermal
diffusion coefficient than Nafion, further increased the overall thermal diffusivity as water
content increased between 30 and 360 K. However, temperature had a relatively minor
effect on thermal diffusion coefficients within the studied range. The comparison between
the simulation and experimental results (Figure 6d) showed good agreement, though the
simulated values were slightly higher, likely due to the smaller time and system scales
used in the simulations.

Figure 6. Thermal diffusion coefficient of crystal, amorphous and semicrystalline structures at
(a) λ = 3, (b) λ = 11, and (c) λ = 21. (d) Comparison of simulation and experimental results.

3.3.2. Specific Heat Capacity

The specific heat capacities of the crystal, semicrystalline, and amorphous structures
are illustrated in Figure 7. Specific heat capacity increased with both temperature and water
content. Crystal structures, due to their denser atomic packing and restricted atomic vi-
brations, exhibited lower specific heat capacities than amorphous structures. Additionally,
because water has a higher specific heat capacity than Nafion, increasing water content in-
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creased the overall heat capacity. The simulation results aligned well with the experimental
data, particularly for hydration levels λ = 3 and λ = 11, as shown in Figure 7d.
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Figure 7. Specific heat capacity of crystal, amorphous, and semicrystalline structures at (a) λ = 3,
(b) λ = 11, and (c) λ = 21. (d) Comparison of simulation and experimental results.

3.3.3. Thermal Conductivity

Thermal conductivity (κ) was calculated using the relationship between thermal
diffusivity (α), specific heat capacity (C), and density (ρ), where κ = α × ρ × C. As seen
in Figure 8, thermal conductivity increased with temperature, driven by the increase in
specific heat capacity, while thermal diffusivity remained relatively constant. Crystal
structures had higher thermal conductivity (about 1.3 times) compared with amorphous
structures due to their longer phonon mean free paths, with semicrystalline structures
displaying intermediate values. The simulation results agreed well with experimental
data for Nafion 117 (Figure 8d). Therefore, thermal conductivity was primarily influenced
by the structural organization and water content of the material, with crystal structures
outperforming amorphous regions. These results provide valuable insights into the thermal
management of PEMs in fuel cell applications.
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Figure 8. Thermal conductivity of crystal, amorphous, and semicrystalline structures, as calculated
from eDPD simulations, for (a) λ = 3, (b) λ = 11, and (c) λ = 21; and (d) a comparison of Nafion
membrane’s thermal conductivity, measured experimentally and calculated from eDPD simulations,
for semicrystalline structures. The hollow, solid, hollow with cross, and pentagram symbols represent
the thermal conductivity of the crystal, amorphous, and semicrystalline structures and Nafion
117 membrane, respectively.

4. Conclusions

In conclusion, molecular simulations and experimental characterizations were em-
ployed to establish and validate a crystal structure model of the Nafion membrane. The
regular arrangement of side chains in the crystal structure facilitated a smoother and
more connected distribution of water molecules, enabling efficient proton transport with
minimal dependence on the direction of the electric field. This behavior contrasted with
that observed in amorphous and semicrystalline structures. Specifically, for a given crys-
tallinity and environmental conditions, an increase in grain size led to enhanced proton
conductivity. The diffusion coefficient was extrapolated from periodic boundary systems
to macroscopic systems using a scaling factor h, and the contribution of vehicle transport to
proton conductivity was quantified through the proportionality coefficient N.

Additionally, thermal properties, such as the thermal diffusion coefficient, specific
heat capacity, and thermal conductivity of PEMs, were determined and confirmed through
experimentation. At the same temperature and water content, the crystal structure exhibited
the highest thermal conductivity and diffusion coefficient, while the amorphous structure
exhibited the lowest. This study provides valuable insights into the relationship between
the microstructural features of semicrystalline PEMs and their proton and heat transport
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properties. These findings will not only contribute to the development of novel PEM
materials and inform technical applications based on molecular interaction mechanisms,
but also serve as a methodological reference for exploring other semicrystalline polymer
materials.
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Abstract: This review article focuses on the potential of cobalt oxide composites with conducting
polymers, particularly polypyrrole (PPy) and polyaniline (PANI), as advanced electrode materials
for supercapacitors, batteries, and supercapatteries. Cobalt oxide, known for its high theoretical
capacitance, is limited by poor conductivity and structural degradation during cycling. However, the
integration of PPy and PANI has been proven to enhance the electrochemical performance through
improved conductivity, increased pseudocapacitive effects, and enhanced structural integrity. This
synergistic combination facilitates efficient charge transport and ion diffusion, resulting in improved
cycling stability and energy storage capacity. Despite significant progress in synthesis techniques
and composite design, challenges such as maintaining structural stability during prolonged cycling
and scalability for mass production remain. This review highlights the synthesis methods, latest
advancements, and electrochemical performance in cobalt oxide/PPy and cobalt oxide/PANI com-
posites, emphasizing their potential to contribute to the development of next-generation energy
storage devices. Further exploration into their application, especially in battery systems, is necessary
to fully harness their capabilities and meet the increasing demands of energy storage technologies.

Keywords: polypyrrole; polyaniline; conducting polymers; air batteries; pseudocapacitance; ion
transport

1. Introduction

In the quest to meet the ever-increasing global demand for energy, scientists and engi-
neers are turning towards innovative energy storage solutions, particularly supercapacitors
and batteries, due to their ability to deliver high power density and rapid energy release [1].
Unlike traditional capacitors and batteries, supercapacitors store and release electrical en-
ergy through electrostatic principles at the electrode–electrolyte interface, enabling them to
store a significant amount of charge. This characteristic results in a high power density and
rapid charge-discharge capability, making them suitable for applications requiring quick
energy delivery [2]. Additionally, supercapacitors and batteries offer numerous advantages,
including a wide operational temperature range, long cycle life, and high energy conversion
efficiency, making them an attractive option for future energy storage technologies [1–4].
The basic hierarchy of electrochemical energy storage devices is presented in Figure 1,
with the inset showing basic electrochemical characteristics of supercapacitors, batteries,
and supercapatteries.

Transition metal oxide has a high energy density and better chemical stability [5]. The
purpose of choosing cobalt oxide is mainly because of the recent advancements focused
on cobalt oxide and its hybrid materials for electrochemical applications. While other
transition metals such as nickel (Ni), iron (Fe), molybdenum (Mo), and manganese (Mn)
also exhibit promising features, cobalt oxide (CoO, Co3O4) presents a series of advantages
that justify its prioritization in this context. Table 1 shows a comparative discussion to
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substantiate the choice of cobalt oxide. Over the past five years, significant progress has
been made in fabricating cobalt oxide nanostructures with various dimensionalities for
applications in rechargeable batteries, supercapacitors, and electrocatalysis [6,7]. Cobalt
oxide is gaining attention as a promising electrode material for next-generation electro-
chemical energy devices due to its favorable properties, such as low cost, abundance, high
theoretical capacity and capacitance, excellent electrochemical activity, and robust chemical
and mechanical stability. These characteristics make cobalt oxide an attractive alternative
to other metal oxides in energy storage applications [8].

Figure 1. Hierarchical illustration of electrochemical energy storage devices.

Sustainable methods have been developed recently to produce cobalt oxide nanoarchi-
tectures. Raimundo et al. [9] explored the synthesis of a Co3O4-CoO nanocomposite using
agar-agar through a two-step biogenic process for oxygen evolution reaction (OER) [10].
Natural lemon extract was employed for cobalt oxide nanoparticles (NPs) formation for an
LPG gas sensor application [11]. Edison et al. [12] synthesized carbon-supported cobalt
oxide NPs, which led to the best specific capacitance, which was calculated to be 642 Fg−1

at 1 Ag−1 in 2 M KOH solution. The green Co3O4@C NPs synthesized using T. chebula fruit
shows good pseudocapacitance activity. The milk sap of Calotropis procera was also utilized
for the synthesis of cobalt oxide NPs by the chemical growth method, and their supercapac-
itor application was reported by Bhatti et al. [13]. The supercapacitor efficiency of cobalt
oxide NPs synthesized using marine red algae (Grateloupia sparsa) was recently investigated.
The algae’s carbohydrates and polyphenols aided in reducing and stabilizing the NPs. The
study found that the activated carbon/cobalt oxide nanocomposite had a significantly
higher specific capacitance than raw activated carbon. Electrochemical analysis showed a
specific capacitance of 125 Fg−1 for the cobalt oxide electrode in a 1M Na2SO4 electrolyte,
with 93.75% capacity retention after 8000 cycles [14]. Huang et al. [15] investigated the
supercapacitor performance of biogenic cobalt oxide NPs through Bacillus pasteurii bacteria
in aqueous KOH by using the MIP (microbial-induced precipitation) process and showed a
specific capacitance of about 162.78 Fg−1 at a current density of 1 mA cm−2 with a power
density and an energy density as 64.29 W. and 4.58 Wh·kg−1, respectively. Srivastava
et al. [5] investigated the biogenic production of cobalt oxide NPs via Citrus reticulata
(Mandarin oranges) fruit extract, and the specific capacitance was calculated to be 90 Fg−1

at 1 Ag−1 in electrolyte/solution. Shim et al. [16] proposed the synthesis of cobalt oxide
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NPs by using Micrococcus lylae bacteria and showed its supercapacitor performance. The
electrochemical studies revealed a specific capacitance of 214 Fg−1 at 2 A g−1 for the cobalt
oxide electrode, with a remarkable cyclic stability in aqueous electrolyte solution (3 M
KOH) and 95% capacity retention after 4000 cycles at 5 mAcm−2 current density. All such
studies prove that cobalt oxide not only has the ability to mitigate with minimal toxicity
but is also significant in energy storage technologies.

Table 1. Comparison of electrochemical behavior of cobalt oxide and other transition metals.

Material
Specific

Capacitance

Current
Density/Scan

Rate

Energy
Density

Power
Density

Ref.

Co3O4@Co(OH)2 1164 F g−1 1.2 A g−1 9.4 mWh cm−3 354 mW cm−3 [17]
Co-NiO@ carbon textile 106 F g−1 10 mA cm−2 52 Wh kg−1 1206 W kg−1 [18]

Co2O4@Zn-CuO 890 F g−1 1 A g−1 36 Wh kg−1 4800 W kg−1 [19]
CuO nanowires 594 F g−1 0.71 A g−1 35 Wh kg−1 520 W kg−1 [20]
CuO@Ni foam 431 F g−1 3.5 mA cm−2 19.7 Wh kg−1 7 kW kg−1 [21]

CuO nanoflowers 612 F g−1 1 A g−1 27 Wh kg−1 800 W kg−1 [22]
FeCo2O4 231 C g−1 1 A g−1 400 Wh kg−1 930 W kg−1 [23]

LaMnO3-NiCo2O4@NF 811 C g−1 0.5 A g−1 37 Wh kg−1 800 W kg−1 [24]
NiO flakes 574 F g−1 0.1 mA cm−2 11 Wh kg−1 124 W kg−1 [25]

NiCo2O4@MnMoO4 1118 F g−1 1 A g−1 237 Wh kg−1 700 W kg−1 [26]
ZnCo2O4@Ni(OH)2 4.6 F cm−2 2 mA cm−2 49 Wh kg−1 428 W kg−1 [27]

MoS2@Ti3C2Tx 1022.7 F/g 1 A g−1 54.7 Wh kg−1 1601.3 W kg−1 [28]
Bi2O3-Sb2O4-ZrO 441 F/g 1 A g−1 18 Wh/kg - [29]

MoS2/N-rGO 539.5 F g−1 1 A g−1 71.5 Wh kg−1 25.4 kW kg−1 [30]

However, the pristine forms of cobalt oxide still face challenges, such as poor electrical
conductivity, slow reaction kinetics, and significant morphological and volume changes during
electrochemical reactions. These intrinsic drawbacks often lead to rapid performance degra-
dation, poor structural stability, limited cycling performance, and slow activation processes.
To overcome these limitations, researchers have been exploring cobalt oxide-based hy-
brids that combine the unique advantages of each component, resulting in synergistic
effects that improve electronic conductivity, enhance reaction kinetics, and buffer volume
changes during repeated charge-discharge cycles. These hybrid materials, compared to
pristine cobalt oxide nanostructures, demonstrate enhanced rate capability, improved cy-
cling stability, reduced overpotential, and overall better electrochemical properties, making
them more suitable for energy-related applications. Despite these advances, challenges
remain in optimizing cobalt oxide-based composites for practical electrochemical energy
storage applications.

Conducting polymers have also emerged as a significant class of materials in the
development of supercapacitor electrodes. Among them, conductive polymers such as
polyaniline (PANI) and polypyrrole (PPy) are frequently used to hybridize with metal
oxides such as TiO2 and cobalt oxide nanostructures to enhance their electrical conductivity,
improve adhesion, and facilitate rapid charge transfer [31,32]. The strategy to incorporate
polymers in the electrode material assembly is sustainable compared to other metal incor-
poration. Besides, the storage mechanism of these conductive polymers primarily relies
on redox reactions. During oxidation, ions are incorporated into the polymer backbone
and subsequently released into the electrolyte during reduction, enabling efficient charge
storage and release [33,34]. The integration of cobalt oxides with conductive polymers can
greatly enhance the reaction rate and improve the ion-storage performance, resulting in
superior electrochemical properties [35] (Figure 2).

Recent advancements in electrode materials for supercapacitors emphasize the synergy
between multiple components to enhance electrochemical performance. Dongxian et al.
synthesized a ternary composite (rGO/NiCo/PPy) with a sea urchin-like structure using a
combination of Hummer’s and hydrothermal methods, followed by in-situ polymerization.
This composite achieved a high specific capacitance of 333.2 F/g at 1 A/g and retained
94% capacitance after 7000 cycles. The assembled asymmetric supercapacitor displayed
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superior performance, reaching a specific capacitance of 253 F/g at a power density of
1250 W/kg [35].

Similarly, Ishaq et al. presented a one-step method to create binary (rGO/CoFe2O4)
and ternary (rGO/CoFe2O4/PPy) nanocomposites. The ternary composite showed signifi-
cantly enhanced performance, with a specific capacitance of 164 F/g and energy density
of 22.8 Wh/kg, thanks to the conductive properties of PPy. This method offers advan-
tages in terms of simplicity, cost-efficiency, and sustainability compared to more complex
approaches [36].

Zhou et al. developed a supercapacitor electrode comprising CoO nanowires on
3D nickel foam with a PPy coating. This architecture leverages the high electrochemical
activity of CoO and the conductivity of PPy, achieving a specific capacitance of 2223 F g−1,
99.8% retention after 2000 cycles, and high energy and power densities in an asymmetric
supercapacitor device, which efficiently powered LEDs and a mini motor [37]. Nayak et al.
used a chitosan biopolymer binder for supercapattery electrodes to create a silver-zirconia
composite. This material demonstrated an energy density of 31.94 Wh/kg at a power
density of 500.86 W/kg and retained 89% of its capacity after 2500 cycles at 10 A/g [38].
Among various conducting polymers, polyaniline (PANI) is the most extensively studied
due to its variable oxidation states, which allow for tunable pseudocapacitive performance.
Its high conductivity and ease of synthesis further add to its appeal. PANI has been widely
used not only as a standalone supercapacitor electrode but also as a conductive additive to
enhance the electrochemical performance of other materials. Recently, Kuchena and Wang
demonstrated that an ammonium-ion battery cell utilizing an emeraldine salt (ES-PANI)
cathode material achieved a commendable discharge capacity of 160 mAh g−1 at a current
of 1 A g−1. Additionally, the battery exhibited strong capacity retention, maintaining 82%
of its capacity after 100 cycles at a higher current of 5 A g−1, along with excellent rate
capability [39]. As a result, it has been successfully integrated with cobalt oxides, mixed-
metal oxides, carbon materials, and metal sulfides to develop advanced supercapacitor
electrodes with enhanced performance. For instance, Hai et al. synthesized core–shell
structured PANI-Co3O4 nanocomposites using a carbon-assisted in-situ polymerization
method, achieving high specific capacitance and excellent cycling stability, with 84.9%
capacity retention after 1000 charge-discharge cycles [40].

This review explores the sustainable perspectives of cobalt oxide/polymer nanocom-
posites for supercapacitor, battery, and supercapattery applications, highlighting the syn-
thesis of electrode materials, their electrochemical performance associated with recent
advancements, current challenges, and future directions in this rapidly evolving field.
The amalgamation of cobalt oxides with conducting polymers, especially PPy and PANI,
presents a promising avenue for developing high-performance, durable, and environ-
mentally friendly energy storage devices, offering significant potential for meeting future
energy demands. Moreover, we present focused data on green synthesized cobalt oxide,
highlighting its potential to create sustainable electrode materials. This information aims
to guide researchers in the development of environmentally friendly supercapacitors and
batteries. The general electrochemical differences between supercapacitors, batteries, and
supercapatteries are discussed in Table 2.
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Table 2. General differences between supercapacitors, batteries, and supercapatteries.

Parameter Supercapacitors Batteries Supercapatteries

Energy storage mechanism Electrostatic (capacitive) Electrochemical (faradaic) Hybrid: capacitive + faradaic
reactions

Energy density Low (1–10 Wh/kg) High (100–265 Wh/kg, for LIB)
Moderate (between

supercapacitors and batteries,
20–100 Wh/kg)

Power density Very High (>10,000 W/kg) Moderate to Low (200–2000
W/kg)

High (closer to supercapacitors,
1000–10,000 W/kg)

Charge-discharge speed Very fast (seconds to minutes) Slow (hours) Fast (minutes to tens of minutes)
Cycle life Long (up to 1,000,000 GCD cycles) Shorter (500–3000 cycles) Long (10,000–100,000 cycles)

Voltage window 2.5–2.7 V per cell 3.6–4.2 V per cell 2.5–4.0 V (material dependent)

Response time Instantaneous Slow Fast (intermediate between the
two)

Self-discharge Quickly when not in use Low
Moderate (lower than

supercapacitors but higher than
batteries)

Cost Lower per unit of power Higher per unit of energy Moderate

Application High-power applications (e.g.,
regenerative braking)

Energy storage applications (e.g.,
mobile phones, EVs)

Hybrid applications (e.g., electric
vehicles, power grids)

Figure 2. Representation of different morphologies of cobalt oxide for cobalt oxide/polymer nanocom-
posites and their possible applications [41].

2. Cobalt Oxide/Polymer Nanocomposites

The integration of cobalt oxide with conducting polymers like polypyrrole (PPy)
and polyaniline (PANI) has gained significant attention in the field of energy storage,
particularly for supercapacitor applications. The combination of these materials leverages
the high pseudocapacitance of cobalt oxide with the excellent conductivity and flexibility
of conducting polymers, resulting in enhanced electrochemical performance. The crystal
lattice structural representation of cobalt oxide spinels and different types of conducting
polymers are depicted in Figure 3. This section delves into the synthesis methods, roles,
and factors influencing the performance of cobalt oxide/PPy and cobalt oxide/PANI
nanocomposites for supercapacitors.
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Figure 3. (a) Structure of cobalt oxide spinels CoO and (b) Co3O4 [8] and (c) different conducting
polymers [41].

3. Cobalt Oxide/PPy Nanocomposites for Supercapacitors

The cobalt oxide/PPy nanocomposites combine the high theoretical capacitance of
cobalt oxide with the excellent electrical conductivity and flexibility of PPy, resulting in
enhanced electrochemical performance beneficial for supercapacitors. Table 3 depicts the
electrochemical properties of different cobalt oxide/PPy electrodes used in fabricating
high-energy supercapacitors.

3.1. Synthesis of Cobalt Oxide/PPy Nanocomposites

Cobalt oxide/PPy nanocomposites are typically synthesized using methods that
ensure uniform distribution of PPy over cobalt oxide nanostructures [42–44]. Common
synthesis techniques include:

In-situ polymerization: In this method, pyrrole monomers are polymerized in the
presence of pre-synthesized cobalt oxide NPs or nanostructures. The cobalt oxide acts as a
template and provides a site for pyrrole polymerization, ensuring a uniform coating of PPy
over the cobalt oxide surface.

Electrochemical polymerization: This technique involves the electrochemical deposition
of PPy onto cobalt-oxide-coated electrodes. The electrochemical process facilitates the
formation of a conformal PPy layer on cobalt oxide, enhancing the composite’s electrical
conductivity and mechanical stability.

Chemical oxidation polymerization: In this method, cobalt oxide is mixed with pyrrole
monomers in the presence of an oxidizing agent, leading to the polymerization of pyrrole
and the formation of a cobalt oxide/PPy composite. This method allows for the fine
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tuning of the composite’s morphology by adjusting the concentration of the monomers and
oxidizing agents.

3.2. Advantages of PPy in Supercapacitors

PPy enhances the performance of cobalt-oxide-based supercapacitors through several
mechanisms, such as by increasing conductivity, pseudocapacitance, and structural stability.
Improved conductivity: PPy is a highly conductive polymer that increases the overall electrical
conductivity of the composite. This enhances the charge transfer between the electrode and
the electrolyte, improving the rate capability and specific capacitance. Pseudocapacitance
contribution: PPy contributes to the pseudocapacitance through its redox-active nature. The
oxidation and reduction of PPy during charging and discharging cycles provide additional
capacitance, complementing the pseudocapacitance of cobalt oxide. Structural stability: The
flexibility of PPy helps in accommodating the volume changes of cobalt oxide during the
charge-discharge cycles, thereby enhancing the cycling stability of the supercapacitor [43].

3.3. Electrochemical Performance of Cobalt Oxide/PPy Nanocomposites in Supercapacitors

Electrochemical Mechanism: Cobalt oxide/PPy nanocomposites exhibit enhanced elec-
trochemical performance due to the synergistic effects of cobalt oxide and PPy. The electro-
chemical behavior of these nanocomposites is primarily governed by two key mechanisms:

(i) Faradaic redox reactions of cobalt oxide: Cobalt oxide, particularly in its spinel form
Co3O4, undergoes reversible redox reactions during the charging and discharging
process. These reactions involve the oxidation and reduction of cobalt ions, contribut-
ing significantly to the pseudocapacitance. These reactions are facilitated by the high
surface area of the nanostructured cobalt oxide, which provides a large number of
active sites for redox reactions. The typical reactions are (Equations (1) and (2)):

Co3O4 + OH− + H2O → 3CoOOH + e− (1)

CoOOH + OH− → CoO2 + H2O + e− (2)

(ii) Capacitive behavior of PPy: PPy contributes to the overall capacitance of the nanocom-
posite through its capacitive properties, which arise from the doping and dedoping
processes. During charging, PPy undergoes oxidation, where it accepts electrons, and
during discharging, it is reduced, releasing electrons. This redox process is accompa-
nied by the exchange of ions (usually Cl− or SO4

2−) between the PPy matrix and the
electrolyte. The reaction can be represented as (Equation (3)):

PPy0 + Cl− → PPy+Cl− + e− (3)

The high conductivity of PPy facilitates fast electron transfer, enhancing the overall
charge-discharge rates and cyclic stability of the nanocomposite.

Recent studies focused on improving synthesis methods and structural design demon-
strated the superior electrochemical performance of cobalt oxide/PPy nanocomposites
to optimize their performance. For example, Ramesh et al. synthesized Co3O4/PPy@N-
MWCNT via an ultrasonication-mediated solvothermal method, yielding impressive re-
sults for both supercapacitors and glucose sensors. The composite exhibited a capacitance
of ∼872 F/g at 0.5 A/g with excellent cycling stability (96.8% retention after 10,000 cy-
cles) alongside superior glucose-sensing performance. These studies highlight the poten-
tial of cobalt oxide/polymer composites in energy storage and sensing applications [45].
Zhou et al. synthesized a Co3O4/PPy nanocomposite that showed a specific capacitance
of 2223 F g−1, approaching the theoretical value for supercapacitors. The enhanced per-
formance was attributed to the well-aligned Co3O4 nanowire array on a 3D nickel foam
substrate, which was uniformly coated with PPy. This architecture allowed for a short
ion diffusion pathway and efficient electron transfer, resulting in a high power density of
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5500 W kg−1 and an outstanding cycling stability with 99.8% capacitance retention after
2000 cycles [37].

Table 3. Electrochemical behavior of different cobalt oxide/PPy electrodes for energy storage applications.

Electrode Material Enhancement Morphology
Synthesis
Method

Specific Capacitance
(F g−1)

Application Ref.

CoO/PPy - Nanowires
Hydrothermal +

chemical
polymerization

2223 at 1 mA cm−2 Supercapacitor [37]

PPy/Co3O4/Carbon paper Carbon paper Composite Hydrothermal +
electrodeposition 398.4 at 1 A g−1 Supercapacitor [42]

Co3O4@PPy/MWCNT MWCNT Composite
Chemical

polymerization +
hydrothermal

609 at 3 A g−1 Supercapacitor [44]

Co3O4/PPy/MnO2 MnO2 Core–shell
Hydrothermal +

chemical
polymerization

780 at 0.5 A g−1 Supercapacitor [46]

Co3O4/AuPPy Au Nanowires
Hydrothermal +

chemical
polymerization

2062 at 5 mA cm−2 Supercapacitor [47]

AC//Co3O4/PPy/MnO2
Activated carbon,

MnO2
Nanowires Hydrothermal +

electrodeposition 629 at 1.2 mA cm−2 Supercapacitor [48]

NiCo2O4/PPy/Carbon
textiles Carbon textiles Nanowires

Hydrothermal +
chemical

polymerization
2244.5 at 1 A g−1 Supercapacitor [49]

In a study, a novel electrode material composed of NiCo2O4 nanowire arrays (NWAs)
on carbon textiles with a PPy nanosphere shell layer was reported by Kong et al. to
significantly enhance pseudocapacitive performance. The highly conductive nature of
PPy, combined with the short ion transport channels within the ordered mesoporous
NiCo2O4 nanowire arrays, along with the synergistic interaction between NiCo2O4 and
PPy, contributed to an impressive specific capacitance of 2244 F g−1. The material also ex-
hibited excellent rate capability and notable cycling stability. Specifically, the NiCo2O4/PPy
electrode retained around 89.2% of its capacitance after 5000 cycles.

Moreover, a lightweight and flexible asymmetric supercapacitor (ASC) was assembled
using NiCo2O4/PPy NWAs as the positive electrode and activated carbon (AC) as the
negative electrode. The ASC device demonstrated remarkable electrochemical performance,
achieving a high energy density of 58.8 W h kg−1 at a power density of 365 W kg−1, as well
as a peak power density of 10.2 kW kg−1 at an energy density of 28.4 W h kg−1, showcasing
the material’s ability to deliver energy rapidly. Additionally, the cycling stability of the
ASC device was excellent, retaining ∼89.2% of its initial capacitance after 5000 charge-
discharge cycles in a gel electrolyte (KOH/PVA). In Figure 4a,b, a schematic illustration
of the fabrication process for the hierarchical mesoporous Co/Au-PPy and NiCo2O4/PPy
hybrid nanowires on carbon textiles is provided, highlighting the structure of the electrode
material. Figure 4b(b,c) shows the cyclic voltammetry (CV) curves of the NiCo2O4/PPy
NWAs and AC half cells measured in 3 M KOH solution at a scan rate of 10 mV s−1. It
indicates that when the voltage is 1.0 V, two weak symmetric broad redox peaks can be
observed, which indicate that the pseudocapacitive properties of the ASC device is derived
from the positive electrode (NiCo2O4/PPy NWAs). It is evident that NiCo2O4/PPy NWAs
exhibited superior electrochemical performance. Figure 4b(b) presents the CV curves of
the NiCo2O4/PPy/AC ASC measured at different potential windows and a scan rate of
150 mV s−1. The results demonstrate the ASC’s wide operating voltage window and
robust charge storage capabilities. The CV curves exhibited a quasi-rectangular shape,
indicative of EDLC behavior, along with weak redox peaks, suggesting the presence of
pseudocapacitive (PC) reactions. This combination of EDLC and PC contributions ensured
that the device effectively stores energy. Even at a high scan rate of 500 mV s−1, the CV curve
maintained its shape, demonstrating the good rate capability of the device, meaning it can
handle fast charge-discharge cycles without significant degradation in performance. This
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retention of shape indicates strong electrochemical stability, even under rapid operation
(Figure 4b(c)). Meanwhile, the charge-discharge profiles (Figure 4b(d)) as galvanostatic
charge-discharge (GCD) curves were highly symmetric at all current densities, which
signifies good Coulombic efficiency, meaning that the amount of charge stored during
charging is almost equal to the amount of charge released during discharging. Even at the
high current density of 30 mA cm−2, the device maintained excellent performance, with
minimal voltage drop and well-preserved charge-discharge symmetry. This suggests that
the ASC device exhibited outstanding electrochemical performance, fast charge transfer,
and stable cycling behavior, even under high current stress, which is critical for applications
requiring rapid energy storage and discharge. The specific and volumetric capacitance is
depicted as a function of current density, showing the stable capacitance performance even
at higher current densities (Figure 4b(e)). The cycling performance of the ASC devices,
measured at a scan rate of 10 mA cm−2 over 5000 cycles, is depicted in Figure 4b(f), showing
minimal capacitance degradation, as the inset compares the charge-discharge curves of
the 1st and 5000th cycles as depicted in the Nyquist plots (Figure 4b(g)) for the ASC
device, indicating low charge-transfer resistance, further confirming the device’s superior
long-term electrochemical stability [49]. Similarly, the Nyquist plot and cycle stability of
two different electrodes provided significant reliability in terms of their electrochemical
advancements (Figure 4c,d).

Figure 4. (a) Synthesis of cobalt oxide/PPy nanowires by hydrothermal followed by chemical
polymerization [47]. (b) The charge transfer mechanism and electrochemical performance via CV
curves at different potential windows (150 mV s−1) and different scan rates (0–1.6 V), GCD curves
at different current densities, specific and volumetric capacitance and cycling performance of ASC
device (10 mA cm−2) with Nyquist plots for the NiCo2O4/PPy/AC device (reprinted with permission
from [49]; copyright 2015 American Chemical Society). (c) Nyquist plot of electropolymerized
cobalt oxide/PPy/CP electrode [42] and (d) cycle stability of hydrothermally and electrodeposition
polymerized CoO/Ppy nanoarrays [43].

3.4. Factors Influencing the Electrochemical Performance of Supercapacitors

Several factors influence the electrochemical performance of cobalt oxide/PPy nanocom-
posites and hence the supercapacitor, such as [42–44]:
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Morphology and porosity: The nanostructure of cobalt oxide (e.g., nanowires, NPs,
nanosheets) significantly affects the composite’s surface area and porosity, which are crucial
for ion diffusion and charge storage. The morphology of the PPy coating also plays a
role; a porous and uniform PPy layer facilitates efficient ion transport and enhances the
electrode’s capacitance.

Polymer content: The amount of PPy relative to cobalt oxide is a critical parameter. An
optimal PPy content maximizes conductivity and pseudocapacitance without compromis-
ing the active surface area of cobalt oxide. Excessive PPy can block active sites and reduce
the overall capacitance.

Electrode configuration: The method of electrode fabrication, such as drop-casting or
spin-coating of the composite onto current collectors, can affect the uniformity and adhesion
of the composite layer, impacting the overall electrochemical performance.

4. Cobalt Oxide/PANI Nanocomposites for Supercapacitors

4.1. Synthesis of Cobalt Oxide/PANI Nanocomposites

The synthesis of cobalt oxide/PANI nanocomposites generally involves techniques
that promote strong interaction between polyaniline and cobalt oxide nanostructures. The
common synthesis methods include [40,50,51]:

In-situ chemical oxidation polymerization: This method involves the polymerization of
aniline monomers in the presence of cobalt oxide particles using an oxidizing agent. The
process results in the formation of a uniform PANI coating on cobalt oxide, enhancing the
composite’s electrical properties (Figure 5c).

Hydrothermal synthesis followed by polymerization: This is the most common method
of fabricating electrode materials for supercapacitors. Cobalt oxide nanostructures are
first synthesized via a hydrothermal method, followed by the oxidative polymerization of
aniline (Figure 5a,b). This sequential approach allows for better control over the size and
distribution of PANI on cobalt oxide

Layer-by-layer assembly: In this method, thin layers of cobalt oxide and PANI can be
alternately deposited onto a substrate, creating a well-defined multilayer structure as done
by Zhang et al. in the case of SnO2 nanosheets [52]. This technique allows for precise control
over the thickness and composition of each layer, optimizing the electrochemical properties.

 

Figure 5. Synthesis methods: (a) hydrothermal followed by electrodeposition, (b) structural representation
of CoO/PANI nanowires showing electron and electrolyte transport [53], and (c) in-situ chemical oxidative
polymerization for NiCo2O4/PANI nanotubes [54] (reprinted with permission from [54]; copyright 2019
American Chemical Society), nanorods (reprinted with permission from [55]; copyright 2016 American
Chemical Society), and a Co3O4-PANI/ZIF-8 nanoporous carbon (NPC) nanocomposite [56].
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4.2. Advantages of PANI in Supercapacitors

PANI enhances the performance of cobalt-oxide-based supercapacitors by the fol-
lowing. Increasing electrical conductivity: PANI, like PPy, is a conductive polymer that
significantly enhances the electrical conductivity of the composite, facilitating faster charge
and discharge rates. Enhancing pseudocapacitance: PANI exhibits high pseudocapacitance
due to its multiple oxidation states. The redox transitions of PANI contribute additional ca-
pacitance, complementing the faradaic reactions of cobalt oxide, thus improving the overall
energy storage capacity. Mechanical flexibility: PANI’s flexibility helps to accommodate the
volume changes of cobalt oxide during the charge-discharge cycles, thereby improving the
durability and cycling stability of the composite electrode [31,51].

4.3. Electrochemical Performance of Cobalt Oxide/PANI Nanocomposites in Supercapacitors

Electrochemical Mechanism: Cobalt oxide/PANI nanocomposites demonstrate signifi-
cant electrochemical performance enhancements due to the combination of the pseudoca-
pacitive properties of cobalt oxide and the redox-active, conductive nature of PANI [40].
The electrochemical properties of different cobalt oxide/PANI electrodes for high-energy
supercapacitors are depicted in Table 4.

(i) Faradaic redox reactions of cobalt oxide: Similar to the cobalt oxide/PPy nanocomposite,
the cobalt oxide in the cobalt oxide/PANI composite also undergoes reversible ox-
idation and reduction reactions. The redox reactions of Co2+/Co3+ and Co3+/Co4+

contribute to the overall pseudocapacitance. These reactions benefit from the high
surface area provided by the nanostructured cobalt oxide, leading to enhanced redox
activity. The reactions can be represented as (Equations (4) and (5)):

Co3O4 + OH− + H2O → 3CoOOH + e− (4)

CoOOH + OH− → CoO2 + H2O + e− (5)

(i) Pseudocapacitive and conductive properties of PANI: PANI contributes to the electrochem-
ical performance through its pseudocapacitive properties, which are derived from its
multiple redox states (leucoemeraldine, emeraldine, and pernigraniline). The redox
transitions involve the transfer of protons (H+) and electrons (e−) and are represented
as (Equation (6)):

PANI0 + 2H+ + 2e− → PANI2+(Emeraldine) (6)

The ability of PANI to undergo such redox transitions at various oxidation states con-
tributes to its high capacitance. Furthermore, the conductive backbone of PANI facilitates
rapid electron transport, enhancing the overall charge storage and discharge capabilities of
the nanocomposite.

Recent research has shown significant improvements in the electrochemical perfor-
mance of cobalt oxide/PANI nanocomposites (Table 3). Hai et al. synthesized a core–
shell structured Co3O4/PANI nanocomposite via a carbon-assisted in-situ polymerization
method, achieving a high specific capacitance of 854 F g−1. The composite exhibited
excellent cycling stability, with 84.9% retention of capacity after 1000 galvanostatic charge-
discharge cycles. The improved performance was attributed to the unique core–shell
architecture, which provided a large surface area for redox reactions and improved ion
diffusion pathways [40].

Recently, a study on PANI/CoO nanowires grown on Ni foam (PCN) demonstrated a
significantly enhanced electrochemical performance when used as a binder-free superca-
pacitor electrode. The core–shell structure of the PANI/CoO nanowires exhibited a high
specific capacitance of 2473 F g−1 at a current density of 3 A g−1, with an excellent cycling
stability of 86.3% after 10,000 charge-discharge cycles. The optimized design resulted in
substantial synergistic effects between PANI and CoO, contributing to the high specific en-
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ergy of 35.8 Wh kg−1, making the PCN2 electrode a highly promising candidate for future
supercapacitors (Figure 6). Figure 6a(a) demonstrates that while the conductive emeraldine
salt form of PANI was successfully produced in both PCN2 and PCN3, the capacitive
performance of PCN3 was lower compared to PCN2. This reduction in performance is
attributed to the excessive polymer coating in PCN3, which resulted in a thicker layer
around the CoO nanowire arrays. The thicker polymer coating hindered the rate of ion
transport, leading to a decreased specific capacitance (Figure 6a(b)). This is very important
to be noted. The electrochemical analysis of PCN2 and PCN3 revealed distinct performance
differences. PCN2 exhibited the lowest equivalent series resistance (ESR) at 0.39 Ω, with the
ESR trend closely following the specific capacitance results (Figure 6a(c)). The lower ESR in
PCN2 suggests improved conductivity, which facilitates efficient electron and charge trans-
fer during the electrochemical process. This enhancement was further supported by the
Nyquist plot in the low-frequency region, where PCN2 demonstrated a more vertical profile
compared to other electrode materials, indicating faster electrode kinetics and reduced
resistance. In Figure 6a(d), the nonlinear charge-discharge profiles of PCN2 at different
current densities point to the occurrence of faradaic reactions, confirming the electrochem-
ical activity of the material during cycling. This behavior is indicative of the faradaic
process driving the charge storage mechanism in PCN2. Figure 6a(e) shows a significant
improvement in cycling stability, with the coulombic efficiency increasing from 92.3% to
98.1% over 10,000 cycles. This remarkable cycling stability can be attributed to the porous
structure of the electrode, which allowed for better accommodation of the volume changes
during charge-discharge cycling. Additionally, the presence of PANI helped to mitigate
volumetric expansion and compression, ensuring that the electrode maintained structural
integrity throughout prolonged cycling. As a result, PCN2 outperformed other Co-based
electrodes in terms of long-term stability and electrochemical performance. Moreover, an
asymmetric supercapacitor based on these PANI/CoO nanowire arrays demonstrated the
capability to power 19 red LEDs [53]. Similarly, the ZIF-67 templates with the Co3O4/PANI
nanocomposite synthesized by hydrothermal and chemical in-situ polymerization showed
high specific capacitance (Figure 6b(a)) attributing to the high surface area and the short
transport path for ions and electrons due to the hierarchically hollow structured Co3O4
and the highly conductive PANI layer. Moreover, the study revealed good cycle stability
with 90% retention after 2000 cycles (Figure 6b(b)), which indicates the ability of such poly-
meric hybrid electrodes in enhancing the conductivity, pseudocapacitance, and stability
(Figure 6b(c)) [57].

Chhetri et al. reported an advanced composite material for supercapacitors combin-
ing Zeolitic Imidazolate Framework-8 (ZIF-8)-derived nanoporous carbons (NPCs) with
Co3O4 nanoflakes and PANI. The Co3O4-PANI@ZIF-8NPC nanocomposite was synthesized
through controlled in-situ polymerization of PANI on the surface of ZIF-8NPC, with Co3O4
nanoflakes providing additional pseudocapacitive behavior. This unique nanostructure
yielded a specific capacitance of 1407 F g−1 at a current density of 1 A g−1, demonstrating
both remarkable rate capability and cyclic stability. The enhanced electrochemical per-
formance was attributed to the combination of the high conductivity provided by PANI,
the increased number of redox-active sites from Co3O4, and the high surface area and
suitable pore size distribution of ZIF-8NPC. Furthermore, an ASC was assembled using
Co3O4-PANI@ZIF-8NPC as the positive electrode and ZIF-8NPC as the negative electrode.
This ASC exhibited outstanding energy storage capabilities, achieving energy densities of
52.81 Wh kg−1 at a power density of 751.51 W kg−1 and 18.75 Wh kg−1 at a power density
of 7500 W kg−1. The ASC also demonstrated excellent cycling stability, retaining 88.43% of
its initial capacitance after 10,000 cycles at a high current density of 10 A g−1 [56].
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Figure 6. (a) Electrochemical performance of CoO/PANI nanowires: a—CV curves (scan rate
5 mV/s), b—charge-discharge profiles at 3 A/g, c—Nyquist plots, d—charge-discharge profiles at
different current densities, and e—cycling stability curve of optimized PCN2, inset showing last few
cycles [53]. (b) a—Specific capacitance, b—cycling stability at 10 A/g current density, and c—EIS
spectra and Nyquist plot of Co3O4 and Co3O4/PANI nanocomposite, respectively [57].

Another study by Jabeen et al. focused on addressing the structural instability of PANI,
which often limits its cycle life. The researchers developed a NiCo2O4@PANI core–shell
nanorod array as an electrode material for supercapacitors. This hybrid structure, with
highly porous NiCo2O4 serving as the conductive core and PANI as the active pseudoca-
pacitive material, achieved a high specific capacitance of 901 F g−1 at 1 A g−1 in 1 M H2SO4.
Notably, the electrode demonstrated excellent cycling stability with a capacitance retention
of 91% after 3000 cycles at 10 A g−1, which is a significant improvement compared to most
reported PANI-based pseudocapacitors [55].

Similarly, NiCo2O4 has emerged as a promising supercapacitor material, though it re-
quires improvement in capacitance and cycle stability for practical use. A NiCo2O4@PANI
nanotube array on carbon textiles was synthesized via a two-step process, which resulted
in a specific capacity of 720.5 C g−1 at 1 A g−1. The introduction of a PANI layer sig-
nificantly improved the cycle stability, with 99.64% capacity retention after 10,000 cycles.
The PANI coating not only provided additional pseudocapacitance but also protected the
tubular NiCo2O4 structure from deformation, further enhancing its electrochemical per-
formance. Detailed analyses revealed reduced charge transfer resistance and faster charge
storage kinetics, indicating the superior performance of the NiCo2O4@PANI composite as
a supercapacitor electrode [54].
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Rajkumar et al. also reported the synthesis of FeCo2O4/PANI nanocomposites via
an in-situ polymerization method. The resulting material exhibited an impressive specific
capacity of 940 C g−1 at 1 A g−1, as measured by galvanostatic charge-discharge tests. The
enhanced capacitive behavior was attributed to the nanorod-like structure of the composite,
which provided a large surface area and a significant number of active sites, facilitating
efficient ion and electron transport [58].

A recent study reported the synthesis of a ternary composite consisting of PANI, Co3O4
nanoparticles, and chitosan via an in-situ chemical oxidation method. The Co3O4 nanopar-
ticles were uniformly coated with layers of chitosan and PANI, forming a core/double-shell
nanostructure. The ternary composite demonstrated significantly improved specific capaci-
tance compared to binary PANI/Co3O4 or PANI/CS composites. The optimal nanocom-
posite, with 40% Co3O4 nanoparticles, achieved a specific capacitance of 687 F g−1, along
with an energy density of 95.42 Wh kg−1 at 1 A g−1 and a power density of 1549 W kg−1

at 3 A g−1. Additionally, the composite exhibited excellent cycling stability, retaining 91%
of its capacitance after 5000 charge-discharge cycles. The synergistic effect between PANI,
Co3O4, and CS contributed to the enhanced electrochemical performance [59].

These studies collectively demonstrate the effectiveness of incorporating PANI with
metal oxides to enhance the electrochemical performance of supercapacitors. The synergis-
tic effects between the metal oxides and PANI contribute to improved capacitance, cycling
stability, and rate capability, making these nanocomposites highly promising candidates
for advanced energy storage systems.

4.4. Factors Influencing the Electrochemical Performance of Supercapacitors

The performance of cobalt oxide/PANI nanocomposites is affected by several factors:
Morphology and nanostructure: The shape and size of cobalt oxide nanostructures

(e.g., NPs, nanoflakes) determine the surface area and active sites available for redox
reactions. The morphology of PANI, whether it forms a fibrous, tubular, or granular
structure, influences the ion diffusion pathways and overall capacitance.

PANI loading and distribution: The amount and distribution of PANI in the composite
are crucial for balancing conductivity and capacitance. Adequate PANI content ensures
high conductivity and pseudocapacitance, but excess PANI can lead to a decrease in the
active surface area and hinder ion transport.

Porosity and surface area: A high surface area and porosity of the composite facilitate
better electrolyte penetration and ion diffusion, which are crucial for achieving high capaci-
tance and fast charge-discharge cycles. The porosity of both the cobalt oxide and the PANI
layers needs to be optimized for maximum performance.

Table 4. Electrochemical behavior of different cobalt oxide/PANI electrodes for energy storage
applications.

Electrode Material Enhancement Morphology
Synthesis
Method

Specific
Capacitance

(F g−1)
Application Ref.

PANI-Co3O4 - Core–shell
Hydrothermal +

chemical
polymerization

1184 at 1.25 A g−1 Supercapacitor [40]

PANI/CoO/NF Ni foam Nanowires
Hydrothermal +
electrodeposi-

tion
2473 at 3 A g−1 Supercapacitor [53]

NiCo2O4/PANI carbon
textiles

Carbon
textiles Nanotubes

Hydrothermal +
chemical

polymerization
720 C g−1 Supercapacitor [54]

NiCo2O4/PANI/CC Ni, Carbon
cloth Nanorods

Hydrothermal +
electrodeposi-

tion
901 at 1 A g−1 Supercapacitor [55]
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Table 4. Cont.

Electrode Material Enhancement Morphology
Synthesis
Method

Specific
Capacitance

(F g−1)
Application Ref.

carbon, Co3O4, and
PANI Carbon Nanocomposite

Hydrothermal +
Chemical
oxidative

polymerization

1407 at 1 A g−1 Supercapacitor [56]

Graphene/PANI/Co3O4 Graphene Nanocomposite
Chemical

polymerization
+ hydrothermal

789.7 at 1 A g−1 Supercapacitor [60]

FeCo2O4 and PANI Fe Nanorods

Hydrothermal +
Chemical
oxidative

polymerization

940 C g−1 Supercapacitor [58]

Co2+ doped PANI - Films Electrodeposition 736 at 3 mA cm−2 Supercapacitor [61]

Graphene/PANI/Co3O4
aerogel Graphene Aerogels

Chemical
polymerization
+ hydrothermal

1247 at 1 A g−1 Supercapacitor [62]

PANI/Co3O4/CS Chitosan Nanocomposite
In-situ chemical

oxidation
polymerization

687 at 1 A g−1 Supercapacitor [59]

PANI/CoO/ZT Zeolite Composite

Co-
precipitation +

Chemical
oxidative

polymerization

1282 at 1 A g−1 Supercapacitor [63]

Co3O4/PANI ITO Nanoshrubs
Sol-gel +

Emulsion
polymerization

1151 at 3 A g−1 Supercapacitor [64]

Co3O4/PANI ZIF-67 Nanocage
Precipitation +

Chemical
polymerization

1301 at 1 A g−1 Supercapacitor [57]

5. Cobalt Oxide/PPy Nanocomposites for Batteries

The application of cobalt oxide/conducting polymer nanocomposites as electrode ma-
terials in batteries remains largely underexplored compared to their use in supercapacitors
and hybrid supercapatteries. We have come across only a limited number of studies of
cobalt oxide/PPy and cobalt oxide/PANI for battery applications. While these materials
have shown promising electrochemical performance, further research is needed to fully
understand their potential in battery applications. Expanding studies in this area will
help optimize their structural, electrochemical, and cycling properties, paving the way for
broader utilization in advanced battery technologies. The electrochemical performance
of cobalt oxide-based nanocomposites combined with conducting polymers like PPy and
PANI extends beyond supercapacitors to rechargeable battery applications, including
lithium-ion batteries (LIBs), sodium-ion batteries (SIBs), and other emerging air battery
systems [65].

5.1. Synthesis Strategies of Cobalt Oxide/PPy Nanocomposites for Batteries

Focusing on achieving uniform distribution, optimal morphology, and enhanced
interface interactions between cobalt oxide and PPy, several synthesis methods have been
employed to fabricate cobalt oxide/PPy nanocomposites. Common synthesis strategies
include [66,67]:

In-situ polymerization: In this method, cobalt oxide NPs are first synthesized through a
hydrothermal or sol-gel method. The pyrrole monomer is then added to the Cobalt oxide
dispersion, and polymerization is initiated using an oxidizing agent (e.g., ammonium
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persulfate) under controlled conditions. This process allows PPy to form uniformly on the
surface of cobalt oxide NPs, ensuring intimate contact and a robust composite structure.

Electrochemical polymerization: This method involves depositing cobalt oxide onto a
substrate followed by electrochemical polymerization of pyrrole in a suitable electrolyte
solution. The applied potential drives the polymerization, forming a PPy coating on the
cobalt oxide NPs. This technique offers precise control over the thickness and uniformity
of the PPy layer, which is crucial for optimizing electrochemical performance.

Solvothermal and co-precipitation methods: Cobalt oxide NPs are synthesized via solvother-
mal methods, followed by the addition of a pyrrole monomer. Polymerization is induced
by temperature or chemical initiators. Coprecipitation of cobalt precursors with pyr-
role ensures simultaneous formation of cobalt oxide and PPy, leading to a homogeneous
nanocomposite structure.

5.2. Role of PPy in Enhancing Battery Performance

Similar to supercapacitors, in the case of batteries, PPy plays a critical role in improving
the electrochemical performance of cobalt-oxide-based batteries with [4,65]:

Enhanced conductivity: PPy is an intrinsically conductive polymer that forms a continu-
ous conductive network within the composite. This network facilitates efficient electron
transport, which is vital for high-rate charge and discharge processes in batteries.

Buffering effect: PPy provides a flexible matrix that buffers the volumetric expansion
and contraction of Cobalt oxide during the lithiation/delithiation or sodiation/desodiation
cycles, thereby enhancing the structural stability of the electrode.

Additional pseudocapacitive contribution: PPy contributes to the overall capacity through
its redox-active sites, which can store and release charge, thereby improving the specific
capacity of the electrode.

5.3. Electrochemical Performance of Cobalt Oxide/PPy Nanocomposites in Batteries

Electrochemical Mechanism: Cobalt oxide is a well-known anode material for lithium-ion
and sodium-ion batteries due to its high theoretical capacity and multiple oxidation states
that facilitate reversible redox reactions. The integration of PPy enhances the electrochemi-
cal performance through the following mechanisms [66–68]:

(i) Lithium-ion batteries (LIBs): In LIBs, cobalt oxide undergoes conversion and alloying
reactions during lithiation and delithiation processes. The electrochemical reactions
can be summarized as in Equations (7) and (8):

Co3O4 + 8Li+ + 8e− → 3Co + 4Li2O (7)

The reaction involves the conversion of cobalt oxide to metallic Co and Li2O during
lithiation, and the reverse reaction occurs during delithiation. The Co NPs formed during
this process act as active sites for the further reduction of lithium ions, contributing to the
high capacity of the electrode.

Role of PPy: PPy serves as a conductive matrix, enhancing the electronic conductivity
of the composite and buffering the volume changes associated with the redox reactions of
cobalt oxide. PPy also provides a pathway for rapid electron transport, which is crucial for
maintaining the structural integrity and high rate capability of the electrode.

(ii) Sodium-ion batteries (Na-ion batteries):

Cobalt oxide redox reactions: The electrochemical behavior in Na-ion batteries is similar
to that in Li-ion batteries, with the conversion of cobalt oxide into Na2O and Co during the
sodiation process:

Co3O4 + 8Na+ + 8e− → 3Co + 4Na2O (8)

Role of PPy: PPy enhances the sodium storage capacity by providing a conductive
network that supports the redox reactions of cobalt oxide. Moreover, the flexible nature of
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PPy accommodates the strain from the volume changes during sodiation and desodiation,
improving cycling stability.

Recent studies have explored novel nanocomposites involving PPy and cobalt-based
compounds for advanced energy storage applications, including lithium-ion and sodium-
ion batteries. Guo et al. synthesized a polypyrrole–cobalt–oxygen (PPy-Co-O) coordination
complex, which demonstrated excellent lithium storage capacity and stability. Using
extended X-ray absorption fine structure (EXAFS) and Raman spectroscopy, they revealed
that this complex form when PPy-coated Co3O4 is cycled between 0.0 V and 3.0 V versus
Li+/Li. DFT calculations suggested that each cobalt atom coordinates with two nitrogen
atoms in the PPy-Co structure, while oxygen atoms link the layers. This coordination
weakens C-H bonds in PPy, resulting in a high-capacity, long-lasting lithium-storage
material [68].

Similarly, Hou et al. developed a Co3O4/PPy nanohybrid through a hydrothermal
process, optimized for bifunctional catalysis in lithium-oxygen (Li-O2) batteries (Figure 7a).
The Co3O4/PPy hybrid material enhanced both oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER) performance, yielding a discharge capacity of 3585 mAh
g−1 and a charge capacity of 2784 mAh g−1 at 100 mA g−1. The improved electrochemical
performance was attributed to the synergy between the conductive PPy nanoweb structure
and the high catalytic activity of Co3O4 nanoparticles [69]. Figure 7b demonstrates the
enhanced electrochemical performance of the Co3O4/PPy hybrid due to synergistic effects
between Co3O4 and PPy, contributing to its promising application in lithium-oxygen batter-
ies. The study revealed the initial charge-discharge profiles of the nanofibrous Co3O4/PPy
hybrid and pristine PPy cathodes in lithium-oxygen batteries. These curves were recorded
at a current density of 100 mA g−1 in a 1 M LiCF3SO3/TEGDME electrolyte (operating
between 2.0 and 4.4 V vs. Li+/Li) (Figure 7b(a)). The distinct profiles highlighted the
superior capacity and energy efficiency of the Co3O4/PPy hybrid compared to the pristine
PPy. The electrochemical impedance spectroscopy (EIS) plots compared the impedance of
the Co3O4/PPy hybrid and the pristine PPy cathodes before and after the first recharge.
The lower impedance of the Co3O4/PPy hybrid indicated better charge transfer kinetics
and reduced resistance (Figure 7b(b)). Figure 7b(c,d) shows the charge-discharge curves
and cycling performance of the Co3O4/PPy hybrid electrode, tested at a capacity limit of
500 mAh g−1 and a current density of 100 mA g−1, indicating stable cycling over multiple
cycles. The performance highlights the hybrid’s ability to sustain capacity over prolonged
use. Furthermore, the charge-discharge profiles and cycling performance of the pristine
PPy cathode under the same testing conditions revealed a rapid decline in capacity with
increasing cycle number. This suggests the superior stability and cycling retention of the
Co3O4/PPy hybrid compared to the pristine PPy (Figure 7b(e,f)) [69].

In a recent study, cobalt-based binary sulfides were investigated for sodium-ion bat-
teries (SIBs). The high abundance and cost-effectiveness of sodium make SIBs an attractive
alternative for energy storage. However, challenges such as high-volume expansion and
limited cycle life persist. A novel PPy/ZnCoS@CC nanocomposite, where zinc cobalt
sulfide nanosheets were coated with PPy, was synthesized via a hydrothermal process. The
PPy coating helped mitigate volume expansion and enhanced cycling stability, achieving
an aerial capacity of 2.33 mAh cm−2, with 75% retention after 100 cycles. The study also
utilized the galvanic intermittent titration technique (GITT) to measure the diffusion coeffi-
cient, showing that the conductive polymer coating played a crucial role in stabilizing the
electrode during charge-discharge cycles [70].

These findings underscore the potential of PPy/cobalt nanocomposites for enhanc-
ing energy storage devices by addressing key limitations such as cycle stability, volume
expansion, and electrochemical performance.
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Figure 7. (a) Preparation method of Co3O4/PPy nanohybrid for batteries showing their SEM images.
(b) Electrochemical performance of Co3O4/PPy nanofibers for LiO2 battery applications [69].

5.4. Factors Influencing the Electrochemical Performance of Batteries

The cobalt oxide/PPy nanocomposites used in batteries can be affected by different
factors, which in turn influence the electrochemical performance of the batteries [4], such
as:

Morphology and porosity: The porous structure of cobalt oxide/PPy nanocomposites
provides a larger surface area for electrochemical reactions and facilitates ion diffusion,
enhancing the battery’s capacity and rate capability.

Polymer content: The ratio of PPy to cobalt oxide is crucial; excessive PPy may lead to a
reduction in specific capacity due to its lower theoretical capacity compared to cobalt oxide,
while insufficient PPy might not provide adequate conductivity or structural support.

Particle size distribution: Uniform distribution of cobalt oxide particles within the PPy
matrix ensures consistent electrochemical performance and prevents agglomeration, which
can degrade the battery’s capacity and stability.

6. Cobalt Oxide/PANI Nanocomposites for Batteries

6.1. Synthesis Strategies of Cobalt Oxide/PANI Nanocomposites for Batteries

The synthesis of cobalt oxide/PANI nanocomposites involves similar strategies to
those used for cobalt oxide/PPy composites, with a focus on achieving optimal polymer-
ization and composite formation [71,72]:

In-situ oxidative polymerization: This method involves dispersing cobalt oxide NPs in an
aniline monomer solution, followed by the addition of an oxidizing agent (e.g., ammonium
persulfate). Polymerization occurs on the surface of cobalt oxide, forming a PANI coating.
This method ensures strong interfacial bonding and uniform distribution of PANI on
cobalt oxide.
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Template-assisted synthesis: Cobalt oxide is synthesized using a template that provides
a specific morphology (e.g., nanorods, nanowires). Aniline is then polymerized on the
cobalt oxide template, producing a PANI-coated cobalt oxide nanocomposite. This method
allows control over the morphology and surface area, which are crucial for enhancing
electrochemical performance.

Electrospinning and chemical vapor deposition (CVD): Electrospinning can be used to
create a fibrous network of cobalt oxide embedded within a PANI matrix, providing a high
surface area and porous structure. Alternatively, CVD allows for the precise deposition of
PANI onto cobalt oxide NPs, enhancing uniformity and composite stability.

6.2. Role of PANI in Enhancing Battery Performance

PANI enhances the performance of cobalt-oxide-based batteries through several mech-
anisms:

Improved electrical conductivity: PANI is a highly conductive polymer that forms a
continuous pathway for electron transport, reducing internal resistance and enhancing
charge-discharge rates.

Pseudocapacitive behavior: PANI provides additional pseudocapacitive storage through
its redox transitions (emeraldine to leucoemeraldine and pernigraniline states), which
contribute to the overall charge storage capacity of the electrode.

Mechanical flexibility and stability: The flexible nature of PANI helps to accommodate
the volumetric changes in cobalt oxide during cycling, reducing mechanical stress and
improving the cycling stability of the composite.

6.3. Electrochemical Performance of Cobalt Oxide/PANI Nanocomposites in Batteries

Electrochemical Mechanism: The integration of cobalt oxide with PANI in the most
common battery electrodes leads to enhanced electrochemical performance due to the
following mechanisms:

(i) Lithium-ion batteries (LIBs):

Cobalt oxide (Co3O4) redox reactions: Similar to the cobalt oxide/PPy system, cobalt
oxide in cobalt oxide PANI nanocomposites undergoes a conversion reaction where cobalt
oxide is reduced to Co and Li2O during lithiation. The delithiation process involves the
oxidation of Co and the release of Li+ (Equation (9)).

Co3O4 + 8Na+ + 8e− → 3Co + 4Na2O (9)

Reaction with PANI: PANI not only enhances the electronic conductivity but also
provides pseudocapacitive contributions from its redox-active sites. PANI can undergo
reversible redox transitions between its leucoemeraldine, emeraldine, and pernigraniline
states, contributing to the overall capacity. These transitions allow for additional charge
storage and improve the rate capability of the electrode (Equation (10)).

PANI0 + 2Li+ + 2e− → PANI2+(Emeraldine) (10)

(ii) Sodium-ion batteries (Na-ion batteries):

Cobalt oxide redox reactions: In Na-ion batteries, Co3O4 undergoes a similar conversion
reaction as in Li-ion batteries (Equation (11)):

Co3O4 + 8Na+ + 8e− → 3Co + 4Na2O (11)

Reaction with PANI: PANI enhances the sodium storage capacity by providing a conduc-
tive network and additional pseudocapacitance from its redox-active sites. The flexibility of
PANI also helps to accommodate the volume expansion associated with sodium insertion,
which is more pronounced than lithium insertion, thereby improving the cycling stability.

Recently, Kuchena and Wang synthesized an ammonium-ion battery cell utilizing an
emeraldine salt (ES-PANI) cathode material that exhibited a high discharge capacity of
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160 mAh g−1 at 1 A g−1 in Li-ion batteries. The composite showed excellent rate capability,
with a capacity retention of 82% after 100 cycles at 5 A g−1. The improved performance
was attributed to the synergistic effects of ES-PANI, which enhanced electron transport
and provided additional charge storage through the redox activity of PANI [39]. Qi et al.
presented a novel approach for constructing advanced anode materials by fabricating
Co3O4/polyaniline (PANI) core–shell arrays (CSAs). Using chemical bath deposition (CBD)
followed by electrodeposition, they achieved a highly conductive and stress-buffering PANI
shell intimately coating Co3O4 nanorods. The resulting Co3O4/PANI CSAs demonstrated
significantly improved electrochemical performance, with a reversible capacity of 787 mAh
g−1 and enhanced cycle stability compared to the unmodified Co3O4 counterpart (Fig-
ure 8a). The core–shell design, which merges the high conductivity of PANI with the energy
storage capability of Co3O4, opens up new possibilities for fabricating inorganic–organic
composite electrodes for energy storage [73].

 

Figure 8. (a) Synthesis of Co3O4/PANI nanorods as an anode material by chemical bath deposi-
tion (CBD) followed by electrodeposition (ED) and its impedance spectra for Li-ion batteries [73].
(b) Supercapattery device fabrication by Ag/Co3O4/PANI nanocomposites as battery-type positive
electrode material, showing its CV curves at different potential and scan rates, and charge-discharge
at different potentials and current densities. Comparative analysis by (c) Nyquist plot and (d) specific
capacity and current density of Ag/Co3O4/PANI nanocomposite along with the cycle stability and
energy and power densities of the fabricated device [71].

Gu et al. tackled the major challenges in lithium-sulfur (Li-S) batteries, such as the
shuttle effect of lithium polysulfides (LiPS), poor conductivity, and volume expansion dur-
ing charge-discharge cycles, by designing CoFe2O4 nanotubes decorated with polyaniline
(PANI). The CoFe2O4 nanotubes provided void space to accommodate sulfur and mitigate
volume changes, while PANI enhanced the overall conductivity and LiPS retention. This
smart design resulted in a S/CoFe2O4@PANI electrode with a high initial capacity of
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864.1 mAh g−1 and a reversible capacity of 582.6 mAh g−1 after 500 cycles at 2 C, marking
a significant improvement in cycling stability for Li-S batteries [74].

6.4. Factors Influencing the Electrochemical Performance of Batteries

Regarding the battery material, cobalt oxide/PANI nanocomposites can be affected by
different factors that influence the electrochemical performance of the batteries [4], such as:

Morphology and structural integrity: The morphology of cobalt oxide/PANI composites,
such as core–shell or nanofiber structures, influences ion diffusion and electron transport,
directly impacting battery performance.

Polymer content: The content of PANI in the composite should be optimized to balance
between providing sufficient conductivity and maintaining a high specific capacity. An
optimal balance ensures enhanced electrochemical performance without compromising ca-
pacity.

Interfacial interactions: Strong interfacial interactions between cobalt oxide and PANI
are essential for efficient charge transfer and maintaining structural integrity during cycling.
Weak interactions can lead to detachment or degradation of the composite, adversely
affecting performance.

7. Supercapattery: Basic Concept, Comparison, and How It Works

Supercapatteries are the hybrid energy storage devices that combine the properties of
both supercapacitors and batteries. They aim to bridge the gap between these two tech-
nologies, offering the fast charge-discharge rates of supercapacitors and the high energy
density typical of batteries.

Driving force for its origin: Supercapacitors are known for high power density, meaning
they can deliver energy quickly, but they have relatively low energy storage capacity
(energy density). Furthermore, batteries are known for their high energy density, meaning
they store a large amount of energy, but their power density (ability to release energy
quickly) is lower compared to supercapacitors. This has resulted in the goal to develop
supercapatteries. Supercapatteries usually involve a hybrid structure, which may consist
of battery-type and capacitive-type electrode materials:

Battery-type materials: Electrodes made from materials with faradaic (battery-like)
behavior, such as transition metal oxides or conducting polymers.

Capacitor-type materials: Electrodes that use materials with electrostatic storage, such
as carbon-based materials (graphene, activated carbon).

Characteristics of supercapatteries:
Energy density: Supercapatteries have higher energy density than traditional superca-

pacitors, closer to that of batteries.
High Power Density: They retain a higher power density, allowing for rapid charge and

discharge, more typical of supercapacitors.
Lifespan: Like supercapacitors, supercapatteries have longer cycle lives than conventional

batteries, as they can handle more charge-discharge cycles without significant degradation.
Applications: These devices are particularly useful in applications requiring both quick

energy delivery and reasonable storage capacity, such as in electric vehicles, renewable
energy systems, and portable electronics.

The electrochemical performance of energy storage devices like supercapacitors, batter-
ies, and supercapatteries can be clearly distinguished by analyzing their cyclic voltammetry
(CV) and galvanostatic charge-discharge (GCD) profiles. CV and GCD are used to assess
the redox behavior and charge/discharge under constant current, respectively. The electro-
chemical difference between supercapacitors, batteries, and supercapatteries in terms of
their CV and GCD curves are provided in Table 5 and Figure 9.
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Table 5. Comparison of CV and GCD of supercapacitors, batteries, and supercapatteries.

Device CV GCD

Supercapacitors
EDLCs Rectangular Linear (symmetric)

Pseudocapacitors Oval with redox peaks Slightly non-linear
(asymmetric)

Hybrid capacitors Rectangular with redox peaks
(mixed)

Combination of linear and
non-linear

Batteries Sharp redox peaks Non-linear with distinct
plateaus

Supercapatteries
Quasi-rectangular with broad

redox peaks
Quasi-linear with slight

curvature

Figure 9. Comparative electrochemical differences in (a) CV and (b) GCD curves of cobalt ox-
ide/conducting polymer (PPy and PANI)-based electrode materials for supercapacitor, battery, and
supercapattery applications (ESR is equivalent series resistance) [1,49,53,69,71,73] (reprinted with
permission from [1]; copyright 2018 American Chemical Society).

8. Cobalt Oxide/PPy and Cobalt Oxide/PANI Nanocomposites for Supercapatteries

8.1. Synthesis Strategies

The synthesis strategies for cobalt oxide nanocomposites with PPy and PANI for
supercapatteries include:

In-situ polymerization: Pyrrole or aniline monomers are polymerized in the presence of
pre-synthesized cobalt oxide nanoparticles, leading to the formation of the Co3O4/conducting
polymer composite.

Electrochemical deposition: Cobalt oxide is electrodeposited onto a conductive substrate,
followed by electropolymerization of pyrrole or aniline to form PPy or PANI on the cobalt
oxide surface.

Hydrothermal synthesis: Cobalt oxide is synthesized via hydrothermal methods, and
the conducting polymer is subsequently polymerized in-situ on the cobalt oxide.
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Sol-gel method with polymerization: Cobalt oxide is synthesized using the sol-gel method,
followed by in-situ oxidative polymerization of pyrrole or aniline to form the composite.

Template-assisted synthesis: A hard or soft template is used to create nanostructured
cobalt oxide, followed by the deposition of a conducting polymer.

Mechanical mixing and coating: Pre-synthesized cobalt oxide nanoparticles are physi-
cally mixed with the conducting polymer, often followed by oxidative polymerization.

Co-precipitation with pyrrole polymerization: Co-precipitation of cobalt oxide is combined
with the polymerization of pyrrole or aniline to form the nanocomposite.

8.2. Role of PPY and PANI in Enhancing Supercapattery Performance

PPy and PANI enhance the performance of cobalt-oxide-based supercapatteries in
several ways:

High Conductivity: Cobalt oxide alone has moderate electrical conductivity. PPy and
PANI, as conducting polymers, enhance the composite’s electrical conductivity, allowing
for faster electron transport during charge-discharge processes. This improved conductivity
increases the power density of the supercapattery.

Pseudocapacitance: PPy and PANI contribute to pseudocapacitance due to their ability
to undergo fast and reversible redox reactions during charge-discharge. This pseudoca-
pacitive behavior enhances the overall capacitance of the composite, boosting energy
storage capacity.

Structural Flexibility: PPy and PANI provide mechanical flexibility to the composite,
accommodating volume changes in cobalt oxide during cycling. This reduces structural
degradation and enhances cycle stability.

Synergistic Effect: The combination of capacitive properties of PPy or PANI and
cobalt oxide’s faradaic behavior results in a synergistic effect, improving both energy and
power density.

8.3. Electrochemical Performance of Cobalt Oxide/PANI Nanocomposites in Supercapatteries

There are a limited number of studies exploring the interaction between cobalt oxide
and conducting polymers, such as PPy and PANI, to form electrode materials for supercap-
attery applications. Addressing this research gap presents a valuable opportunity to make
significant advancements in the fabrication of energy storage devices.

In a recent study on supercapatteries, Iqbal et al. fabricated silver (Ag)- and Co3O4-
decorated PANI fibers by a combination of in-situ aniline oxidative polymerization and
hydrothermal synthesis. The structural and morphological analyses revealed that PANI
fibers were uniformly coated with Ag and Co3O4 nanograins, forming a fibrous nanocom-
posite with high purity and crystallinity. Electrochemical evaluations revealed that the
incorporation of Ag and Co3O4 significantly enhanced the electrochemical properties of the
PANI matrix (Figure 8b). The synergistic effect of these materials provided additional active
sites for faradaic reactions, leading to a higher specific capacity. The Ag/Co3O4/PANI
ternary nanocomposite exhibited a remarkable specific capacity of 262.62 C g−1 at a scan
rate of 3 mV s−1. Furthermore, the material depicted high energy and power densities,
reaching 14.01 Wh kg−1 and 165.00 W kg−1, respectively. The cycling stability of the
supercapattery, consisting of Ag/Co3O4/PANI as the battery-type electrode and activated
carbon as the counterpart, was notably impressive. The specific capacity initially increased
during the first 1000 cycles and remained stable up to 2500 cycles. After 3500 cycles, the
supercapattery retained 121.03% of its initial capacity, reflecting its excellent long-term sta-
bility (Figure 8c,d). This study underscores the potential of metal-doped Ag/Co3O4/PANI
nanocomposites in advanced energy storage applications due to their enhanced electro-
chemical performance and durability [71].

Together, such studies highlight the importance of cobalt oxide in combination with
conductive polymers like PANI in advancing battery and supercapacitor technologies. The
core–shell structures, synergistic effects, and tailored composites are crucial for enhancing
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electrochemical performance, including capacity retention, conductivity, and cycle stability,
making these materials highly promising for next-generation energy storage systems.

8.4. Factors Influencing the Electrochemical Performance of Supercapatteries

Morphology of cobalt oxide: The surface area, shape, and size of cobalt oxide nanos-
tructures influence ion diffusion and electron transfer, directly affecting the overall perfor-
mance. Nanostructures like nanowires or nanosheets offer a high surface area and improve
charge storage.

Loading amount of conducting polymer: The amount of PPy or PANI influences the
balance between capacitive and faradaic charge storage. Excess polymers may block active
sites on cobalt oxide, while insufficient polymers reduce conductivity.

Composite conductivity: The overall conductivity of the composite impacts the charge
transfer resistance and the charge-discharge rates. Highly conductive polymers and well-
distributed cobalt oxide nanoparticles improve electron transport.

Electrolyte choice: The electrolyte determines the ion transport rate and the operating
voltage window. Aqueous electrolytes (e.g., H2SO4 or KOH) provide fast ion transport,
while organic electrolytes enable a higher voltage window but may limit ion mobility.

Synthesis temperature: High synthesis or annealing temperatures can enhance crys-
tallinity and conductivity but may also degrade the polymer, reducing its performance.

Cobalt oxide–polymer interaction: Strong interfacial bonding between cobalt oxide and PPy
ensures better charge transfer and structural stability, which is crucial for long-term cycling.

9. Effect of Electrolytes on Supercapacitors, Batteries, and Supercapatteries

Electrolytes play a crucial role in determining the overall performance of energy
storage devices such as supercapacitors, batteries, and supercapatteries. They influence
the ion transport, electrochemical stability, operating voltage window, and charge storage
mechanism, all of which affect the device’s energy and power densities, cycle life, and
efficiency. Table 6 illustrates the effects of electrolytes on the electrochemical performance
of supercapacitors, batteries, and supercapatteries.

Table 6. Effects of electrolytes on the electrochemical performance of supercapacitors, batteries, and
supercapatteries.

Parameter Supercapacitors Batteries Supercapatteries

Energy density

Higher with organic
and ionic liquids;

lower with aqueous
electrolytes

Higher in
organic/solid

electrolytes, liquid
electrolytes (e.g.,

lithium-ion systems)

Balanced; depends on
electrolyte selection
(aqueous for power,
organic for energy)

Power density
Higher with aqueous

electrolytes due to
fast ion transport

Moderate to low due
to solid-state

diffusion limits

Higher with aqueous
electrolytes; organic
provides balanced

performance

Cycle life

Aqueous and ionic
liquids can provide
excellent stability;

organic electrolytes
have moderate

stability

Longer with
solid-state or stable
liquid electrolytes;

dendrite formation is
a risk with liquid

Long-term stability
depends on

electrolyte–electrode
compatibility

Rate capability
Aqueous electrolytes
provide superior rate

capability

Lower in solid-state,
moderate in liquid

systems

Aqueous electrolytes
provide faster

charge-discharge;
organic is slower

Safety
Aqueous and ionic

electrolytes are safer
(non-flammable)

Solid-state offers
better safety than
liquid; organic is

flammable

Solid-state or aqueous
electrolytes offer
enhanced safety
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In supercapacitors, electrolytes facilitate the movement of ions between the electrodes
during charging and discharging. The performance of a supercapacitor is highly dependent
on the nature of the electrolyte, which impacts its specific capacitance, rate capability,
and voltage range. Energy density is directly related to the voltage window (E = 1

2 CV2).
Organic (e.g., TEABF4 in acetonitrile, propylene carbonate) and ionic liquid (e.g., EMIMBF4)
electrolytes provide higher energy densities due to their wider voltage windows compared
to aqueous (e.g., KOH, H2SO4, Na2SO) electrolytes. Aqueous electrolytes offer higher
ionic conductivity, leading to faster ion movement and higher power density. Electrolytes’
chemical stability and reactivity with electrode materials impact the cycle life. Aqueous
electrolytes may cause electrode corrosion over time, while organic and ionic liquids
typically offer better long-term stability [75].

In batteries, electrolytes enable the movement of ions between the cathode and anode
during charge and discharge. The choice of electrolyte significantly influences the ionic
conductivity, chemical stability, and electrochemical window, which in turn affect the
battery’s capacity, voltage, efficiency, and lifespan. The energy density of a battery depends
on the capacity of the electrodes and the voltage window provided by the electrolyte.
Liquid electrolytes (e.g., LiPF6 in organic solvents like EC, DMC) in lithium-ion batteries
offer high voltage ranges (3.6–4.2 V), enabling high energy density. Solid-state electrolytes
(e.g., Li7La3Zr2O12, sulfide-based solid electrolytes) enhance battery safety by reducing
risks related to leakage and flammability. Additionally, they provide better stability against
dendrite formation, which is critical in lithium-based systems. Additionally, for safety
and stability concerns, polymer electrolytes, such as PEO-based electrolytes, are fabricated
for their flexibility, light weight, and wearability, as they are safer than liquid electrolytes.
Electrolytes’ chemical stability ensures minimal side reactions with electrodes, reducing
capacity fading and improving cycling life. High-purity, stable electrolytes minimize
self-discharge and internal resistance [75].

Supercapatteries combine the characteristics of both supercapacitors and batteries,
and the choice of electrolyte has a profound impact on their hybrid performance. The
electrolyte must balance high energy density (from battery-like faradaic processes) and
high power density (from capacitor-like electrostatic processes). The electrolyte determines
how well the supercapattery can balance energy density (from battery-like electrodes)
and power density (from supercapacitor-like electrodes). Organic (e.g., LiPF6 in organic
solvents) and ionic liquid electrolytes offer higher energy density, but aqueous electrolytes
provide superior power density due to faster ion transport. Electrolyte stability is critical
for maintaining long-term cycle life in supercapatteries. Organic electrolytes offer better
voltage stability, while aqueous electrolytes, though faster, may cause electrode corrosion
over extended cycling. Ionic liquid electrolytes provide excellent stability but can suffer
from poor rate capability [75].

10. Other Miscellaneous Electrochemical Studies and Applications

With the individual combination of cobalt oxide, PPy and PANI, there are a plethora
of studies which state their application in energy-related fields such as electrocatalysis,
photocatalytic degradation of dyes, sensing, and so on. A few of them are mentioned in
Table 7.
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Table 7. Miscellaneous combinations of cobalt oxide, PPy, and PANI for different electrochemical
studies and their applications.

Composite Cobalt as Polymer Material Application Ref.

Co–iron oxide/PANI
(CFOP) Co metal PANI Separator Li-S batteries [76]

PPN-CoO CoO PPy Anode Electrocatalytic
water splitting [77]

Co3O4/Ppy/MWCNT Co3O4 PPy Electrode Electrocatalytic
water splitting [78]

ChGP/Co3O4 Co3O4
Chitosan,

PANI Nanocomposite
Photocatalytic

dye
degradation

[79]

Co3O4/PVA/PVP Co3O4

Poly(vinyl
alcohol),

poly(vinyl
pyrolidone)

Nanocomposite Supercapacitor [80]

NiCo2O4/PVA CoO Poly(vinyl
alcohol) Electrode Supercapacitor [81]

LiCoO2 (MLCO) CoO

Poly[N,N-
bis(2-cryano-

ethyl)-
acrylamide]

Cathode Li-ion batteries [82]

[Co(tfbdc)(4,40-
bpy)(H2O)2]

Co-LCP
Co metal Coordination

polymer Anode Li-ion batteries [83]

PDs-CoO CoO Polyethylene
glycol diacid Nanocomposite Supercapacitor [84]

Mg/SPE/Co3O4 Co3O4
Methyl

cellulose
Electrolyte

films Batteries [85]

Phosphene-PANI - PANI Cathode Zn-ion
batteries [72]

Co3O4/CoO/Co/C Co3O4, CoO,
Co metal - Electrode

Li-ion batteries,
supercapaci-

tors, and
OER

[86]

rGO/Co3O4/Ag/
activated carbon Co3O4 - Anode Supercapatteries [87]

Co/C2N Cobalt oxide C2N network Catalyst HER [88]

11. Current Challenges

Despite significant advancements in cobalt-oxide-based nanomaterials and their hy-
brids with conductive polymers for energy storage applications such as supercapacitors,
batteries, and supercapatteries, several critical challenges remain. These challenges must
be addressed to fully harness their potential in high-performance electrochemical devices.

Agglomeration and structural degradation
One of the foremost challenges faced by cobalt-oxide-based nanomaterials is the

agglomeration of low-dimensional nanostructures. Agglomeration leads to a reduction
in the active surface area, diminishing the number of available electrochemically active
sites. Moreover, repeated charge-discharge cycles cause mechanical stress, leading to
structural pulverization and cracks in the electrode materials. This degradation is a key
factor in the rapid decay of performance in supercapacitors and batteries, particularly
under long-term cycling.

Synthesis and material uniformity
While numerous synthesis methods for cobalt-oxide-based nanostructures have been

developed, achieving reproducible, property-on-demand materials remains a major chal-
lenge. The trade-off between uniformity, size control, and large-scale production compli-
cates the design of cobalt oxide nanomaterials with consistent electrochemical properties.
This variability can lead to uneven electrochemical performance, making it difficult to
optimize for large-scale practical applications.

Side reactions in electrochemical devices
Cobalt-oxide-based materials are prone to side reactions when used in electrochemical

energy storage devices, which can negatively impact performance. In real-world systems,
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factors such as electrode–electrolyte interactions, the stability of the electrolyte, and elec-
trode degradation contribute to undesirable side reactions. These side reactions can lead
to irreversible capacity loss and affect the overall efficiency of the system, particularly in
the complex operating conditions of supercapacitors, batteries, and hybrid devices like
supercapatteries.

Polymer degradation in hybrids
The integration of cobalt oxide with conductive polymers such as PANI or PPy has

shown promise due to the enhanced redox reactions and conductivity these hybrids of-
fer. However, one of the main issues with these polymer-based nanostructures is their
mechanical degradation over extended cycling. Conductive polymers often suffer from
volumetric expansion and contraction during the charge-discharge process, leading to
cracks and a reduction in mechanical integrity. This degradation causes a loss in elec-
trochemical performance, especially in long-term cycling, limiting the lifespan of energy
storage devices.

Electrochemical pathways and reaction mechanisms
Although there have been significant efforts to understand the reaction mechanisms

of cobalt oxide during ion storage and electrocatalysis, the exact pathways remain incom-
pletely understood. Electrochemical reactions are complex, and multiple variables—such
as the type of electrolyte, separator, and external environmental conditions—affect per-
formance. Continued theoretical and experimental studies are required to uncover the
detailed mechanisms governing these materials to improve their performance predictability
and optimize their electrochemical behavior.

12. Future Outlook

Significant strides have been made in the development of cobalt oxide/conducting
polymer nanocomposites for energy storage devices like supercapacitors, batteries, and
supercapatteries. These materials demonstrate impressive electrochemical properties,
including high capacitance, energy density, and conductivity. However, overcoming
current limitations will lead to even broader practical applications. Future work is likely to
focus on several key areas:

Deepening understanding of reaction mechanisms: Continued exploration of the funda-
mental electrochemical processes, especially the interaction between cobalt oxides and
conducting polymers, will enhance the stability and efficiency of these materials. This
includes studying ion transport, charge transfer, and the redox reactions that occur dur-
ing cycling.

Advanced material design: The next phase of development will likely focus on the
rational design of novel cobalt oxide/polymer hybrids. The integration of theoretical
modeling and simulations will aid in predicting structure–property relationships, which
is essential for optimizing the performance of these materials in energy storage systems.
Simulations can guide the fabrication of hybrid structures with controlled porosity, particle
size, and conductivity.

Enhancing durability and conductivity: The development of composites that incorporate
reinforcing agents like carbon nanotubes, graphene, or metallic nanoparticles (e.g., silver)
will address issues of mechanical degradation and enhance conductivity. Such hybrid
materials could offer better cycling stability and prevent the volume expansion that often
plagues cobalt oxide/polymer systems.

Innovative synthesis techniques: To facilitate large-scale commercialization, scalable and
eco-friendly synthesis methods such as hydrothermal, electrochemical deposition, and sol-gel
techniques will be further refined. These processes will enable the mass production of uniform
cobalt oxide/polymer nanostructures with consistent electrochemical performance.

Integration with next-gen devices: The application of cobalt oxide/conducting polymer
nanocomposites is poised to expand beyond traditional supercapacitors and batteries. With
innovations in device architecture, such materials may play a key role in next-generation
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energy storage systems, such as flexible and wearable electronics or hybrid supercapatteries
that bridge the gap between capacitors and batteries.

Promising breakthrough: Minimizing side reactions and their mechanisms could enhance
the electrochemical performance of the electrode material.

Overall, future research will be geared towards optimizing the stability, conductivity,
and scalability of cobalt oxide/conducting polymer hybrids. As theoretical understanding
grows and synthesis techniques improve, these materials are expected to become central to
the advancement of high-performance energy storage technologies.

13. Critical Thinking Insights and Recommendations

As electrode material for supercapacitors, the combination of cobalt oxide’s pseudo-
capacitive behavior with the high conductivity of PPy/PANI enhances energy storage,
but challenges remain in optimizing cycling stability. For batteries, cobalt oxide’s high
theoretical capacity pairs well with PPy/PANI’s flexibility, but side reactions and poor
long-term stability need further investigation. For supercapatteries, the hybrid device
benefits from cobalt oxide’s energy density and PPy/PANI’s fast charge transport, though
achieving a balance between energy and power density is still a key challenge.

The critical analysis revealed that the focus should be on minimizing side reactions,
enhancing cycling stability, and resolving conductivity challenges in cobalt oxide/PPy
and cobalt oxide/PANI systems. The strength signifies that the cobalt oxide combined
with PPy/PANI offers high energy and power densities with good flexibility, while the
limitations include poor long-term stability, side reactions, and suboptimal performance at
high rates.

Our unique perspective emphasizes the role of hybrid mechanisms in supercapatter-
ies as a novel and underexplored area, offering insights into potential breakthroughs in
energy density improvements. Furthermore, we recommend exploring advanced synthesis
methods to improve interface stability and develop more robust electrolytes to mitigate
side reactions.

14. Conclusions

In summary, cobalt-oxide-based nanocomposites, particularly those incorporating
conducting polymers like polypyrrole (PPy) and polyaniline (PANI), hold great promise as
high-performance electrode materials for supercapacitors, batteries, and supercapatteries.
These materials benefit from the complementary properties of cobalt oxide’s excellent
capacitance and the conductive polymers’ enhanced electron transport and pseudocapaci-
tive behavior. Factors like morphology optimization, interfacial bonding, and controlled
porosity significantly influence their performance in energy storage. While advances have
been made, further exploration is needed, especially for battery applications, to unlock their
full potential and ensure scalability for practical use in next-generation energy devices.
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Abstract: Cellulose microspheres have a wide range of applications due to their unique properties
and versatility. Various preparation methods have been explored to tailor these microspheres for
specific applications. Among these methods, the acetate method using cellulose acetate is well known.
However, replacement of the acetate group through the butyrate group significantly extends the
variety of morphological properties. In the present work, microspheres based on cellulose acetate
butyrate are being developed with modified characteristics in terms of particle size, porosity, surface
morphology and the inner structure of the microspheres. While the inner structure of cellulose
acetate microspheres is predominantly porous, microspheres prepared from cellulose acetate butyrate
are mainly filled or contain several smaller microspheres. Carbon materials from cellulose acetate
butyrate microspheres exhibit a high specific surface area of 567 m2 g−1, even without further
activation. Activation processes can further increase the specific surface area, accompanied by an
adaptation of the pore structure. The prepared carbons show promising results in symmetrical
supercapacitors with aqueous 6 M KOH electrolytes. Activated carbons derived from cellulose
acetate butyrate microspheres demonstrate an energy density of 12 Wh kg−1 at a power density of
0.9 kW kg−1.

Keywords: cellulose microspheres; cellulose acetate butyrate; activated carbons; electrochemical
energy storage

1. Introduction

For the preparation of cellulose-based microspheres, a variety of preparation methods
are known, resulting in a wide range of particle sizes from 1 μm to 3 mm. In this work,
the acetate method [1,2] is used to obtain homogeneous particles with a particle size less
than 5 μm and a very narrow particle size distribution. The cellulose microspheres have
high and controllable porosity in combination with high mechanical strength and chemical
reactivity. Further, they possess a good hydrophilicity and are insoluble in most organic
solvents. The many possibilities for functionalisation allow an optimal adaption of the
spherical particles to the respective application [3–5].

Cellulose microspheres can be used in a wide range of applications, from pharmacy to
chromatography and water purification. In the pharmaceutical sector, the beads function
as adsorbents in extracorporeal blood purification or for the controlled release of active
ingredients [3,6–9]. For the purification of water, functionalised beads are used to adsorb
metals from aqueous solutions [3,4,7,8]. Commercially available cellulose microspheres
such as Cellufine® with a particle size of 40–130 μm, or Cytopore™ with a particle size of
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200–280 μm, are used for chromatography or in suspension culture systems to support cell
growth, respectively [10,11].

The two cellulose esters used in this work, cellulose-2.5-acetate and cellulose acetate
butyrate, differ primarily in terms of their substituents (Figure 1). The properties of cellulose
esters are significantly influenced by the type of substituent, the degree of substitution and
the distribution of the functional groups along the chain [12].

Figure 1. Structural formula of cellulose-2.5-acetate and cellulose acetate butyrate.

Cellulose acetate butyrate (CAB) is currently used mainly either in the pharmaceutical
sector for the encapsulation of active ingredients such as repaglinide or ketoprofen, or as a
coating material. CAB is the most commonly used cellulose ester for encapsulation due to
its high UV stability, good film forming properties and good tolerability. They are usually
prepared by the emulsion–solvent evaporation method, which results in particle sizes in
the range of 100 to 600 μm, depending on the active ingredient contained. Another method
to obtain more homogeneous and smaller particles < 10 μm is spray drying [13–16].

In this work, microspheres with cellulose acetate butyrate or a mixture of cellulose
acetate and cellulose acetate butyrate using the acetate method are prepared in order
to obtain relatively homogeneous microspheres with a particle size < 5 μm. We have
investigated how the physical characteristics as morphology, particle size, porosity and
thermal behaviour can be varied with the use of cellulose acetate butyrate. In addition, the
first orientation studies on the inner structure of the microspheres are performed.

Electrochemical energy storage systems are very important for the reliable availability
of electrical energy. In the past years, electrochemical capacitors, also known as super-
capacitors, have come into research focus. Supercapacitors offer extremely high power
densities combined with short charging and discharging processes in the range of seconds,
and a long cycle life [17–19]. Due to their high power density and the fast available energy,
supercapacitors are mainly used for uninterruptible power supplies as well as in fire and
emergency systems or for regenerative braking [18,20]. Supercapacitors can be divided
into two categories, electrical double layer capacitors (EDLC) and pseudocapacitors, which
differ in the type of energy storage mechanisms. The choice of the electrode material
depends mainly on the type of storage mechanism. For the EDLCs, activated carbons with
a high specific surface area are the most commonly used electrode materials. A variety
of carbonaceous precursor materials can be used to prepare activated carbons. Thereby,
the demand for more sustainable materials is constantly increasing [19,21]. Also, carbon
doping with various heteroatoms such as phosphorous, nitrogen or oxygen is investigated
to improve the electrochemical performance through functional groups on the surface of
carbons [22].

Our previous works have shown that carbons derived from cellulose acetate micro-
spheres are promising as electrode materials in symmetrical supercapacitors with aqueous
electrolytes [23,24] and as anode materials in Li-Ion batteries [25]. In this work, carbons
from the prepared cellulose acetate butyrate microspheres were also tested as electrode
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materials in supercapacitors. It is assumed that the advantages over cellulose acetate mi-
crospheres are due to the modified surface functionality, the higher carbon amount and the
changed morphology of the microspheres. The relationship between the properties and the
structure of the microspheres and the properties of the resulting carbons was investigated.

2. Materials and Methods

2.1. Preparation of Cellulose Acetate Butyrate Microspheres

First, solutions of cellulose acetate and cellulose acetate butyrate as well as methylcel-
lulose (Methocel, viscosity 1200–1800 mPas) as protective colloid were prepared in order
to produce microspheres by the acetate process [1]. Both cellulose-2.5-acetate (Aceplast,
Acetati SpA, Verbania, Italy) and cellulose acetate butyrate (Sigma Aldrich, St. Louis,
MO, USA, 180963) were dissolved in ethyl acetate and methanol under stirring, while
methylcellulose was dissolved in water. For the preparation, different ratios of cellulose
acetate (CA) and cellulose acetate butyrate (CAB) solutions were mixed. The microspheres
are labelled with the amount of CAB used, e.g., the microspheres made entirely of CAB
are named CAB100, while the mixed product of 25% CA and 75% CAB solution is named
as CAB75. The dissolved methylcellulose was mixed with salt (sodium acetate trihydrate,
Roth) and surfactant (Triton X-100, Sigma Aldrich), and afterwards the CA/CAB solution
was added. In order to form microspheres, the emulsion was dispersed by an inline Turrax,
and the solvents were evaporated. This process, schematically depicted in Figure 2, is a
further development of the acetate process elaborated by Thümmler et al. [2]. The sam-
ples were washed several times by centrifugation and resuspension in water. For further
characterisation and carbonisation steps the samples were freeze-dried.

Figure 2. Schematic illustration of the preparation process of cellulose acetate (butyrate) microspheres.
Created with BioRender.com.

2.2. Carbonisation and Activation

The prepared microspheres were carbonised for 2 h at 800 ◦C with a heating rate of
300 K h−1 in an argon atmosphere (argon flow with 0.2 L min−1). For CAB100, an activation
step with potassium hydroxide was performed. The precursor material was mixed with
a KOH solution with a cellulose/KOH mass ratio of 1:1. The suspension was dried at
80 ◦C for 24 h and afterwards carbonised at 800 ◦C as described above for the carbonisation
process. Afterwards, the activated carbon was washed with distilled water.
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2.3. Materials Characterisation

The particle size distributions of the microspheres were measured using a Mastersizer
3000 laser diffraction particle analyser (Malvern), and the data were analysed using the Mie
model [26]. Raman measurements to characterise the microspheres were performed using
a MultiRam (Bruker Optik GmbH, Ettlingen, Germany) with a laser power of 100 mW and
a wavelength of 1064 nm. To investigate the morphology, SEM images of the microspheres
were recorded with a FEI Quanta FEG 650 microscope at an accelerating voltage of 5 kV
using a SE detector. FIB/SEM measurements were carried out at a Scios LoVac Dual Beam
FIB/SEM (FEI/ThermoFisher, Waltham, MA, USA) device at an acceleration voltage of
5 kV. The porosity of the beads was determined by investigations on the sedimentation
volume and the packing density using a Universal 320 R centrifuge (Hettich, Kirchlengern,
Germany). Further, the carbon and nitrogen contents were determined by a Vario EL III
(Elementar, Langenselbold, Germany) in accordance with DIN 51721 [27] and the thermal
behaviour of the particles was investigated using an STA 449 F5 Jupiter (Netzsch, Selb,
Germany) analysing system under Ar atmosphere with a heating rate of 5 K min−1 up to
1200 ◦C.

The specific surface area, pore size distribution and pore volume of precursors and
carbons were determined by nitrogen physisorption experiments using a Quadrasorb
SI (Quantachrome Instruments,) at 77 K. Prior to the measurements, the samples were
outgassed in a FloVac degasser for 24 h in a dynamic vacuum at 70 ◦C and 150 ◦C for
cellulosic materials (about 200 mg) and carbons (about 25 mg), respectively. The specific
surface area was calculated using the Brunauer-Emmett-Teller (BET) method at relative
pressures of p/p0 = 0.1–0.3 [28]. The t-plot method was used to calculate the micropore
surface area [29]. The total pore volumes were calculated using the Gurvich rule at a relative
pressure of p/p0 = 0.9, while the pore size distribution was evaluated using the quenched
solid density functional theory (QSDFT) for slit and cylindrical pores of carbons [30–32].
For the calculations, the software Quadrawin 5.11 (Quantachrome Instruments) was used.
Furthermore, the graphitic and disordered parts of the carbons were investigated using
a DXR SmartRaman (Thermo Scientific) spectrometer with a wavelength of 532 nm and
a laser power of 9 mW; the spectra were analysed using Lorentzian fitting models. SEM
images of the carbons were recorded using an LEO Gemini 1530 (Zeiss, Jena, Germany)
at an accelerating voltage of 20 kV. An SE2 detector was used. Powder X-ray diffraction
(XRD) experiments were carried out in transmission mode on a STOE STADI P powder
diffractometer with a curved Ge(111) crystal monochromator using a Dectris 1 K detector.
The samples were tested with Cu Kα1 radiation of 1.54056 Å wavelength, a scan range
of 5◦ < 2θ < 100◦, and a step size of Δ2θ = 0.01◦. For the preparation, powder samples
were glued as a thin layer between acetate films. X-ray photoelectron spectroscopy (XPS)
measurements were performed using a PHI 5600 CI (Physical Electronics, Chanhassen,
MN, USA) spectrometer. A non-monochromated Al Kα radiation (200 W) was used at a
pass energy of 29.35 eV.

2.4. Electrochemical Measurements

The electrodes for the electrochemical measurements were prepared from a mixture
of 95% carbon material and 5% binder solution (PVDF in acetone) and homogenised in
an ultrasonic bath. The electrode mass was then dropped onto steel current collectors
with a diameter of 12 mm, the mass loading per electrode was about 5 mg. A symmetrical
two-electrode configuration in Swagelok cells was used. Whatman glass fibre was used
as a separator between the electrodes, and 250 μL of 6 M KOH solution was used as the
electrolyte. The measurements were carried out at 25 ◦C in a climatic chamber using a mul-
tichannel potentiostat from BioLogic. Cells were tested by cyclic voltammetry (CV) at scan
rates ranging from 2 to 500 mV s−1 and by galvanostatic cycling with potential limitations
at current rates ranging from 1 to 10 A g−1. The potential window for measurements was
fixed between 0 and 0.8 V.
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The specific capacitances (Cspec) for the electrodes of the supercapacitor were calculated
as follows (1):

Cspec =
Ispec
ΔU
Δt

(1)

Ispec (A g−1) is the applied current per mass, and ΔU/Δt is the slope of the galvanostatic
discharge curve, excluding the iR drop. The energy (E, Wh kg−1) and power (P, W kg−1)
densities were calculated using Equations (2) and (3):

Energy density : E = 0.5 × Cspec ∗ U2 (2)

Power density : P =
E
Δt

(3)

3. Results

3.1. Cellulose Acetate Butyrate Microspheres

Figure 3a shows Raman spectra of the microspheres prepared with different amounts
of CAB for characteristic bands of cellulose acetate and cellulose acetate butyrate. The
complete Raman spectra of the microspheres with different CAB amounts as well as the
Raman spectra of the raw materials CA2.5 and CAB powder, for comparison, are shown in
Figure S1, Supplementary Material.

Figure 3. (a) Raman spectra for characteristic bands and (b) particle size distribution of microspheres
with different amounts of CAB.

All materials have a strong band at a wavenumber of 1740 cm−1, which is typical
for esters and is caused by C=O stretching vibrations of the acetyl group. The band at
1380 cm−1 is also present in all prepared materials as well as in the raw material, which
can be attributed to various deformation vibrations of the cellulose structure as δ(CH2),
δ(HCC), δ(HCO), δ(COH). Other bands, which are caused by signals from the cellulose
backbone, are in the range of 1200–1000 cm−1. The band at a wavenumber of 658 cm−1

indicates signals from the acetyl group, in particular deformation vibrations of the C=O
bonds in ester groups. Cellulose acetate has a characteristic band at 1437 cm−1, which can
be attributed to deformation vibrations of the CH3 group. In contrast, cellulose acetate
butyrate has a characteristic band at 1451 cm−1, which is assigned to the amorphous phase.
In addition, another typical band is seen for cellulose acetate butyrate at 866 cm−1, caused
by deformation vibrations of the C-O-O-H and O-C-O bonds in the molecular plane [33–36].

With the Raman spectra we confirmed that the prepared microspheres contain cellulose
acetate butyrate, depending on the amount. The two bands at a wavenumber of 866 cm−1

and 1451 cm−1, which are typical for cellulose acetate butyrate, show a clear differentiation
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to the cellulose acetate microspheres. The band at 1451 cm−1 is slightly shifted depending
on the CAB amount of the microspheres. In contrast, the band at 1740 cm−1, which is
caused by C=O stretching vibrations of the acetyl group, decreases with an increasing
amount of CAB. The intensity of the bands typical for cellulose (1380, 1200–1000, 910,
658 cm−1) also decreases with a higher amount of CAB in the microspheres.

For the CA microspheres, it is known from other studies that it is possible to obtain
particle sizes below 5 μm with a narrow particle size distribution [2,23]. As the amount
of cellulose acetate butyrate in the microspheres increases, the particle size rises and the
particle size distribution becomes wider, as shown in Figure 3b. The particles with 0% CAB
(CA) have a median d50 value of 1.3 μm, whereas those with 50% and 100% CAB have
values of 2.2 μm and 3.4 μm, respectively. The particle size distribution for the microspheres
containing 75% CAB shows a shoulder at about 1 μm, indicating the beginning of particle
segregation. When the amount of CAB is further increased to 100%, two fractions of
different particle sizes are recognisable. There are very small particles with an average
diameter of 0.8 μm and larger particles with an average diameter of 4.2 μm.

The different particle sizes as well as the morphology of the microspheres and their
surface structure were investigated by scanning electron microscopy, shown in Figure 4.
The CA microspheres without CAB are relatively homogeneous in terms of particle size and
structure, in agreement with other studies [2,23]. The microspheres have a netlike structure
at the surface and appear to be highly porous. By adding CAB solution in the preparation
process of the microspheres, the particle sizes become larger and the distribution in the
particle size significantly wider, in accordance with the particle size measurements. In
addition, the two fractions of different particle sizes for CAB100 with the very small and
large particles are depicted.

 

Figure 4. SEM images of the microspheres with various CAB amounts.

The SEM images of the particles with different amounts of CAB show that for all
amounts spherical particles are created, but the structure of the microspheres changes
(Figure 4). As the amount of CAB increases, the surface of the microspheres becomes
smoother and the microspheres appear to be “filled”, instead of the porous structure with a
netlike surface of the CA microspheres. For some of the microspheres, which seem to be
filled and have a relatively smooth surface, dents appear at the surface. These holes might
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arise through an increase in internal pressure within the microspheres, caused by the filling.
The microspheres CAB25 and CAB50 show two different structures and sometimes both
structures coexist together on the same particle. One half is rather porous and has a netlike
structure, while the other half has a smooth surface. The differences in the formation of
the microspheres between cellulose acetate and cellulose acetate butyrate are very evident
in these microspheres, which show both structures simultaneously. Accordingly, CAB25,
CAB50 and CAB75, which were prepared from a mixture of the two solutions (CA and
CAB), contain individual microspheres of CA and CAB, as well as mixed microspheres,
depending on the amount of CAB.

SEM measurements of Focused Ion Beam (FIB)-sliced samples enabled for the first
time analysis of the inner structure of the microspheres (Figure 5). The CA microspheres
have, as shown before by the SEM images, a porous and netlike structure on the surface,
which also extends into the inner part of the microspheres. This results in a high porosity
of the CA microspheres. The inner structure of the CAB100 microspheres differs signifi-
cantly from that of CA. For the cellulose acetate butyrate microspheres, two types can be
detected in relation to the inner structure. In some cases, it was found that several smaller
microspheres are enclosed within a larger microsphere, while in others the microspheres
are almost completely filled. Up to now, it was not possible to clarify when the formation
of the microspheres leads to a complete filling and when it leads to the inclusion of smaller
microspheres. Furthermore, it is not clear what the proportion of each type of the micro-
spheres (filled or enclosed microspheres) is. Possible influencing factors are the choice
of surfactant and the temperature during the preparation process. However, a number
of further investigations are required to clarify this phenomenon and to identify the key
components influencing the process. The different inner structures of the microspheres
have a major impact on the subsequent formation of the carbons in terms of the specific
surface area and pore structure.

 

Figure 5. SEM images of CA and CAB100 microspheres sliced using a Focused Ion Beam (FIB).

The porosity of the cellulose acetate (butyrate) microspheres was determined from
the sedimentation volume and the packing density of the beads according to the method
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of Thümmler et al. [2]. The microspheres were dispersed in water and then centrifuged at
4500 rpm for 30 min. Afterwards, the sedimentation volume VSed is calculated from the
difference between the total volume Vtot and the volume of the water supernatant VWS,
wCA is the solid content of the microspheres. For the calculation it is assumed that the
density of the microspheres is ρ = 1.25 g cm−3. Further, the packing density PD (4) and the
porosity ε (5) are calculated as follows:

PD = 10 ∗ wCA ∗ Vtot

VSed
(4)

ε = 100 ∗
(

1 − 4
3
∗ PD

ρ

)
(5)

As shown in Table 1 and Figure 6a, the porosity of the microspheres decreases with a
higher amount of cellulose acetate butyrate. While pure cellulose acetate microspheres have
a porosity of 62.1%, the porosity drops to 55.5% with the addition of 25% CAB. Afterwards,
the porosity decreases a bit more slightly and the CAB100 microspheres have a porosity of
only 46.7%. The large differences between the CAB microspheres and the CA microspheres
are probably due to the significantly larger particle sizes of the microspheres and, therefore,
a smaller void space between the microspheres. Furthermore, the SEM images show that
the porous structure on the surface of CA microspheres changes to a smoother surface
with an increasing amount of CAB. With a smoother surface, water adsorption in the
pores probably decreases and, therefore, the “inner” porosity of the microspheres becomes
smaller. These results are also consistent with the FIB/SEM measurements, which provide
information on the inner structure of the microspheres. While the CA microspheres have a
relatively porous structure, the CAB100 microspheres are either completely filled or contain
several small microspheres. With the porosity determined by measuring the difference
between the total volume and the sedimentation volume, the total empty space within and
between the microspheres is measured and it contains no reliable information about the
pore volume and the pore size distribution of the microspheres [3].

For the further preparation of carbons, the amount of carbon in the cellulose acetate
(butyrate) microspheres is an important parameter. The carbon content in the raw (pur-
chased) materials CA2.5 and CAB is 48.0% and 51.8%, respectively. The microspheres
from cellulose acetate have a slightly higher carbon content of 49.4% compared to the raw
material, probably due to the preparation process of the microspheres, such as the use of
methylcellulose. With the addition of cellulose acetate butyrate in the preparation process,
the amount of carbon in the microspheres increases slightly and the carbon content of
CAB100 (51.3%) is very similar to the raw material of cellulose acetate butyrate.

Table 1. Characteristics of the prepared microspheres.

CAB Amount
[%]

Average Particle
Size [μm]

Porosity [%]
Specific Surface
Area [m2 g−1]

C Amount [%]
Decomposition
Temperature [◦C]

0 1.3 62.1 4.9 49.4 327.4
25 1.5 55.5 6.4 49.6 -
50 2.2 51.6 4.4 50.8 333.2
75 2.2 49.6 3.6 52.0 -
100 3.4 46.7 4.6 51.3 320.9

CA2.5
powder - - 15.4 48.0 336.0

CAB powder - - 3.7 51.8 340.3
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Figure 6. (a) Porosity depending on the CAB amount, (b) nitrogen physisorption isotherms, (c) mass
loss and (d) DTG for several microspheres.

Nitrogen physisorption measurements were carried out to obtain information about
the specific surface area. The nitrogen physisorption isotherms as well as their hysteresis
forms are assigned according to IUPAC [37]. The nitrogen physisorption isotherms for
the prepared microspheres (Figure 6b and Figure S2) are very similar and can be assigned
to type III without hysteresis. Characteristic for type III is that there is no identifiable
monolayer and the interactions between the adsorbents and adsorptive are very weak. The
specific surface area does not differ significantly, ranging from 4.4 to 4.9 m2 g−1 for CA,
CAB50 and CAB100. Therefore, the different particle sizes, morphologies and porosities of
the microspheres have no influence on their specific surface area.

Furthermore, the decomposition behaviour of the microspheres and the raw materials
was investigated using thermogravimetric analysis (Figure 6c,d). The decomposition
temperature for the microspheres varies between 320 and 330 ◦C and is slightly higher
for the raw materials CA2.5 and CAB powder with 336 and 340 ◦C, respectively. For all
samples, the residual mass at a temperature of 800 ◦C is 14.5–15% with a slightly increased
value for a higher amount of CAB in the samples. As the decomposition process is very
similar, the same carbonisation conditions are used for CAB and CA microspheres.
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3.2. Carbons from the Prepared Microspheres

An important method for characterising the carbons is the nitrogen physisorption, also
used in the previous part to characterise the microspheres. In addition to the specific surface
area, it also provides information about pore structure, pore volume and the microporosity
of the carbons (Table 2).

Table 2. Characteristics of non-activated (c) and activated (ac) carbons from CA and CAB micro-
spheres compared to carbons from the CAB raw material.

Specific
Surface Area
[m2 g−1]

Smicro [m2 g−1]
Average Pore
Width [nm]

Pore Volume
[cm3 g−1]

Pore Volume
Micro [cm3 g−1]

ID/IG

cCA 448.6 268.8 (60%) 3.9 0.34 0.15 (43%) 1.7
cCAB50 435.0 290.7 (67%) 4.1 0.30 0.16 (53%) 1.9
cCAB100 566.7 318.4 (56%) 6.7 0.54 0.17 (32%) 1.7

cCAB powder 114.0 35.7 (31%) - - - 1.9
ac CAB100 948.7 813.1 (86%) 3.0 0.58 0.44 (76%) 1.4
ac CA 1197.6 1015.6 (85%) 2.1 0.69 0.55 (80%) 1.4

The specific surface area of the carbons changes only slightly for microspheres con-
taining a mixture of cellulose acetate and cellulose acetate butyrate (CAB50) compared
to carbons from cellulose acetate microspheres, with values of 448.6 m2 g−1 for cCA and
435.0 m2 g−1 for cCAB50. However, it is interesting to note that the proportion of the
specific surface area due to micropores is significantly higher for cCAB50 (67%) than for
cCA (60%) (Figure 7c). In contrast, the specific surface area of the carbons prepared from
microspheres entirely from cellulose acetate butyrate (CAB100) is significantly higher, with
a value of 566.7 m2 g−1. The higher surface area of the carbons from cellulose acetate bu-
tyrate microspheres compared to cellulose acetate microspheres is probably related to their
inner structure. As shown before, some of the larger cellulose acetate butyrate microspheres
additionally contain small microspheres which are released during the decomposition to
carbon, thus providing additional surface area. The filled microspheres might also lead
to an increased surface area, since the structure is destroyed during carbonisation. The
proportion of the specific surface area related to micropores decreases again to 56.2%. For
comparison, cellulose acetate butyrate powder was carbonised under the same conditions.
The specific surface area of this carbon of 114.0 m2 g−1 is significantly lower in contrast to
carbon prepared from the spherical particles of CAB100. Additionally, the proportion of
micropores contributing to the specific surface area is only 31.4%.

Figure 7. (a) Nitrogen physisorption isotherms with (b) corresponding pore size distribution and
(c) classification into extern and micro specific surface area of carbons from microspheres with
different amounts of CAB as well as carbonised CAB powder.
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The sorption isotherms of all carbons without activation (Figure 7a) show a type IV
shape, whereby the type of hysteresis depends on the amount of CAB. For cCA and cCAB50,
the hysteresis has a type 2 form, whereas cCAB100 shows a type 4 shape. Characteristic for
the type IV isotherm is the occurrence of a turning point located at low relative pressure
(p/p0 < 0.1), which is related to the filling of the first monolayer. Type IV is typical for
mesoporous materials, and after the filling of the first monolayer pore condensation takes
place. At a relative pressure of p/p0 > 0.9, a saturation plateau is reached, whereby this
plateau becomes smaller as the amount of CAB increases. In addition, the slope of the
isotherm for cCAB100 is significantly steeper in the range of 0.4 < p/p0 < 0.9, indicating a
larger volume of mesopores filled in this relative pressure range.

The hysteresis type contains further information about the structure of the carbon, but
both the type 2 and type 4 shapes assigned to the carbons from the respective microspheres
imply complex pore structures. Type 2 is typical for a variety of network effects such as pore
blocking and ink bottle-shaped pores, whereas type 4 has a complex network containing
micropores and mesopores [31]. This is also confirmed by the pore size distribution in
Figure 7b, where all carbons show a mixture of micro- and mesopores with a peak < 1 nm
and a peak around 5 nm. The proportion of mesopores with a pore diameter > 5 nm
increases significantly with a higher CAB content, resulting in a higher mean pore diameter
of 6.7 nm for cCAB100. In contrast, cCA and cCAB50 have smaller mean pore diameters of
3.9 nm and 4.1 nm.

Raman spectra of the prepared carbons from the microspheres show intense D and
G bands, pointing to the existence of both graphitic and disordered regions (Figure 8a).
The D band, located at 1350–1355 cm−1, arises from the disordered parts, whereas the
G band, located at 1580–1600 cm−1, arises from the graphitic parts. The intensity ratio
ID/IG between the both integrated peaks is used to obtain information about the degree
of graphitisation. As the intensity of the D band increases, the proportion of disordered
carbon parts gets higher and the crystallite size of graphite decreases [38,39].

Figure 8. (a) Raman spectra and (b) ID/IG ratio for non-activated and activated carbons from
microspheres with different CAB amounts.

The degree of graphitisation initially decreases slightly with the introduction of CAB
components with an ID/IG value of 1.7 for cCA to 1.9 for cCAB50 (Figure 8b). With a
further increase in the CAB amount (cCAB100), the ID/IG value rises again to 1.9. Overall,
however, the values are within a very narrow range of 1.7 to 1.9, so that no clear effect
can be established by changing the cellulose acetate butyrate content on the degree of
graphitisation. With the activation of the carbons, the degree of graphitisation increases,
giving the ID/IG value of 1.4 for both the activated CA and CAB100.

The SEM images in Figure 9 show the morphology of carbon particles prepared from
the microspheres with different amounts of CAB as well as the carbon from the raw material.
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In general, all the carbons have a relatively smooth surface, although the particle sizes vary
considerably. With a higher amount of CAB, the particles generally become a bit smaller. It
is also noticeable that the proportion of very small carbon particles increases and thus the
particle size distribution becomes wider. The higher number of these very small particles is
probably responsible for the higher specific surface area of cCAB100 compared to cCA. The
carbon from the CAB powder has a very smooth surface and comparatively large particles
of about 100 μm. These results in a much lower specific surface area and a smaller pore
volume compared to the carbons from the microspheres.

 

Figure 9. SEM images of carbons from microspheres with different CAB amounts as well as from
CAB powder.

Irrespective of the CAB amount of the microspheres, none of the carbons show any
sharp reflections in the X-ray diffraction pattern (Figure 10a), which would indicate crys-
talline phases. The broad reflections at about 23◦ and 50◦ can be assigned to the (002)
and (100) planes, which are typical for graphitic and amorphous carbons [40,41]. XPS
measurements show that the elemental concentrations of C and O at the surface depend on
the CAB content of the carbons (Table 3). The carbon concentration increases from 90.0%
for cCA to 95.6% for cCAB100, while the oxygen concentration decreases with an increasing
CAB content of the carbons. The C 1s spectra in Figure 10b are relatively similar and do
not show any clear differences with regard to the distribution of functional groups on the
surface of the carbons. All carbons show a distinct peak at a binding energy of 284.8 eV,
which can be attributed to the carbon bonds C=C, C-C and C-H. It can also be assumed
that each carbon has a small proportion of bonds with oxygen in the form of alcohols
(286–287 eV) and carbonates (289–291 eV) [42].
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Figure 10. (a) X-ray diffraction patterns (Cu Kα1 radiation, λ = 1.54056 Å) and (b) XPS spectra for
carbons from microspheres with different CAB amounts.

Table 3. Atomic concentrations of carbon and oxygen on the surface for carbons obtained from
microspheres with different CAB amounts.

C 1s [%] O 1s [%]

cCA 90.0 10.0
cCAB50 92.3 7.7
cCAB100 95.6 4.4

In contrast to the non-activated carbons, the activated carbon derived from CAB100
has a type I-shaped isotherm with a rapid increase at low pressures p/p0 < 0.1, caused
by the filling of the micropores (Figure 11a). In general, type I isotherms are typical for
microporous materials. Furthermore, a minimal hysteresis of type 4 can be observed
for the activated carbon, indicating a small proportion of mesopores. Activation with
KOH, therefore, results in a higher specific surface area of 948.7 m2 g−1 and in a change
from a more mesoporous to a microporous structure, which is also reflected in the pore
size distribution as well as in a higher proportion of the specific surface area caused by
micropores (86%). The pore size distribution of the non-activated carbon shows a high
proportion of mesopores with a peak at 5 nm (Figure 11b). After activation, the proportion
of micropores < 1 nm is generally slightly larger and the proportion of mesopores decreases.
Furthermore, an additional peak at 2.2 nm occurs during activation. This results in a smaller
average pore diameter of the activated CAB100 carbon of 3.0 nm in contrast to the non-
activated carbon with a pore diameter of 6.7 nm. The combination of numerous micropores
with smaller mesopores appears to be advantageous for the accessibility of the electrolyte
ions for subsequent use as electrode material in supercapacitors. The specific surface area of
the activated carbon derived from cellulose acetate microspheres is slightly higher and the
average pore diameter is smaller than that of the activated CAB100. A detailed description
of the characteristics of the activated CA carbon is given in further studies [23]. The larger
specific surface area of activated carbons from CA microspheres compared to CAB100
microspheres could be due to a more effective activation of the material with KOH due
to the higher porosity of the CA microspheres. The SEM images of the activated carbons
derived from CAB100 microspheres in Figure S3 also show a significantly altered surface
structure compared to the non-activated carbons. The surface of the individual particles
is attacked by the activation with KOH and many small particles and increased pores are
formed resulting in an increased specific surface area.
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Figure 11. (a) Nitrogen physisorption isotherms and (b) corresponding pore size distributions for
activated and non-activated carbons prepared from CAB100 microspheres.

3.3. Electrochemical Measurements

By adding cellulose acetate butyrate during the preparation of the microspheres,
carbons can be produced which achieve higher specific capacitances compared to carbons
from CA microspheres (Figure 12a). The electrochemical performance depends on the
amount of CAB used. The higher the amount of CAB in the microspheres used as precursors,
the higher the specific capacitances that can be achieved in both cyclic voltammetry and
GCPL tests. Thus, at a scan rate of 10 mV s−1, the capacitance can be increased from
46.0 F g−1 for cCA to 74.1 F g−1 at a CAB amount of 50% (cCAB50) and further to 93.6 F g−1

for cCAB100. In contrast, the carbon from the CAB raw material (cCAB powder) leads to
very low capacities of 5.1 F g−1 at a scan rate of 10 mV s−1. Therefore, the conversion of
CAB or CA precursors into the spherical form is crucial for the suitability of the resulting
carbons as electrode materials for electrochemical applications. The cyclic voltammogram
at a scan rate of 10 mV s−1 in Figure 12b shows an almost ideal rectangular shape for
cCAB100, which deviates only slightly for lower amounts of CAB in the carbons. The
rectangular shape is typical for an ideal electrochemical double layer capacitor, which
has no redox reaction or any noticeable resistance within the cell. For carbons from CAB
powder, the curve is rather slit-like, indicating high internal resistances in the cell. However,
at higher scan rates, the capacitances drop for all materials and reach values between 12
and 40 F g−1 at a fast scan rate of 500 mV s−1 (charge/discharge time 3.2 s).

The results of the CV measurements with higher capacitances for carbons, prepared from
precursors with a higher CAB amount, can also be confirmed by GCPL tests (Figure 12c).
At a current rate of 1 A g−1, a comparatively high specific capacitance of 84.2 F g−1 is
achieved for cCAB100, while cCA shows a value of only 29.4 F g−1. In addition, cCAB100
shows good stability at higher current densities compared to the carbons produced from
precursors with a lower amount of CAB with a specific capacitance of 62.8 F g−1 at 10 A g−1.
The GCPL curves at a current density of 1 A g−1 in Figure 12d show a triangular shape
with a small iR drop for cCAB100, whereas the shape deviates slightly with lower amounts
of CAB and the iR drop, which indicates inner resistances in the cell, becomes larger.

The charging/discharging at a current rate of 1 A g−1 requires about 63 s for cCAB100
and is, therefore, more than twice as fast as the CV measurements at a scan rate of 10 mV s−1

with a charging/discharging time of about 160 s.
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Figure 12. (a) Specific capacitances depending on the scan rate with (b) corresponding cyclic voltam-
mograms at a scan rate of 10 mV s−1, (c) specific capacitances depending on the current rate with
(d) corresponding GCPL curves at 1 A g−1 for carbons prepared from microspheres with different
CAB amounts, as well as (e) specific capacitances of activated and non-activated carbons from CA
and CAB100 microspheres with (f) corresponding GCPL curves at 1 A g−1.

Promising specific capacitances have already been achieved with carbon from cellulose
acetate butyrate microspheres without activating the material. For further improving the
performance for the use as electrode material in supercapacitors, the CAB100 microspheres
were activated with KOH in a mass ratio of 1:1. However, in contrast to the non-activated
carbons, the activated carbons from CAB100 microspheres achieve lower specific capaci-
tances in the CGPL measurements in Figure 12e compared to the activated carbons from CA
microspheres. At a current rate of 1 A g−1, the activated CAB100 has a specific capacitance
of 134.4 F g−1, whereas the activated CA achieves 169.5 F g−1. The activated carbons of
CA and CAB100 differ primarily in their specific surface area, which is, at 1197.6 m2 g−1,
significantly larger for CA than for CAB100, with a value of 948.7 m2 g−1. Both surfaces
are mostly caused by micropores (about 85%). The larger specific surface area of activated
CA is probably the reason for the higher specific capacitance compared to CAB100. Also,
the iR drop in the GCPL curve at 1 A g−1 in Figure 12f is significantly larger for activated
CAB100, indicating possible resistances within the cell influencing the specific capacitance
and the electrochemical stability.

The specific energy and power densities, shown in the Ragone plot in Figure 13, are
an important characteristic for comparing the performance of supercapacitors. The higher
the amount of CAB of the microspheres used as precursor for the carbons, the higher
the energy density when used as electrode material. At 1 A g−1, the energy densities for
cCA, cCAB50 and cCAB100 are 2.6, 5.1 and 7.5 Wh kg−1, respectively. While the energy
density for cCA and cCAB50 decreases sharply at higher current rates, it remains relatively
stable for cCAB100. A higher proportion of CAB therefore contributes to stability and
better performance.
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Figure 13. Ragone plot of supercapacitors with carbon electrodes derived from microspheres with
different amount of CAB.

In order to achieve higher specific capacitances and thus higher energy densities,
activated carbons from microspheres of CA and CAB were used. The energy densities
of the supercapacitors with activated carbons are 12 Wh kg−1 for CAB microspheres and
15 Wh kg−1 for CA microspheres with comparable power densities of 0.9 kW kg−1 at a
current density of 1 A g−1 in a potential window of 0–0.8 V. By extending the potential
window during cycling from 0–0.8 V to 0–1.2 V, both the energy and power densities of the
supercapacitor can be further optimised. At 1 A g−1, the energy density reaches 33 Wh kg−1

at a power density of 1.5 kW kg−1. However, a prerequisite for extending the potential
range is the stability of the electrolyte, which for aqueous electrolytes is limited by the
decomposition of water at a potential > 1.23 V [43]. In addition, a good long-term stability
over 2000 cycles can be shown for electrodes with activated carbon from CAB microspheres
when cycled in a potential window of 0–1.2 V (Figure S4, Supplementary Material).

4. Conclusions

In conclusion, the acetate method represents a viable approach for obtaining micro-
spheres with a particle size of less than 5 μm, even when cellulose acetate butyrate instead
of cellulose acetate is used as a precursor. The substitution of cellulose acetate with cellulose
acetate butyrate during the preparation process significantly changes the structure and
properties of the microspheres. This substitution results in smoother surfaces with some
dents and a less porous inner structure, leading to reduced porosity and increased particle
size with a broader particle size distribution as the amount of CAB in the microspheres
increases. After carbonisation, the microspheres derived from CAB have a notably higher
specific surface area of 567 m2 g−1 compared to those derived from CA with 449 m2 g−1,
indicating the potential for improved electrochemical performance. The activation of the
cellulose acetate butyrate microspheres with KOH can further increase the specific surface
area and change the pore structure of the carbons, resulting in a higher proportion of
micropores. These prepared carbons show promising results as electrode materials in
symmetrical supercapacitors with 6 M KOH aqueous electrolytes. Carbons derived from
CAB100 exhibit a specific capacitance of 84.2 F g−1 at 1 A g−1 and show stable performance
at higher current densities with 62.8 F g−1 at 10 A g−1, too. Activation with KOH further
enhances the performance leading to a specific capacitance of 134.4 F g−1 at a current
density of 1 A g−1. In addition, the conversion of cellulose-derivative precursors into
a spherical structure positively effects the structure of the carbons and, therefore, their
electrochemical performance. Carbons derived solely from CAB powder exhibit a lower
specific surface area of 114 m2 g−1 and inferior electrochemical performance when used as
electrode materials.

193



Polymers 2024, 16, 2176

Overall, these results highlight the potential of carbons from CAB-derived micro-
spheres as promising candidates for high performance supercapacitor electrodes, especially
when optimised by activation processes. Furthermore, the preparation of spherical mi-
crospheres with cellulose acetate butyrate can serve as a basis for the preparation of
microspheres with other cellulose derivatives. The changed properties and surface func-
tionalities compared to the cellulose microspheres may also have advantages for other
applications besides electrochemical energy storage.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/polym16152176/s1, Figure S1: Raman spectroscopy of (a) microspheres
with different amounts of CAB and (b) the raw materials CA2.5 powder and CAB powder, Figure S2:
nitrogen physisorption isotherms of CAB25 and CAB75, Figure S3: SEM images of activated carbon
derived from CAB100 microspheres, Figure S4: long-term electrochemical performance for activated
carbons from CAB microspheres at 1 A g−1 for 2000 cycles using 6 M KOH electrolyte.
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